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ABSTRACT

R.Swal, a Type IIP restriction endonuclease, recog-
nizes a palindromic eight base pair (bp) symmetric
sequence, 5'-ATTTAAAT-3’, and cleaves that target at
its center to generate blunt-ended DNA fragments.
Here, we report three crystal structures of Swal: un-
bound enzyme, a DNA-bound complex with calcium
ions; and a DNA-bound, fully cleaved complex with
magnesium ions. We compare these structures to
two structurally similar ‘PD-D/ExK’ restriction en-
donucleases (EcoRV and Hincll) that also generate
blunt-ended products, and to a structurally distinct
enzyme (the HNH endonuclease Pacl) that also rec-
ognizes an 8-bp target site consisting solely of A:T
base pairs. Binding by Swal induces an extreme bend
in the target sequence accompanied by un-pairing
and re-ordering of its central A:T base pairs. This
result is reminiscent of a more dramatic target defor-
mation previously described for Pacl, implying that
long A:T-rich target sites might display structural or
dynamic behaviors that play a significant role in en-
donuclease recognition and cleavage.

Restriction endonucleases are components of microbial
restriction-modification (R-M) systems that act as a pre-
programmed or ‘innate’ form of immunity against infec-
tious genetic elements such as viruses. These enzymes bind
to double-stranded DNA molecules at specific base pair se-
quences, and hydrolyze the two DNA strands either within
or nearby that sequence. Hydrolysis fragments the DNA,
disrupting its genetic content and halting its further prop-
agation. Thousands of restriction enzymes recognizing an
equally diverse array of different DNA sequences have
been characterized since their initial discovery in the early
1970s (reviewed in (1)). Together with the recently discov-
ered CRISPR-Cas nucleases that act as a programmable, or

‘adaptive’ form of microbial immunity, these enzymes have
revolutionized the fields of molecular biology, biochemistry,
and medical genetics, and contributed enormously to our
understanding of living processes (2).

Restriction enzymes and the systems to which they be-
long vary greatly with respect to amino acid sequence, sub-
strate sequence, catalytic mechanism, domain and subunit
composition, and oligomeric organization and size. Differ-
ent combinations of these properties are the basis for their
classification into four major groups, or ‘Types’, each with
multiple sub-classes (defined in (3) and organized into the
restriction endonuclease database (‘REBASE’) as described
in (4)). Types I and 11T R-M enzymes (5,6) are multi-subunit
assemblages that combine cleavage and DNA-modification
together into large, unified molecular machines. Type 11
systems (7) are generally simpler, and for the most part
comprise separate endonuclease and methyltransferase en-
zymes, each with all the elements needed for independent
sequence-recognition and catalysis. Despite their simplicity,
Type II endonucleases are highly diverse and built around
several different folds and catalytic motifs that employ dis-
tinct DNA-hydrolysis mechanisms (8). They display a wide
variety of structural organizations and are often embel-
lished with additional structural domains. They assemble
into several different quaternary arrangements that can lead
to complex cooperative and allosteric behaviors (9).

In this study, we describe crystallographic analyses of the
R.Swal restriction endonuclease (hereafter called ‘Swal’),
which is encoded in Staphylococcus warneri (10). The en-
zyme recognizes and cleaves a long (8-base pair) palin-
dromic sequence corresponding to 5'-ATTTIAAAT-3" and
produces blunt product ends. We describe the relationship
between the structure of Swal both to its closest known
structural relatives, ECoRV (11) and HinclI (12), which rec-
ognize shorter (6-bp) palindromic DNA targets and also
generate blunt-ended product ends. We then compare the
DNA-bound structures of Swal to a structurally different
restriction enzyme (the HNH endonuclease Pacl) that also
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cleaves a palindromic 8-base pair target site consisting solely
of A:T base pairs (5-TTAATITAA-3') (13). As was previ-
ously observed for Pacl, recognition by Swal of its long
A:T-rich target site is accompanied by unusual and dra-
matic disruption of the target site duplex.

MATERIALS AND METHODS
Endonuclease cloning, expression and purification

The genes for the Swal restriction endonuclease and modi-
fication methyltransferase were cloned into Escherichia coli
ER2566 and characterized as described (14). The endonu-
clease gene was inserted into the chloramphenicol-resistant,
low copy plasmid, pHKT7, and expressed from an inducible
T7 promoter. The methyltransferase gene was inserted into
the ampicillin-resistant, high copy plasmid, pHKUVS, and
expressed from a constitutive lac UV5 promoter.

Recombinant E. coli ER2566 cells containing the Swal
genes were plated from a glycerol stock onto LB containing
100 pg/ml ampicillin, 25 wg/ml chloramphenicol and in-
cubated at 22°C. A single colony was picked and inoculated
into 1 liter of rich broth containing the same antibiotics, and
incubated overnight at 30°C without shaking. This culture
was diluted into 100 1 LB (Amresco DF204) containing an-
tifoam. After 2.6 h at 37°C, 200 rpm agitation and 50 1/1-min
aeration, at a cell density of 160 Klett units, 7 g of IPTG
was added to a final concentration of 0.3 mM in order to
induce endonuclease synthesis. The culture was cooled and
harvested 2 h later by continuous-flow centrifugation. The
resulting wet cell mass, of ~500 g, was stored at —80°C until
needed.

Two hundred fify grams of frozen cell pellet was thawed
and re-suspended in 800 ml of lysis buffer (40 mM KPOy
pH 6.8, 5% glycerol, 0.25 mM EDTA, 7 mM beta-
mercaptoethanol (BME)) containing 50 mM NaCl. One
gram of chicken egg white lysozyme was added. The sus-
pension was stirred for 60 min until viscous, and then soni-
cated three times for 6 min, with 20 min intervals for cool-
ing. The lysate was clarified by centrifugation for 30 min
at 14 000 rpm. The pellet was discarded, and the super-
natant was centrifuged twice more until no further debris
could be removed. The clear supernatant was loaded onto
a 280-ml Heparin HyperD column (Pall), washed with the
same buffer until the A280 returned to background level,
and then chromatographed by HPLC (AKTA, GE) with
lysis buffer containing a linear NaCl gradient spanning 50—
600 mM NaCl. Swal activity eluted around 350 mM. Ac-
tive fractions were pooled (300 ml) and applied directly to
an 80-ml ceramic hydroxyapatite column (Bio-Rad) equili-
brated with Lysis Buffer. A gradient of KPO,4 at pH 6.8 from
40 mM to 1 M was applied; Swal eluted around 270 mM.
Pooled fractions were dialyzed overnight against Column
Buffer (20 mM Tris pH 8.0, 5% glycerol, 0.25 mM EDTA,
7 mM BME) containing 50 mM NaCl. The dialysate (60
ml) was pumped through a 19-ml Sourcel 5Q column (GE
Healthcare) to remove nucleic acids, and then loaded onto
a 15-ml Heparin TSK column (Tosoh Bioscience) for con-
centration. This was chromatographed with Column Buffer
containing a gradient of NaCl from 50 mM to 1 M. Active
fractions were pooled, dialyzed into ‘Diluent B’ (New Eng-
land Biolabs: 10 mM Tris pH 7.4, 300 mM NaCl, 50% glyc-
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erol, 0.1 mM EDTA, 1 mM DTT), loaded onto a Superdex-
75 size-exclusion column, and eluted with Column Buffer
containing 300 mM NaCl. Fractions containing homoge-
neous Swal were pooled (45 ml) and stored frozen at —80°C.
The specific activity of purified Swal was calculated to be
2.8 x 10° units/mg of protein.

Size exclusion chromatography demonstrated that the en-
zyme in solution elutes as a single sharp peak corresponding
to a stable protein dimer of 53 kDa, in close agreement with
the calculated mass based on the amino acid sequence of 2
x 26.8 kDa (data not shown).

Mutagenesis and crude-extract assays

Site-directed mutagenesis of Swal residues Asp76, Asp93
and Lys95 was performed by PCR using Deep Vent DNA
Polymerase (New England Biolabs). Double-stranded plas-
mid DNA containing the swal/R gene was mixed with com-
plementary, 51-nt mutagenic oligonucleotides (IDT) con-
taining the triplet GCG, to code for alanine in place of
the target amino acid. The primers were extended by tem-
perature cycling to form linear, full-length plasmids with
duplicated ends incorporating the mutation. These were
gel-purified (Zymo Research) and transformed into E. coli
ER2566 containing the Swal methyltransferase. Transfor-
mants that had resolved the terminal duplication in vivo to
regenerate circular plasmids were selected by plating onto
LB containing chloramphenicol and ampicillin, and incu-
bated overnight at 37°C. Individual colonies were picked,
inoculated into 5 ml LB containing chloramphenicol and
ampicillin, grown overnight at 37°C, and the plasmids re-
covered by mini-prep spin-column purification. The com-
plete nucleotide sequence of the swalR gene within these
plasmids was determined to verify that only the desired mu-
tation was present.

One isolate of each sequence-verified mutant was grown
at 37°C overnight in 10 ml LB containing chlorampheni-
col and ampicillin, alongside a control culture of ER2566
expressing wild-type Swal. The cultures were harvested by
centrifugation, re-suspended in 2 ml of sonication buffer
(10 mM Tris, pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1
mM DTT), and lysozyme was added to a final concentra-
tion of 1 mg/ml. The suspensions were stored on ice for 1
h, and then disrupted by sonication and clarified by micro-
centrifugation. The clarified extracts were assayed for Swal
endonuclease activity by incubation with purified phage T7
DNA or supercoiled plasmid pXba DNA (each containing
one Swal site) in NEBuffer 3.1 at 25°C for 1 h. Assays were
performed as 2-fold titrations by adding 1 .l of clarified ex-
tract to 1 pg of DNA in 50 ul of reaction buffer, and suc-
cessively transferring 25 pl aliquots to four additional tubes
each containing 0.5 pg of DNA in 25 wl reaction buffer.

Crystallization, Data Collection and structure determination

The purified enzyme was dialyzed into a final buffer con-
sisting of 25 mM Tris—HCI (pH 7.5) and 150 mM NaCl and
concentrated to ~20 mg/ml in that same buffer. Crystals
of the unbound (‘apo’) enzyme were grown by equilibra-
tion against a reservoir solution containing 18% PEG1000
(v/v), 100 mM Tris—HCI (pH 8.5), 40 mM Ca(OAc),, and
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150 mM NaBr. Crystals of the uncleaved DNA-bound
complexes were grown by mixing one microliter drops of
the protein (£ a 1.2-1.5 molar excess of double stranded
DNA) with an equal volume of a crystallization reservoir
solution consisting of 24-28% PEG1000 (w/v), 100 mM
Tris—HCI, pHS8.5, 5 mM CaCl,, 10 mM DTT and 5% iso-
propanol, and then allowing the drop to equilibrate via va-
por phase diffusion against 500 w1 of the same reservoir so-
lution. The sequence of the DNA strands that yielded crys-
tals of the bound complex used for the structure determi-
nation corresponded to 5-GGGCGGAGGCATTTAAAT
GCCGCGCGG- 3 and its complement 5'-CCCGCGCG
GCATTTAAATGCCTCCGCC-3'. Crystals of the cleaved
enzyme-DNA complex were grown under similar condi-
tions as above, and then washed extensively and incubated
in the same reservoir solution, with 10 mM MgCl, replac-
ing CaCl,. The space group and unit cell dimensions of the
crystals are listed in Table 1.

Diffraction data were first collected on crystals of the
uncleaved enzyme-DNA-—calcium complex, containing se-
lenomethionyl (SeMet) derivatized protein, at beamline
5.0.2 of the Advanced Light Source (ALS) synchrotron X-
ray facility (Lawrence Berkeley National Laboratory). The
crystal used for data collection was treated for 5 min with
1% H,0; (v/v) in the same mother liquor prior to flash-
cooling in liquid nitrogen. Data sets were collected with in-
cident X-rays at two wavelengths, corresponding to the se-
lenium fluorescence signal peak (0.9794 A) and inflection
(0.9796 A), allowing the structure to be solved via multiple
anomalous difference (MAD) phasing.

Additional data sets were collected on the unbound apo-
enzyme at the ALS, and on the cleaved product com-
plex (in the presence of magnesium) using a Rigaku ro-
tating anode generator and and RAXIS-IV++ phosphor
imaging plate area detector. Those latter structures were
solved via molecular replacement, using the coordinates
of a DNA-bound Swal monomer as a molecular phasing
search model. All data were processed and scaled using
the DENZO/SCALEPACK (HKL2000) program package
(15). The program PHENIX (16) was used for initial phase
determination of the protein-DNA-calcium complex, and
for generation of initial electron density map. The Refmac5
algorithm (17) and CCP4i graphical interface (18), in the
CCP4 program suite (19) were used for refinements. The
graphic package COOT (20) was used for model build-
ing. Figures were generated with PYMOL (21). Refinement
statistics for all three crystal structures described in this
study are provided in Table 1.

RESULTS
Overall structure and fold of Swal

The Swal restriction endonuclease is a homodimer contain-
ing 226 amino acids per subunit, corresponding to a mass
of 26.8 kD and an estimated pl of 6.9. The sequence of the
enzyme contains five methionine residues per protein chain,
that were used for the initial phasing and structure determi-
nation of the DNA-bound enzyme complex. A search for
sequence homologues using NCBI BLASTP (22) produces
only five significant hits, all corresponding to hypothetical
proteins of bacterial origin, with overall sequence identities

ranging from 57% to 47%, corresponding to E-values of 2 x
107% to 7 x 1079, A total of 56 residues (~24%) are fully
conserved across all six protein sequences (Figure 1A).

The crystal of the unbound Swal enzyme contains one
subunit per asymmetric unit, which together with its sym-
metry mate make up a functional dimer. The visible amino
acids in the structure of unbound Swal (Figure 2A) corre-
spond to the entire 226-residue peptide chain of each sub-
unit, with the exception of two surface loops (corresponding
to residues 31-35 and 134-139) that are disordered.

The first 180 residues of each subunit of the R.Swal ho-
modimer display a single folded domain, corresponding to
a mixed «/p topology in an a—a—pB—B—a—B—p arrange-
ment that typifies nucleases containing a PD-(D/E)xK cat-
alytic motif. A fourth and final C-terminal helix, extending
from residue 184 to the C-terminus, forms a long domain-
swapped helix that is significantly kinked at residues 211-
213 and is packed against its symmetry mate, forming an
amphipathic two-helix bundle structure and inter-subunit
contacts that closely resemble an antiparallel coiled-coil
peptide fold (23) (Figure 2B). The two folded domains of
the enzyme homodimer are each ~35-40 A in width, and
are physically separated by a gap of ~30 A between the op-
posing protein surfaces (which is spanned by the domain-
swapped C-terminal helices extending from the end of each
protein subunit). The residues lining the interior surfaces of
the gap between protein domains (including multiple sur-
face loops on each folded «/B protein domain and on the
underside of the C-terminal helices) are predominantly ba-
sic.

The domain-swapped, interdomain two-helix bundle that
bridges the two catalytic domains of Swal (Figure 2B)
is similar in length and shape to the coiled-coil structure
bridging the specificity domains found in the specificity
(S) subunits of Type I restriction endonucleases (which, in
turn, controls the recognition distance between the target
recognition domains TRD1 and TRD2 in those enzymes)
(5). However, the amino acid composition of the helices in
the type I S-subunits, including the interface between them
(Figure 2B, inset), is rather dissimilar to that found in the
Swal enzyme; they lack multiple aromatic residues that are
found in the helical interface in Swal and instead containing
a large number of basic residues that form several intersub-
unit contacts.

DNA recognition and binding

The structure of Swal bound to its DNA target in the pres-
ence of calcium ions (as well as an additional structure of
the complex solved in the presence of magnesium ions, de-
scribed further below) demonstrate that the enzyme ho-
modimer displays a significant conformational change cor-
responding to closure of the protein around the perimeter
of the DNA duplex, and the formation of direct contacts
to the DNA bases and backbone at various positions in
both the major and minor groove (Figure 3A and B). The
protein-bound DNA exhibits a sharp bend at the center of
the DNA target, corresponding to a narrowed major groove
across the central four base pairs and simultaneous widen-
ing of the minor groove and further separation of the target
phosphates (Figure 3C).
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R.Swal (S.warneri) MNFKKYEENLVASIEEVIQRIIDDKHRPNII----GKTR---VGAEVSDYLEDEFVKYISSGKSS-S
gi|873896455 (Enter. sp.AM1) MDFKIYEEQLCKSIEEVVDGIVQSHLNLNIS----AKSR AGAELSDYLEDKFVEVLKENDNE-Y
gi|548562357(S.Anginosis) MDFKKYETFLCEELTRIVLEIINENKQLEIS--~--ARAR---AGAEISDFLEGKFKEKVNDEKVSRF

gi|489087292(L. weilii) MDIKKFEDKILTDIETVILEIIRNNRKIPIQ--~~-AKSR---AGAEISNFLENEFIKIA---KKNKA
gi|511280063(s. syrphid) MSIREFEERIRSSVDEIINKIINDNKKPNII--~-GKAR---LGAQISDFLEDKFIKYS~-~KSDVN
R.HincII (H.influenzae) MSFIKPIYQDINSILI-~--GQKVKRPKSGTLSGHAAGEPFEKLVYKFLKENLS=======
R.ECORV (E.coli) MSLRSDLINALYDENQKY-DVCG (x11)GSDTKV-LSTIFELFSRPIINKIAEKH-~~~~
my) ETm)
R.Swal LYDAQGAP-——~~ KEKTKNPWDARCKFKFMDREEEIWIDFKAFKIT--NMDSNPDIGTP-NKI-VKFIHE--~
gi|873896455 ITNPVGSP————~ KGSTKNPWDAKCEFEFMGRKEIIWIDFKAFKVS-~-SVDSNPDIGTP-KKV-IKFIQE--~
gi|548562357 IHDAEQSP-==~~ QGKTKNPWDARCKFNYMNREEEIWIDFKAIKVS--SVDSNPDIGTP-SKI-ISFIKN---
gi|489087292 ITDAVSSP—==—— SGATKNPWDAKFTYKLKDREEIIWLDFKAFKVS--GEDSNPDIGTP-NKF-FDLVRL-~~
gi|511280063 IINAIGAP-==-~ KENTKSSFDIKFNFKYKGITELIWIDFKAINEG-~-SLDSNPDIGAA-NKV-ISFIKQ--~
R.HincII ~DLTFKQY (x48 )EEKQNDTADILLVKD-~~--QFYELLDVKTRNIS--KSAQAPNIISA-YKLAQTCAKMIDN
R.ECORV GYIVEEPK-====== QQNHY?F?TLYKPS-EPNKKIAE;ﬁfFTYTNKENEKIKFTLGGYTSFI-RNNTKNIVY
3 34
R.Swal ~==GN-FYLVFVLVYYESKQ-===~ DG-VEFVKYN-NDYKKVYLLKD-VNESFRINP--KPQMQVN-IAAEP
gi|873896455 —-—-GN-FYLVFVMVYYDATS————~ DG-LEFAKYK-GEYTKVYLLKD-VNHTFRLNP--KPQLQVN-IAAEP
gi|548562357 -==-GN-FYLVYIIVYYVGIQ-—-——~ SG-LQFEEYN-EKFVKTYLLKD-VNHSFRLNP--KPQLQVN-ISAEP
gi|489087292 -=-GG-FYLTFVYVYYEEFE-=~--~ SG-IQFTSNKSDKYTKVYFLKD-IHHSFRRNP--KNQLQVN-ISENP
gi|511280063 -==GN-FYILYVYVYYKNNN-=—=~~ DGNVEFVSNNNGKFTKQYFLKD-IEKTFRRTP--TGQLQVN-ANSVS
R.HincII KEFDL-FDINYLEVDWELNGED LVCV. STSFAELFKSEPSELYINWAAAMQIQFHVRDLDQ
R.ECORV PF-DQYIAHWIIGYVYTRVA (x18)KP-YKGV--———- KVFLQDKWVIAGD-L-AGSGN-TTNIGSIHAHYK
a4 )

R.Swal = = = =————— TF-RTREEFIHFFVKKWKESFERQIKSLEKKEIMLKD-~LEDKLKNSNDNSI-=========
gi|873896455 ——————— EY-RTREEFIDLLMEKHRQSYERQEKRALIKKLKTIDE--IQADLIDSN========—m————
gi|548562357 ------- EY-RTREEFIKLLIQKMQESYIRQETSITKKKEKLVS~--LLPELIKCNEESEERD-====~~
gi|489087292 ------- EY-RTRTEFLHLLVKKIIESHKRQIDISNRELLKLSKEEFLQDLLKQNGESESIIRKL-~~~
gi|511280063 ——————— EY-RTREEFINLFFQKVEESHKRSIKKSNEMLKSLSQ-~-IKLEIIEKNKALEKSILNKLNEN
R.HincII = = = = —————ee GFNGTREEWAKSYLKHFVTQAEQRAISMIDKFVKPFKKYIL

R.ECORV DFVEGKGIFDSED-EFLDYWFNYERTSQLRNDKYNNISEYRNWIYRGR

B -4 =3 =2 =1]|+1 +2 +3 +4
R.Swal A T T T|A A A T
R.HincII G T Y|R A C
R.ECORV G A T|A T C

Figure 1. (A) Alignment of Swal against four of its closest sequence homologues identified within the NCBI protein database (39), and against its two near-
est structural homologues (HincIl and EcoRV) identified within the RCSB protein structure database (40). One additional significant sequence homologue
(WP_066163638; REBASE Bsp132190RF4205P) is not shown for clarity. Conserved residues are shown as colored bold residues. The overall identity
between Swal and its nearest sequence relatives is 46-57% identity, while the identity between Swal and Hincll or EcoRV is 14% and 11%, respectively
(corresponding to 32 and 25 conserved residues, respectively). The position and boundaries of secondary structural elements in Swal are shown above the
aligned sequences, and the position of the conserved active site residues are indicated with red arrows. The “X48’ notation in the Hincll sequence corre-
spond to a large unique insertion of additional residues, that are not shown, relative to all the other aligned sequences. (B) Sequence and numbering of the
DNA target sites recognized and cleaved by Swal, Hincll and EcoRV. Y’ and ‘R’ refer to any pyrimidine and purine base, respectively, which corresponds
to promiscuous recognition at positions 1 by Hincll.
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Table 1. Swal Data collection and refinement statistics

Data set Id Se-Peak Se-inflection Cleaved Unbound
Wavelength (A) 0.9794 0.9796 1.5418 0.9202
PDB ID CODE STGX 5STH3 5STGQ
Data collection:
Space group P2, P2 P2 P2212
a (A) 109.86 109.86 109.75 48.39
b(A) 57.06 57.06 57.07 65.23
c(A) 112.79 112.79 113.44 67.57

° ) 107.06
Resolution (A) 50-2.3 50-2.8 50-2.33 50-1.98
Unique reflections 53972 32759 56787 17667
Redundancy” 6.4 (4.1) 7.5(7.5) 7.1(4.7) 12.5(6.4)
Completeness (%)* 96.1 (79.9) 100 (100) 98.2(85.9) 96.3 (71.0)
I/o(I) 12.5(1.1) 16.3(6.3) 17.8 (1.35) 31.6(1.13)
Rmerge? (%) 12.7 (85.1) 10.6 (44.9) 9.5(98.4) 6.5(104.8)
B(iso) (A?) 30.46 33.9 39.5
Refinement statistics:
Protein atoms™ 7582 7674 1905
DNA atoms” 2316 2130 —
Heavy atoms 16 Se” 15 Se —
Catalytic metal ions 4 Cat 4 Mgt 2 Ca?*
Solvent molecules 243 51 89
R-factor® (%)" 19.8 19.85 19.8
R-free® (%) 24.2 23.89 27.9
Rmsd .
Bond length (A) 0.017 0.0178 0.021
Angles (0) 1.928 2.127 2.185
Ramachandran distribution (%)
Core region 96.70 96.52 95.48
Allowed region 2.85 2.90 3.62
Outliers 0.46 0.58 0.90

“Highest resolution shell values in parenthesis.
#Crystals containing SeMet and Todide.

4Rmerge = Xy — <Iy>1/ X1y, where Iy; is the ith measurement of reflection 4, and </j,> is the average measured intensity of reflection /.
bR—factor/ R-free = X1 Fho) — Fi(e)l/ ZniFi(o)l, where R-free was calculated with 5% of the data excluded from refinement.

The conformational change exhibited by the protein is
largely realized through bending of the domain-swapped
C-terminal helices in each subunit (Figure 4A). Superpo-
sition of the nuclease core domain from individual protein
subunits in the unbound and DNA-bound structures pro-
duces a relatively small backbone rmsd value, calculated
over 285 superimposed residues, of ~2 A. In that superposi-
tion, the C-terminal tail residues from each subunit differ in
position by over 20 A. One of the two disordered loops in
the DNA-free structure (residues 24-35) becomes ordered
in the DNA-bound structures and contributes (i) a residue
(Arg35) that is intimately involved in base contacts in the
minor groove of the DNA and (ii) at least six possible H-
bonds between the two protein subunits. Additional smaller
conformational changes exhibited by several surface loops
across the nuclease domain, that are located in the protein—
DNA interface, result in additional contacts to the atoms of
the DNA target site.

At the same time that the protein undergoes the confor-
mational rearrangement described above, bending of the
DNA produces an unusual and significant disruption of the
central two A:T base pairs at the middle of the target site.
While the unpaired thymidine bases at each position (£1)
remain in contact with their immediate 3’ neighbor in the
bent DNA duplex, their adenine counterparts display a dra-
matic movement: the two bases ‘leapfrog’ one another and

form a reversed stack of two consecutive purine bases near
the surface of the major groove (Figure 4B).

In contrast, as described below, very similar bending of
palindromic DNA target sites by Hincll and EcoRV (which
also produce blunt-ended DNA targets, but recognize dif-
ferent target sequences and lengths) do not result in disrup-
tion of the Watson—Crick DNA base pairing arrangement
at any position within their bound targets (11,12). The ex-
tent and nature of the overall DNA bending in all three
structures is very similar, making it unlikely that the ob-
served bend in their bound DNA substrates is inherent to
the composition or sequence of their individual target se-
quences.

The observable contacts made by the protein to individ-
ual nucleotide bases in the target site are notable for their
economical use of a small number of protein residues (illus-
trated and further described in Figure 5). Within each DNA
half-site, seven out of eight bases are engaged in at least nine
hydrogen-bond contacts in the major DNA groove and four
additional contacts in the minor groove. The sum of these
interactions involve just six amino acids: K72, N105 and
Q170 interact with the first two base pairs of each half site
(Figure 5, top panels), and R35, D107 and K166 interact
with remaining two, albeit in a convoluted manner (Figure
S, lower panels). Four of these six protein side chains par-
ticipate in contacts to multiple, neighboring bases.
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Figure 2. Structure of the unbound (apo-enzyme) form of Swal. (A) On the left are ribbon diagrams of the Swal homodimer (shown in two orientations),
with the two protein subunits colored green and cyan, respectively. The primary interface between the protein subunits is a long domain-swapped C-terminal
helix that forms an antiparallel bundled structure similar to a coiled-coil. The folded domains that extend below those two helices correspond to the o/
fold that comprises the core nuclease domain from the PD-(D/E)xK family. On the right are electrostatic surface charge representations of the enzyme
homodimer, shown in the same orientation as the ribbon diagram. Positively charged (i.e. basic) regions are blue, while negatively charged (i.e. acidic)
regions are red. Note the large basic cleft that separates the two folded nuclease domains. (B) Close-up of the domain-swapped C-terminal helical bundle,
showing the array of aliphatic and aromatic residues that form the packed interface between the helical protein backbones. Inset: Similar domain-swapped
helices from a specificity (S) subunit from a type I R/M system in Methanocaldoccus jannaschii (PDB ID 1YF2) that dictate the distance between target

recognition domains (TRDs) in type I enzyme assemblages.

The unpaired thymidine of each of the central base pairs
(at positions +1) engages in two H-bonds—with K166 in
the major groove, and R35 in the minor groove—while the
partner adenine is removed from its original position in
the DNA duplex, and forms a reversed stacking interaction
with the corresponding adenine from the opposite strand.
These two stacked adenine bases are flanked by a pair of
symmetry-related arginine residues (Arg 35 and 35), which
form cation-m interactions with each base (Figure 5, bot-
tom panel). The same arginine residues also make appar-
ent H-bond contacts both to adenine +2 and to thymine
+1. Therefore, Arg 35 participates in multiple interactions
spanning three separate paired and unpaired base positions
in the DNA target.

Structural homologues

A search for structural homologues against Swal using the
DALI (24) and FATCAT (25) servers indicates that the
two closest related molecules currently found in the RCSB
PDB database are the R.Hincll (‘HincII’) and R.EcoRV
(‘EcoRV’) restriction endonucleases (aligned sequences and

target sites shown in Figure 1A and B, respectively). Both
of those enzymes are also homodimeric, Type IIP restriction
endonucleases that recognize and cleave palindromic DNA
target sites and also produced products with blunt ends.
The more closely related of these two proteins, Hincll, dis-
plays approximately a 3 A backbone rmsd over 251 aligned
residues, when using PDB ID 2gih (26) for comparison.
Those two enzymes share 33 amino acids in common, cor-
responding to 14% sequence identity. EcCoRV is more dis-
tantly related, displaying only 9% sequence identity and a
4 A backbone rmsd versus Swal across the same region of
aligned residues.

Superposition of the DNA-bound complexes of Swal
and HincllI (Figure 6) indicates that both enzymes display
similar overall tertiary structures and homodimeric organi-
zations, and both also encircle their DNA targets. In both
cases, the complex places the nuclease core domain and cat-
alytic residues in similar positions near the scissile phos-
phates that produce blunt-ended products upon cleavage.
Although the overall architectures displayed by the enzyme-
DNA complexes are similar, the angle at which each en-
zyme’s DNA target site penetrates the protein ring differs by
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Figure 3. Structure of the DNA-bound form of Swal in the presence of calcium ions. the structure of the same complex in the presence of magnesium
ions (not shown) is virtually indistinguishable, with the exception of fully cleaved DNA ends in the two enzyme active sites (Figure 7). (A and B) Ribbon
diagrams of the enzyme homodimer (colored as in Figure 2) with and without the bound DNA are shown for clarity. The enzyme undergoes a significant
conformational closure around the DNA target site, that is augmented by smaller movements and ordering of surface loops along the nuclease domain
(that present side chains to the DNA backbone and its nucleotide bases). (C) Bending of the DNA target (the 8 bases of the actual target are colored, and
the location of the scissile phosphates are indicated with arrows) and corresponding position of the enzyme ring around the target site.

~10-15°, and each enzyme possesses unique elaborations
on their core folds.

Although the length (8 bp versus 6 bp), the sequence
(ATTTIAAAT versus GTYIRAC), and the intermolecular
angles of the bound DNA duplex engaged by Swal and
HinclI differ as described above, the overall conformation
and bend of the DNA substrates are similar, with the excep-
tion of the central two base pairs in each complex (Figure
6, bottom panels). Whereas the central two base pairs in the
Swal-DNA complex are disrupted, resulting in an unusual
set of interactions between opposing adenine bases and the
protein, in the Hincll structure the same base pairs retain
their Watson—Crick base pairing.

Active site architecture and mechanism of DNA cleavage

Examination of the structures of the Swal-DNA complex
in the presence of calcium ions (which results in a largely un-
cleaved complex) and in the presence of magnesium (result-
ing in a fully cleaved product complex) indicates that Swal
displays an active site structure and metal-dependent mech-
anism of phosphoryl hydrolysis typical of PD-(D/E)xK re-
striction endonucleases (27) (Figure 7A). In both structures,
the target phosphate is flanked by two bound metal ions,
one of which is in contact with a non-bridging phosphate
oxygen and two conserved aspartates (D76 and D93), while
the other is in contact with the 3’ oxygen leaving group (as
well as a 5’ phosphate in the cleaved complex). A conserved
lysine (K95) is positioned appropriately to act as a gen-
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Figure 4. Conformational changes that accompany protein-DNA binding. (A) The protein closure shown in Figure 3 is largely facilitated by a change in
the bending of the C-terminal helix in each protein subunit. Other regions of the protein (i.e. the nuclease domain in each subunit) display much more
limited motions that allow formation of atomic contacts to individual atoms in the DNA. (B) The DNA is bent by ~50°, resulting in widening of the
minor groove around the position of the two scissile phosphates. Of the 8 bp in the enzyme’s target site, the central two A:T base pairs (at positions +1) are
disrupted. The two thymidine bases are left behind in the same relative position as if they were still engaged in base pairs, while the corresponding adenine
bases (indicated by arrows in the left panel) have shifted towards the surface of the DNA duplex, where they form a reversed base stack that is flanked by
two arginine residues and more distal phosphoribosyl groups of the flanking DNA backbone (shown in more detail in Figure 5).

eral base in the reaction and assist in activation of a metal-
bound water that participates in hydrolysis.

In the uncleaved complex, a water molecule is positioned
in-line with the departing 3’ oxygen, indicating that a stan-
dard nucleophilic displacement reaction mechanism, as has
been well-established for many similar enzymes, is likely in
place for Swal. Mutational analysis of the putative active
site residues D76, D93 and K95 confirmed that alanine sub-
stitutions at all three positions result in inactivation of the
enzyme (Figure 7b).

Enzymatic digests comparing calcium ions in place of
magnesium ions, indicate that in a 1 h incubation at 25°C,
Swal is completely inactive in 50 mM Tris—-HCI pH 7.9, 100
mM NacCl, 0.1 mg/ml BSA, 10 mM CacCl,, but fully active
in the same buffer containing 10 mM MgCl, instead of 10
mM CaCl, (Supplementary Figure S1). While the crystal
structure determined in the presence of calcium does indi-
cate the presence of a minor (<50%) cleaved DNA species,
the crystals used for that analysis were grown over a pe-
riod of weeks at room temperature. Therefore, any cleav-
age products observed in that structure do not represent a
physiologically relevant level of activity in the presence of
calcium ions.

DISCUSSION

Even when Type II restriction endonucleases display pri-
mary sequences that differ significantly, they can share
closely related tertiary folds, quaternary structures, catalytic
mechanisms and similar cleavage products (7,8). A striking

example of this principle is observed when comparing the
enzymes Swal, Hincll and EcoRV. Pairwise alignments of
any two of these restriction endonucleases indicates only 9—
14% sequence identity (distributed rather uniformly across
the entire length of their respective peptide chains) but these
enzymes nonetheless display closely related tertiary struc-
tures (backbone rmsd values of ~ 3-4 A across ~180 super-
imposable alpha carbons), as well as similar DNA-bound
complexes. All three of these enzyme homodimers recognize
and encircle palindromic base pair target sites, and they all
cleave both DNA strands between the central nucleotides of
their targets to create blunt ended DNA products.

Despite their similarities of form and function, the
recognition properties of these enzymes differ significantly:
EcoRYV recognizes a single six base pair target site with high
fidelity (5" GATIATC 3’) (28), whereas HinclI tolerates base
pair alternatives at the central two positions of its target,
displaying cleavage activity against the consensus sequence
5" GTYIRAC 3 (29) (where Y’ corresponds to a pyrimidine
and ‘R’ to a purine, and ‘I’ again indicates the site of cleav-
age). In contrast, Swal recognizes an 8 nucleotide target site
consisting solely of A:T base pairs (5 ATTTIAAAT 3) (10).

Crystallographic and biochemical analyses have previ-
ously demonstrated that EcoRV relies upon direct con-
tacts between two threonine side chains and the extracyclic
thymine methyl groups found at the central base pairs of
its target, coupled with DNA bending that results in nearly
complete unstacking between those base pairs to enforce
recognition fidelity (30). Similar analyses of Hincll have
demonstrated that it exhibits ambiguous base pair discrim-
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Figure 5. Atomic contacts made between Swal and individual bases in its DNA target site. The individual panels show contacts to bases starting at the
outermost base pairs (A—C) and progressively working towards the middle of the target site (D and E). For clarity, only contacts to bases in one half-site
are shown (except for the adenine bases at the exact center of the target site); the contacts are identical in the two DNA half-sites. The eight bases in each
DNA half-site are directly contacted by six amino acid side chains (five from one protein subunit, and one from the opposing subunit). Of those six protein
residues, four appear to form bridging contacts to bases at immediately neighboring positions. Two contacts between protein backbone nitrogen atoms
(from residues 105 and 107) and atoms on DNA bases (adenine N7 in panels 2 and 3, respectively) are not shown for clarity. Panel e illustrates the position
and reversed base-stacking interactions formed between the adenine bases extracted from positions 1 in the protein-DNA complex. That pair of bases
is flanked by the side chains of arginine 35 and 35’, which respectively form cation— interactions with each base (while at the same time, also forming
contacts to two additional bases). Additional non-specific contacts made between protein side chains and the DNA backbone are also not shown in the

figure for clarity.

ination at the same central base pairs (cleaving targets con-
taining either of the two possible purine-pyrimidine steps
with approximately equal efficiency). This is accomplished
via a structural mechanism where the direct contacts to the
central base pair positions described above for EcoRV are
replaced with a single hydrogen bond to the N7 nitrogen
of either purine base located at those same positions (12).
That contact is complemented by DNA bending that is su-
perficially similar to that displayed by EcoRYV, but that in-

stead results in a cross-strand stacking interaction between
the same bases. Those interactions also appear to favor re-
taining the Py-Pu step at the center of the target site, rather
than enforcing higher discrimination for a unique base pair
step.

Despite its significantly different protein sequence rel-
ative to EcoRV and Hinclll, Swal displays considerable
structural similarity to EcoRV and HinclI and in the over-
all topology of its DNA bound complex, and also cleaves
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Figure 6. Superposition and comparison of the DNA-bound structures of Swal and HincIl. The left panels in each row show the superposition of both
structures; the middle and right panels show the same elements in their individual molecular complexes. Each superposition is calculated based on the
core nuclease residues of the helix and 3 B-strands that comprise the core elements of the PD-(D/E)xK nuclease motif (see Figure 7). Note that while the
nuclease domains superimpose relatively closely, that the corresponding orientations of additional protein structural elements (such as the domain-swapped
helices) and the bound DNA differ by at least 10° from one another. The bottom row shows the superposition of the two bound DNA targets for Swal
and HincII. While the overall bend angle and positions of the flanking bases (at positions 2-4 in each half-site) are similar, the effect of DNA binding and
bending on the central two base pairs are radically different. In Swal the central A:T base pairs are completely disrupted, whereas in HinclI (and in EcoRY,

not shown) they remain in a bent (but still base-paired) conformation.

at the center of its target to create blunt product ends. Un-
like both of those enzymes, however, Swal recognizes and
cleaves a single 8-base pair target site, containing only A:T
base pairs (5-ATTTIAAAT-3'). Unlike the mechanisms of
specificity described above for EcoRV and Hincll, partic-
ularly at the central base pairs of their target DNA palin-
dromes, Swal appears to rely upon a different mechanism
to enforce fidelity at those same positions, that involves a
dramatic disruption of the base pairing in the bound DNA
duplex, and the formation of an unusual arrangement of

unpaired nucleotide rings at the center of the bound DNA
substrate.

The only previous described example involving a disrup-
tion and reorganization of multiple DNA base pairs within
a restriction endonuclease-DNA complex is found in the
structure the R.Pacl restriction endonuclease, which (like
Swal) also recognizes and cleaves a long, palindromic DNA
target comprising eight A:T base pairs (5-TTAATITAA-3')
(13). Unlike Swal, the Pacl enzyme contains a ‘BRa-metal’
or ‘HNH’ nuclease-superfamily catalytic site and displays
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Figure 7. (A) The active site of Swal in the presence of calcium ions (left panel) and in the presence of magnesium ions (right panel). In both structures, a
pair of bound metal ions flank each scissile phosphate, near the location of an incoming nucleophilic water (and corresponding non-bridging oxygens) and
near the 3’ oxygen leaving group, respectively. The former metal ion is coordinated by six oxygen moieties: two acidic side-chain oxygens from conserved
aspartate residues D76 and D93; the backbone carbonyl of F94; a non-bridging phosphate oxygen; and two water molecules. The conserved active site
lysine (K95) is positioned appropriately to participate in activation of one of the metal-bound water molecules that can then serve an incoming nucleophile
for in-line hydrolytic displacement. In the structure solved in the presence of magnesium, the DNA appears to be fully cleaved, and the free 5’ phosphates in
each DNA strand are observed in two distinct positions, as indicated in the figure and corresponding refined model. (B) DNA-cleavage assays of wild-type
Swal and catalytic-site mutants. Cell-extracts of wild type Swal, and of alanine-substitutions of the three key residues of the presumptive catalytic site
(D76, D93, and K95) were prepared and assayed by 2-fold serial dilution on linear phage T7 DNA (upper panel) and circular plasmid pXba DNA (lower
panel). Wild type Swal cleaved both substrates, converting T7 into 34-kb and 6-kb fragments, and pXba into the 23-kb linear form. The mutated enzymes,
in contrast, displayed a trace of DNA-nicking activity at the highest enzyme concentration, but no DNA-cleavage activity, supporting the idea that these
residues are essential for catalysis.

a completely unrelated tertiary structure. It also exhibits a
completely different mode of DNA binding, and generates
5" overhangs rather than blunt ends. In the Pacl complex,
each and every base pair in the DNA target is removed and
redistributed from its normal Watson-Crick base pairing
arrangement (13). Because these two enzymes differ in al-
most every way in how they fold and function, it is tempting
to speculate that their one remaining similarity (that they
both recognize and cleave an 8 base pair target sites con-

sisting solely of A:T base pairs) reflects an ability to exploit
sequence-specific information that is inherent in (and per-
haps unique to) such DNA target sites.

There are many known examples of A:T-rich DNA se-
quences being involved in key biological processes via their
interaction with sequence-specific DNA-binding proteins,
many of which clearly recognize such sequences via mech-
anisms that largely rely on shape recognition and comple-
mentarity, rather than formation of extensive networks of



directional hydrogen-bonds within the protein-DNA inter-
face. Classic examples include the interaction of the TATA
binding protein with TATA box sequences in many eukary-
otic promoters (reviewed in (31)) and the positioning of nu-
cleosomes in a variety of AT-rich initiator elements (32,33).
The ability of long tracts of AT-rich DNA sequences, of-
ten termed ‘A-tracts’, to form intrinsically curved DNA du-
plexes that can play a role in gene expression activity is also
well documented (34,35). AT-rich repeat regions display a
tendency to reversibly form hairpin and cruciform struc-
tures within the context of surrounding duplex DNA, due
in part to their relatively low thermal stability in the du-
plex form combined with the inherent ability of palindromic
sequences to form these structures (36). However, detailed
structural and thermodynamic studies of such sequences
(for example as described in (37)), have generally shown that
when they are surrounded by sequences of higher GC con-
tent (similar to Pacl and Swal target sites found within the
context of surrounding genomic DNA) they tend to main-
tain overall b-form duplex structure, while exhibiting local-
ized fluctuation and bending that results in elevated varia-
tion of groove dimensions along that DNA sequence.

Based on the unusual details of DNA binding exhib-
ited by Pacl and Swal towards similar DNA targets, one
could ask (i) whether recognition of long symmetric se-
quences comprised solely of A:T nucleotide pairs might rely
upon unique structural and dynamic properties of such se-
quences; and (ii) whether enzymes that act upon such se-
quences either recognize unique (and perhaps transiently
populated) structural features displayed by such targets in
the absence of bound protein, or instead induce such struc-
tural perturbations solely after DNA binding. Similar ques-
tions have been examined in the past for enzymes that act
upon DNA substrates with flipped-out bases (for a recent
review of experimental approaches and results addressing
this question, see (38)). A variety of non-crystallographic
methods for further studies of long A:T-rich target se-
quences of the types recognized by Pacl and Swal, includ-
ing the use of fluorescent base analogues (as probes of DNA
conformation during enzymatic action) and the use of rapid
NMR relaxation techniques (to examine the dynamic be-
havior of such sequences prior to protein binding) may
eventually provide important new insight into their prop-
erties and recognition mechanisms.
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