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ABSTRACT

The ppa-Me restriction endonuclease (REase)
Hpy99l recognizes the CGWCG target sequence
and cleaves it with unusual stagger (five nucleotide
5'-recessed ends). Here we present the crystal
structure of the specific complex of the dimeric
enzyme with DNA. The Hpy99l protomer consists
of an antiparallel p-barrel and two p442 repeats.
Each repeat coordinates a structural zinc ion with
four cysteine thiolates in two CXXC motifs. The
ppa-Me region of the second f4a2 repeat holds the
catalytic metal ion (or its sodium surrogate) via
Asp148 and Asn165 and activates a water molecule
with the general base His149. In the specific com-
plex, Hpy99l forms a ring-like structure around the
DNA that contacts DNA bases on the major and
minor groove sides via the first and second p442
repeats, respectively. Hpy99l interacts with the cen-
tral base pair of the recognition sequence only on
the minor groove side, where A:T resembles T:A and
G:C is similar to C:G. The Hpy99I-DNA co-crystal
structure provides the first detailed illustration of
the ppa-Me site in REases and complements struc-
tural information on the use of this active site motif
in other groups of endonucleases such as homing
endonucleases (e.g. I-Ppol) and Holliday junction
resolvases (e.g. T4 endonuclease VIi).

INTRODUCTION

Type II restriction endonucleases (REases) can be classi-
fied into conventional PD-(D/E)XK, BBa-Me, GIY-YIG,
phospholipase-derived and half-pipe endonucleases
according to their folds and active site structures (1).
Although the BPo-Me enzymes form the second largest
group after the PD-(D/E)XK enzymes, structures
of REases in this group have not yet been determined.

The available models for BPa-Me restrictases (2) are,
therefore, all based on structures of PPo-Me endonu-
cleases that are not restriction enzymes (3).

The BPa-Me nucleases occur in all three kingdoms of
life. They are defined by a conserved active site B-hairpin
(BB) and a-helix (o) that anchor a catalytic metal ion (Me).
The superfamily merges HNH (4) and His-Cys box (5)
nucleases that were named earlier for the occurrence of
conserved residues in these subgroups (3). Structurally
characterized BPo-Me nucleases include unspecific
nucleases [e.g. colicins (6-8), NucA (9), Serratia endonu-
clease (10), periplasmic Vvn endonuclease (11)], homing
endonucleases [e.g. [-Ppol (12,13) and I-Hmul (14)] and
Holliday junction resolvases [e.g. phage T4 endonuclease
VII (15)]. The BPa-Me regions of these enzymes bind one
metal ion per subunit with one (e.g. I-Ppol), two (e.g. T4
endonuclease VII) or three (e.g. colicin E7) amino-acid
ligands. The BPa-Me region contains a strictly conserved
histidine residue that activates a water molecule for incor-
poration into the DNA substrate (12). The oligomeric
state of BPa-Me endonucleases varies. Colicin E9, Vvn
and the homing endonuclease I-Hmul are monomeric
(11,14,16). In contrast, I-Ppol and the T4 endonuclease
VII form the dimers that are expected for enzymes that
cut both DNA strands (13,15).

Many BPo-Me nucleases cut both DNA strands with
a stagger that leads to 5-recessed ends in the cleavage
products. This is true for most homing endonucleases
and with some exceptions (e.g. Eco31l, Sapl) also for
the BPo-Me REases (17). The rule applies to Hpy99l:
this enzyme cleaves at the 3’-ends of its recognition
sequence so that cleavage products have five nucleotides
long 3’-overhangs. It applies also to BPa-Me REases:
Mnll, Hphl, Mboll and Hin4II all recognize asymmetric
sequences and cut them five to eight nucleotides away
from the recognition site so that single nucleotide
3’-overhangs result. Pacl cleaves inside an eight nucleotide
palindromic sequence with a 2-bp stagger. Kpnl, Nlalll,
Sphl and Nspl recognize short palindromic sequences and
cleave within or immediately adjacent to the recognition
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sequence with 4-bp stagger. In contrast to the BRa-Me
REases most PD-(D/E)XK enzymes cut DNA blunt
ended or with 5-overhangs, and only a few exceptional
enzymes in this group such as Sdal, Bgll and Sfil generate
5'-recessed ends (17-20).

The type II REase Hpy991 from the gastric pathogen
Helicobacter pylori can be classified as a ffo-Me endonu-
clease on the basis of statistically significant sequence sim-
ilarity to the Holliday junction resolvase T4 endonuclease
VI, a bona fide BBa-Me endonuclease (1). The enzyme
recognizes the nearly symmetric (pseudopalindromic)
recognition sequence CGWCG (W stands for either A
or T, as opposed to S for G or C). The bases at the
center of the recognition sequence are not individually
recognized, but the enzyme can nevertheless distinguish
A:T pairs from G:C pairs with high fidelity (21). Here
we present co-crystal structures of Hpy99I with DNA at
1.5 and 1.75 A resolution that were obtained in the pres-
ence of SmM CaCl, and 1 mM EDTA, respectively. Our
structures explain the stagger between cutting sites in the
two DNA strands, the specificity for the DNA target and
the distinction between A:T and G:C pairs (W versus S) at
the center of the recognition sequence. They also shed
more light on the relationships between BBo-Me REases,
homing endonucleases and Holliday junction resolvases.

MATERIALS AND METHODS
Cloning

Codon optimized Hpy991 REase (fpy99IR) and Hpy991
MTase (hpy99IM) synthetic genes in pBluescript II SK
(+) vectors were purchased from Epoch Biolabs, Inc.
(Texas, USA). The hpy99IM gene was PCR-amplified
using primers that were designed to introduce a Shine—
Dalgarno sequence eight nucleotides upstream of the
ATG start codon and HindIII and BamHI cloning sites
upstream and downstream of the gene. Using these sites,
the fragment was then placed into the tetracycline resis-
tance region of the pACYCI84 (Cm") vector. For the
expression of the REase, we used pET15bmod (Ap"), a
derivative of pET15b (+) (Ap"). In this vector, the origi-
nal EcoRI site has been deleted and a new EcoRI site
has been introduced immediately downstream of the
codons for the hexa-histidine tag. The hpy99/R gene was
cloned into this vector using the EcoRI and Xhol restric-
tion sites. The resulting construct coded for the full-length
protein with the N-terminal MGHHHHHHETF tag.

Mutagenesis

Hpy991 point mutations D148A, H149A and N165A were
introduced by PCR-based site-directed mutagenesis
according to the Stratagene protocol with Pfu Plus
DNA polymerase (EURx) and confirmed by Sanger
dideoxy sequencing. A truncated version of Hpy99I (resi-
dues 54-190) was generated by cloning of the correspond-
ing PCR fragment into the expression vector pET15bmod
(Ap") between the EcoRI and Xhol sites. The resulting
construct encoded the Hpy99I fragment starting at residue
Ile54 fused to the N-terminal MGHHHHHHEEF tag.

REase expression

Expression experiments were done in Escherichia
coli ER2566 strain (F A fhuA2 [lon] ompT
lacZ::T7genel gal sulA1l A(mcrC-mrr)114::1S10 R(mcr-
73::miniTnl0)2 R(zgh-210::Tnl0)1 (Tet®) endAl [dcm]).
This strain was transformed sequentially with plasmid
pACYCl184 (Cm") bearing the /hpy99IM gene and then
with plasmid pET15bmod (Ap") containing the hpy99IR
gene. Cells were grown in Luria-Bertani (LB) broth
medium with appropriate antibiotics at 37°C to ODggo
0.7 and induced with 0.5 mM IPTG. After 4 h of induction
the cells were harvested by centrifugation and the pellet was
stored at —20°C. Wild-type (wt) and mutant Hpy99Il
proteins were expressed with similar efficiency. The wt
and the point mutants were predominantly found in the
soluble fraction, but more than 90% of Hpy99Is4 199 Was
insoluble.

REase purification

Frozen cells expressing wt Hpy991 REase were thawed
and resuspended in buffer A (20mM Tris/HCI pH 7.6,
500mM NaCl and 1mM PMSF). Cells in suspension
were opened by sonication and the cell debris was
removed by centrifugation at 145000xg for 40min.
Hpy991 was purified by affinity chromatography on
Nickel Nitrilotriacetic acid (Ni-NTA) Agarose column
(Qiagen). The protein was eluted using an imidazole gra-
dient in buffer B (20 mM Tris/HCI pH 7.6, 200 mM NacCl,
SmM 2-mercaptoethanol). Fractions containing Hpy991
were combined and concentrated by ultrafiltration using
Vivaspin concentrators (10kDa MWCO). The protein
was purified further by size-exclusion chromatography
on HiLoad 16/60 Superdex 75 column (GE Healthcare),
equilibrated with buffer C 20mM Tris/HCI pH 7.6,
200mM NaCl, ImM EDTA and 1mM DTT) prior to
co-crystallization in the presence of EDTA or with
buffer D (20 mM Tris/HCI pH 7.6, 200 mM NaCl, 5SmM
CaCl, and 1mM DTT) prior to co-crystallization in
the presence of Ca?" ions. Fractions containing Hpy99I
REase activity were pooled and concentrated to 13—-15mg/
ml. From a 21 culture, about 9 mg of protein was obtained
that appeared homogeneous on Coomassie-stained SDS-
PAGE. The mutant proteins were purified according to
the same protocol. Point mutants behaved like the wt
protein. Some initially soluble Hpy99ls4 19o precipitated
in the dialysis and concentration steps, which reduced
the already low yield of this truncated form further.

REase activity assay

DNA cleavage activity was assayed with pUCI19 plasmid
as a substrate. Cleavage reactions were performed at 37°C
with 0.24pmol (0.20pg) pUC19 and 16-125pmol
(0.53-5.64 ng) of the protein dimer in 50 mM potassium
acetate, 20 mM Tris/acetate pH 7.9. The buffers were sup-
plemented with 10puM to 10mM magnesium acetate,
10uM to 10 mM manganese chloride, 10puM to 10 mM
calcium acetate, 10 uM to 10mM zinc acetate or 10 mM
EDTA and 1 mM of DTT as the reducing agent. As DTT
reduced Mn>" and Zn?*, 5mM 2-mercaptoethanol was



used instead in the reactions with these metal cations.
Reactions were performed in 10 pl reaction volume for
I min and terminated by addition of a stop buffer contain-
ing 75mM EDTA, 50% glycerol, 0.3% SDS and 0.1%
bromophenol blue. DNA cleavage products were analyzed
electrophoretically on a 1.4% agarose gel. DNA was
visualized by ethidium bromide staining and illuminated
with UV light.

Crystallization

Oligonucleotides 5-CTCGACGTAGA-3" and 5-TACGT
CGAGTC-3" were purchased from Metabion. They were
dissolved in 10mM Tris/HCI pH 7.9 and annealed
by heating up to 95°C followed by slow cooling to 4°C
to yield a duplex with two nucleotide recessed ends.
Hpy991 protein in buffer C or D was concentrated to
13-15mg/ml and mixed with the oligoduplex at a 1:1.1
molar ratio (protein dimer:duplex DNA). Hpy99I-DNA
co-crystals were grown by the vapor-diffusion technique.
Initial high-throughput screens were set up at the 200 nl
scale using a Cartesian pipetting robot and 96-well
Greiner sitting drop plates. Crystallization trials with
larger drop volumes were pipetted in CRYSCHEM
plates (Hampton Research). Crystals of Hpy99I-DNA
complex in the presence of EDTA were obtained with
the reservoir containing 0.1M MES/NaOH pH 6.5,
0.2M sodium chloride, 0.1 M lithium sulfate and 30%
PEG 400. For crystallization in the presence of Ca®", a
reservoir of 0.1 M HEPES/NaOH pH 7.5, 0.1 M sodium
chloride and 30% PEG 400 was used. Drops were formed
by mixing 2 pl of the protein—-DNA solution with 2 ul of
the reservoir buffer and equilibrated over the reservoir at
21°C. Needle-shaped crystals of Hpy99I-DNA complex
grew within 3 days from both the EDTA and Ca®*-con-
taining solutions. A bromide derivative was obtained by
soaking in crystallization buffer supplemented with 1M
sodium bromide for 30sec prior to flash-cryocooling.
All Hpy99l-DNA crystals could be flash-cryocooled
directly from the crystallization drop without additional
cryoprotection.

Structure determination

All diffraction data were collected at beamline 14.1 of the
Berliner Elektronenspeicherring BESSY. Processing and
scaling were done with the XDS and XSCALE programs
(22). Crystals belonged to space group H32 (R32 in rhom-
bohedral setting) and contained an Hpy991 dimer and one
target DNA duplex in the asymmetnc unit. The best crys-
tal from the preparation with Ca’" diffracted to 1.5A
resolution. A high-resolution dataset was measured at
wavelength of 0.91841 A. In order to investigate the anom-
alous scattering of metal ions, additional diffraction data
were collected above the Zn”" edge (in energy) at a wave-
length of 1.26516 A (calculated /"' for Zn 3.78) and below
the Zn>" edge (in energy) at a wavelength of 1. 31899 A
(calculated f/” for Zn 0.51). The best crystal from the prep-
aration with EDTA diffracted to 1.75 A and was measured
at a wavelength of 0.97982 A. Another crystal that was
grown in the same conditions was soaked with bromide.
For this soak, datasets (to 2. 2A resolution) were collected
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at the bromide absorption maximum (wavelength
0.92007 A), inflection point (wavelength 0.92027 A) and
at a remote high energy (wavelength 0.88561A).
Anomalous and dispersive differences were interpreted
with SHELXD (23) run in SAD mode (for peak wave-
length only) or MAD mode (for all wavelengths com-
bined). Correlation coefficients and the contrast—a
SHELXE measure of map quality after density modifica-
tion (24)—indicated that solutions were found in all cases.
ARP/wWARP (25) could interpret these densities for the
correct hand, but with an unexpected twist: the most com-
plete model was built when only the SAD data at
0.92007 A resolution were used to determine phases.
Inclusion of the inflection point data had a detrimental
effect. In retrospect, this observation could be traced to
the presence of four structural Zn>" ions. At 0. 92007A
wavelength, the anomalous signal of the Zn’' ions
(f" = 2. 2) should be similar to the anomalous signal of
bromide ions with partial occupancy (f” = 3.8 for full
occupancy). Shifting the wavelength to 0.92027 A barely
affects the scattering of the Zn®" ions, but halves the
anomalous signal from bromide ions. Treating these
effects correctly turned out to be unnecessary because
SAD maps were of sufficient quality for ARP/wARP
(25) to deliver a nearly complete model of the Hpy991
dimer without the DNA. A very rough model of the
bound DNA in idealized geometry was built with the
3DNA (26) program and then manually adjusted to fit
the electron density. The structures were improved with
the modeling programs O (27) and COOT (28) and refined
with REFMAC (29) and CNS (30). Data collection and
refinement parameters are summarized in Table 1. The
refined models and corresponding structure factors were
deposited in the Protein Data Bank (PDB) with accession
codes 3GOX (Hpy99I-DNA complex in the absence of
EDTA and presence of Ca”>") and 3FC3 (Hpy99I-DNA
complex in the presence of EDTA).

Determination of metal ion identity

The identity of the Zn>" ions was confirmed by anoma-
lous difference Fourier maps for datasets collected above
and below the Zn*" edge (peak heights ~60c at
1.26516 A, where f” = 3.8 and only ~10c at 1.31899 A,
where f” = 0.5). The metals in the active centers were
readily identified as Na™ ions from the crystallization
buffer in the crystals grown in the presence of EDTA.
This assignment agreed with Na" coordination prefer-
ences (31), observed ligand distances close to 2.4 A and
temperature factors above average for the protein even
for a third row cation (26 A? versus 22 Az) It was
also fairly consistent with valence bond sum calculations
(32), which should be applicable at the resolution of the
dataset. With Na ™ parameters, the valence bond sum was
calculated to be 1.2 in reasonable agreement with the
expected value 1.0.

In the case of the pr99I DNA crystals that were
grown in the presence of Ca’" jons (and Na™ in the
crystallization buffer), the identity of metal ions in the
active site was more difficult to determine. Anomalous
difference Fourier maps (calculated with model phases)
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at low X-ray energies (A = 1.26516 A and A = 1.31899 A)
had significant peaks (between 5¢ and 10c) for most
sulfur and phosphorus atoms, but no peaks for the
active site metal ions. Therefore, the majorltg of these
ions had to be third row elements (Na™, +) rather
than fourth row elements (K, Ca®* Mn2+ Zn ). Tem-
perature factors supported this conclusron They refined to
values close to the protein average for third row cations
(20 A2) and to substantially higher values (25 A% and
larger) for fourth row cations. Moreover, most of the
DNA in the crystals was not cleaved. Therefore, we con-
cluded that Na™ atoms predominated in the active sites.
However, according to the valence bond sum for sodium
(1.4 instead of 1.0), the actual ligand distances were on
average too short (31), perhaps pointing to the presence
of Mg?" ions in a minority of active sites (33). This inter-
pretation would be consistent with residual difference den-
sity that suggested cleavage of a fraction of the DNA in
the crystals. Unfortunately, a ‘pure’ Hpy99I-DNA prod-
uct complex with Mg>" ions in the active sites could not
be obtained because crystals that were soaked with Mg "
did not drffract and those that were grown in the presence
of Mg>" were too small for crystallographic analysis.

RESULTS
Expression, purification and metal dependence

The Hpy991 REase with an N-terminal hexa-histidine tag
and the cognate methyltransferase were co-expressed from
synthetic genes in E. coli strain ER2566. The REase was
purified by a combination of affinity chromatography and
size-exclusion chromatography. The activity of Hpy991
was tested in the presence of various divalent metal
cations. As a substrate, we used plasmid pUC19, which
has five Hpy991 cleavage sites at positions 372, 385, 907,
1701 and 1964. Prior to Hpy99I digestion, the plasmid
migrated as a mixture of the supercoiled and nicked
forms (Figure 1, lanes labeled ‘C’). Two hundred nano-
grams of plasmid (0.24 pmol, containing 1.20 pmol
Hpy991 recognition sites) were partly linearized by
16 pmol of wt Hpy99l and fully digested by at least
31 pmol of wt Hpy991 within 1 min at 37°C, but not by
the same amount of several Hpy991 mutants (Figure 1A
and B). The Mg>" concentration could be reduced from

DI148A
e

HI49A
e

10mM to 20 uM, but a further decrease eventually abol-
1shed the activity of the wt enzyme (Figure 1C, lanes 3-6).
Mn?" could substitute for Mg® ", albeit at slightly hlgher
concentration (Figure 1C, lanes 7 10) Hpy991 was inac-
tive in the presence of Ca>" and Zn’>" (Figure 1C, lanes
11-18) and also in the presence of 10mM EDTA
(Figure 1C, lane 19).

Structure determination

High-throughput crystallization trials with Hpy99I and
an 11-mer DNA duplex with two nucleotide recessed
ends and the target sequence in the center were set up
with either Ca®>" ions or EDTA. Crystals were obtained
in both cases, although with slightly different buffer com-
positions. Crystallization was reproducible on a larger
scale, and finally led to essentially isomorphous crystals
that diffracted to 1.5A (in the absence of EDTA) and
1.75 A (in the presence of EDTA) resolution at a synchro-
tron beamline. The crystals belonged to space group H32
and contained a single Hpy99I dimer with cognate DNA
in the asymmetric unit. For phasing we used a bromide-
soaked crystal that had been grown in the presence of
EDTA. SAD data were collected at 0.92007 A wavelength
where bromide absorption is maximal. Retrospective ana-
lysis showed that structure determination was s1gn1ﬁcant1y
aided by the anomalous scattering of four Zn’" ions,
which bound to the Hpy99I dimer and were retained in
the presence of 0.5-1.0mM EDTA in the purification and
crystallization steps. The final quality parameters for the
refined structures are summarized in Table 1. The two
structures differ slightly in the metal content of the
active sites, but are otherwise very similar.

Overall structure

The Hpy99I-DNA co-crystal structures show the specific
DNA complex with the enzyme locked onto its target
site. In this complex, the Hpy991 dimer forms a tight
ring around the DNA (Figure 2 and Supplementary
Figure 1). In the orientation of Figure 2, the elongated
Hpy991 protomers are predominantly located on the
sides of the DNA (Figure 2A). The subunit on the left
(colored in Figure 2A) is poised to cleave the scissile phos-
phate closer to the viewer (Figure 2B). It wraps around the
DNA and makes both major and minor groove contacts

NI165A
e

Figure 1. Activity of wild-type and mutant Hpy99I proteins. (A) Mixture of supercoiled and nicked pUC19 plasmid DNA (lanes labeled ‘C’) was
digested to fragments of predicted sizes 1094, 794, 522, 263 and 13bp that are resolved with the exception of the smallest fragment. Digestion
experiments were carried out with either (A, B) increasing amounts of enzyme (16, 31, 62, 125 pmol) and 10 mM Mngr or (C) 31 pmol of wt Hpy991
and decreasing concentrations of divalent metal cations (10 mM, 40 uM, 20 uM, 10 uM).



with the bases above but not below the central base pair
(Figure 2C and D). In addition, it contacts the minor
groove face of the central base pair (Figure 2E). A
region close to the C-terminus of the ‘left” subunit crosses
over to the right where it contacts the other subunit. The
interface between the subunits extends over ~2750 A2
[a large value for proteins in this mass range (34)],
and thelr combined interface with the DNA measures
~2200 A2,

Hpy991 subunit structure

The Hpy991 protomer consists of an N-terminal B-barrel
(residues 1-53), a linker sequence (residues 54-64) and two
repeats (residues 65-126 and 127-190) that we term B4o?2
repeats because they consist of four B-strands (in two hair-
pins) and two a-helices each (Figure 2A and 3). The
B-barrel has the SH3-domain fold that forms a common
structural unit of many proteins, including some that bind
nucleic acids such as HIV integrase (35). In the Hpy99I-
DNA co-crystal structure, the B-barrel is too far away
to interact with the specifically recognized bases, but con-
tacts with a secondary site in longer DNA cannot be ruled
out. Deletion of the B-barrel domain (residues 1-53) dras-
tically reduces the solubility of the E. coli overexpressed
protein and abolishes activity at all tested concentrations
(Figure 1A, lanes 7-10). The B-barrel is connected by
an 1l-residue linker to two P402 repeats. Each repeat

Table 1. Data collection and refinement statistics

Hpy99I-DNA Hpy991-DNA
in the presence in the presence
of EDTA of Ca?*

(r = 0.97982 A) (A = 091841 A)

Data collection

Space group H32 H32

a (A) 90.1 90.7

b (A) 90.1 90.7

¢ (A) 3343 334.9
Resolution range (A) 20.0-1.75 20.0-1.5
Total reflections 205731 303353

Unique reflections 51564 84393

Completeness (%) (last shell) 96.8 (99.1) 99.6 (99.9)
I/o (last shell) 13.5 (4.5) 16.6 (3.9)
R(sym) (%) (last shell) 6.6 (40.0) 4.0 (33.5)
B(iso) from Wilson (A2 22.6 16.2

Refinement

Protein atoms excluding H 2974 (3060)* 2982 (3102)

DNA atoms excluding H 363 (726) 405 (810)

Solvent molecules 400 (404) 481 (483)

R-factor (%) 18.2 16.9

R-free (%) 20.5 18.6

Rmsd bond lengths (A) 0.01 0.009

Rmsd angles (°) 1.22 1.2

Ramachandran core 89.7 89.8
region (%)

Ramachandran allowed 9.7 9.9
region (%)

Ramachandran additionally 0.6 0.3
allowed region (%)

Ramachandran disallowed 0.0 0.0

region (%)

“Alternative conformations counted separately.
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contains two CXXC motifs that map to the first B-hairpin
(HP1) and the first a-helix (H1). The four cysteine residues
coordinate a structurally bound Zn*" ion tetrahedrally
(Figure 3A—C). Ligand distances and angles suggest that
all cysteines are present in their thiolate forms (36). The
arrangement is stabilized by polar groups nearby, partic-
ularly maln chain NH groups as previously reported for
other Zn”" -ion-binding sites with four cysteine ligands
(36,37). Despite low overall sequence similarity, large
regions of the two repeats (residues 65-78, 95-106 and
residues 127-140, 159-170) superimpose very well (rmsd
for Ca-atoms 1.1 A (38)). The second repeat encompasses
the BPa-Me region that classifies Hpy991 as a BPoa-Me
endonuclease (Figure 3B).

DNA structure

In the co-crystal structure, the DNA fits into a positively
charged tunnel formed by the Hpy99I dimer (Figure 4A
and Supplementary Figure 1). The phosphodiester
backbone forms many salt bridges with positively charged
residues of the enzyme (Figure 4B). Together with
sequence-specific contacts, these interactions contribute
to the observed DNA deformations that follow the
2-fold (pseudo)symmetry and were analyzed with the
3DNA program (26). The central base pair of the recog-
nition sequence is unusually open (~12.5°) and close to its
neighbors (rise ~2.9 A) The largest deformation occurs in
the step between the inner C:G and outer G:C pair and
expands the minor groove. The roll angle for this step is
very large (>20°) and the twist angle very small (~25°).
Given the large roll, the small twist is not surprising, since
the two parameters are usually anticorrelated (39). The
deformation is favored by the specific base sequence.
The CG step (in 53’ direction) is known for high average
positive roll (5.4°£5.2°) and the flexibility to accommo-
date larger than average roll (40). The local deformations
of the DNA in complex with Hpy99I affect the global
structure of the DNA. The large positive roll angles com-
press the major and expand the minor groove. A common
measure of minor groove width is the distance between
phosphorus atoms of the two DNA strands that are
separated by 3bp (41,42). For the Hpy99I-bound DNA,
this distance is 18.7 A, which is almost 7A larger than
the value for idealized (3DNA generated) B-DNA. The
minor groove expansion increases the distance between
scissile phosphates from the expected value of ~17A
for ideal B-DNA to 25.5A for the bent DNA in the
Hpy991-DNA complex (Figure 4C).

Specific sequence recognition

In solution, the two subunits of Hpy991 are equivalent,
but in the crystal they are placed in different neighbor-
hoods that are not related by crystallographic symmetry
and therefore distinguishable. The DNA oligoduplex used
for crystallization is asymmetric at the center of the rec-
ognition sequence and contains additional asymmetry in
the flanking regions (Figure 5A). Therefore, there are two
possible binding modes that both contribute to some
extent to the electron density for the central base pair.
Sequence readout in the Hpy99I-DNA complex can be
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Figure 2. Hpy99I-DNA complex. (A) Overall structure of the protein in ribbon and the DNA in all-atom representation. The 2-fold (pseudo)sym-
metry axis runs vertically. The major and minor groove edges of the central base pair are close to the top and bottom of the figure, respectively.
Scissile phosphates and active sites are close to the bottom of the figure. (B) Active site and recognition of the (C) outer C:G, (D) inner G:C and (E)
central base pairs in the same orientation. One Hpy99I subunit is shown in gray, the other subunit is colored according to region. The N-terminal B-
barrel is blue, the linker region cyan, the first B4o2 repeat red, the second B402 repeat green, the catalytic metal ion yellow, and the structural Zn”~"
are orange. One Zn>" ion is hidden behind a helix in panel (A), but visible in panel (B), where this helix is not shown.
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Figure 3. Comparison of the two P4a2 repeats. (A) First and (B) second B4a2 repeat in Co-representation in analogous orientation and (C)
superposition of the Zn>*-binding sites in the two repeats. (D) Alignment of selected regions of the two repeats. The first and third blocks of
the alignment are based on the spatial correspondence of the Co atoms and the remaining two blocks were aligned manually. Throughout the figure,
the first repeat is red, the second repeat is green, Zn?"* ions and coordinating cysteine residues are orange, residues in contact with DNA bases are

brown, active-site residues are blue and metal in the active site is yellow. The abbreviations HP1, HP2, H1 and H2 stand for hairpin 1, hairpin 2,
helix 1 and helix 2, respectively.



-10kT/e 0 10kT/e

Nucleic Acids Research, 2009, Vol. 37, No. 11 3805

C
@HI47 3
@ HI49
HI151
€ @RI5T
wroll ~20°
twist ~25°
®R170 Iz.9A
~120°  opening —»
@RIT0
255A
@ @RI5T

Figure 4. DNA backbone interactions and conformation. The DNA is shown in all-atom representation (light and dark brown for flanking and
specifically recognized nucleotides, respectively) with the 2-fold (pseudo)symmetry axis running horizontally. (A) Electrostatic potentials for the
protein only (with four tetra-thiolate-bound Zn>* ions, two Mg”>* ions and half-charged histidine residues) were calculated and mapped to the
solvent-accessible protein surface with the DELPHI and CHIMERA programs. (B) Salt bridges between DNA backbone and the protein. Basic
protein atoms are colored according to their distance to the closest nonbridging phosphate oxygen atom. Colors run from green (2.6 A) to yellow
(5.6 A) for one Hpy99I subunit and from black (2.7A) to light gray (5.9A) for the other subunit. (C) DNA deformations in the complex. The
opening, roll, twist and step values were calculated by the 3DNA program. The value for the total DNA bending angle was estimated by inspection.
Scissile phosphates are marked as balls and the distance between them is indicated.

described by simple rules: both protomers contribute to
the ‘readout’ of the central base pair that divides the target
DNA into two half-sites: each protomer ‘reads’ and
cleaves only one half-site. The major groove is in contact
with the first B4a2 repeat, the minor groove with the
second P4a2 repeat (Figure 2B-E).

The outer C:G pair of the recognition sequence is
contacted from both sides. On the major groove side,
Arg94 and Asn83 donate hydrogen bonds from their
side chains to the N7 and O6 atoms of the guanine base,
respectively. In addition, the main chain carbonyl atom
of Asn83 accepts a hydrogen bond from the exocyclic
amino group of the cytosine base of this pair. On the
minor groove side, the side chain of Aspl62 recognizes
the 2-amino group of the guanine base in the central
minor groove position (Figure 5B).

The inner G:C pair of the recognition sequence also
hydrogen bonds directly to the protein on the major and
minor groove sides. On the major groove side Asn83—the
residue that interacts also with the outer C:G pair—
accepts a hydrogen bond to its O atom from the exocyclic
amino group of cytosine. The next residue in the sequence,
GIn84, donates a direct hydrogen bond to the O6 atom of
guanine. On the minor groove side Argl70 donates a
hydrogen bond to the O2 atom of cytosine (Figure 5C).

The central A:T pair of the recognition sequence faces
solvent on the major groove side. The Argl70 residues of
the two enzyme protomers contact the N3 atom of ade-
nine and the O2 atom of thymine on the minor groove
side. These contacts are ideal to recognize either an A:T or
a T:A pair because the N3 atom of adenine and the O2

atom of thymine are in almost exactly equivalent positions
with respect to the nucleotide glycosidic bonds (43).
In contrast, the exocyclic amino group of a G:C or C:G
pair in the central minor groove would collide with both
Argl70 residues of the Hpy99I enzyme (Figure 5D).

Structural analysis of the active site

The Hpy991-DNA co-crystals trap the specific complex in
a state just ‘prior’ to cleavage. As in a previous structure
of a BPa-Me nuclease with substrate DNA (12), the posi-
tion of the active site metal ion is taken by a Na " ion from
the crystallization buffer (see ‘Materials and Methods’
section). This assignment is consistent with metal ligand
distances, the Na™ ion coordination preference (31) and
the crystallographic analysis (anomalous signal and tem-
perature factors). The anomalous signal indicates that
exogenously added Ca®" does not compete well with the
Na® from the crystallization buffer. However, some
Mg " ions appear to be retained and partial DNA cleav-
age is observed (according to the f, — 1. difference density)
if EDTA is omitted.

The Na™ ions that occupy the position of the active site
metals in the Hpy99I-DNA crystals are hexa-coordinated
by two solvent molecules, two amino acid residues and the
proS and (at slightly larger distance) a bridging oxygen
atom of the scissile phosphate. The latter oxygen atom
would act as a leaving group if doubly charged Mg®*
and not singly charged Na " was in the crystal to promote
its departure. With the leaving group trapped, a solvent
molecule in approximately the right position for in-line
attack on the scissile phosphate is kept at a distance that
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Figure 5. Hydrogen-bonding interactions between Hpy991 and specifi-
cally recognized bases. (A) Oligoduplex used for crystallization. The
specifically recognized bases are highlighted by the yellow background,
the 2-fold (pseudo)symmetry axis of the recognition sequence is indi-
cated by the ellipse and the scissile bonds in the phosphodiester back-
bone by arrows. (B-D) Hydrogen-bonding interactions between Hpy991
and target DNA. Only one half-site with (B) the outer C:G pair, (C)
the inner G:C pair and (D) the central A:T pair is shown. The electron
density is the final composite omit map contoured at 1.0c. It is not
clear which of the Arg94 Nn atoms interacts with G +2, therefore both
potential hydrogen bonds are shown in (B).

exceeds the sum of the van der Waals radii of oxygen and
phosphorus. Its proximity to His149 identifies this residue
as the likely general base (Figure 6).

Mutagenesis of active site residues

Aspl48, His149 and Asnl65 were separately mutated to
alanines to confirm their role in catalysis. The three point
mutants were overproduced like the wt protein and
behaved similarly during protein purification. However,
all three mutant proteins were inactive at all tested
concentrations (Figure 1B). No specific Hpy991 digestion
products were observed even when mutated protein
amounts and incubation times were 16- and 60-fold
higher than necessary for complete DNA cleavage by
the wt protein.

Figure 6. Active site. Residues in or near the active site and the DNA
fragment around the scissile phosphoester bond are presented in all-
atom representation. The Na™ ion in the active site is shown in yellow.
Gray thin lines indicate its octahedral coordination. Amino-acid resi-
dues are color coded according to atom type (black carbon, red oxygen,
blue nitrogen, magenta phosphorus). The final composite omit electron
density map was contoured at 1.0c.

DISCUSSION
DNA loading and sliding

DNA digestion by a REase requires the loading of the
enzyme on the DNA, scanning of the DNA for target
sites and finally cleavage (44). The crystal structures pre-
sented in this work show the specific Hpy991-DNA com-
plex, ‘after’ the enzyme has locked on its target site, but
‘prior’ to cleavage (which is prevented by the absence of
Mg>" or Mn?" cations). At least at this stage, Hpy99I
forms a ring around the DNA (Figure 2 and
Supplementary Figure 1). Ring formation facilitates one-
dimensional scanning of the DNA, but presents topolog-
ical problems for Hpy99I loading on circular DNA.
Similar digestion rates for circular and linearized plasmid
DNA (data not shown) suggest that Hpy99I can ‘open
up’ to dock onto DNA. We also note that surface repre-
sentations of the specific Hpy99I-DNA complex indicate
a very tight tunnel for DNA (Figure 4A and Supple-
mentary Figure 1). For scanning, this complex must
‘loosen up’, perhaps similar to what has been described
for the unspecific and ‘hemispecific’ DNA complexes of
PD-(D/E)XK REases (45,46).

p4a2 repeats

The two P4a2 repeats are not apparent at the sequence
level, but readily identified by a structural comparison.
As all active site residues are found in the second B4a2
repeat, we looked for their counterparts in the first repeat
(Figure 3D). Surprisingly, the active site residues Asp148
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Figure 7. Active site comparison of Hpy991 with other BBo-Me nucleases. (A) Structure-based alignment of the active site regions of Bpo-Me
nucleases. Residue numbering is according to the PDB. The filled circle marks the general base histidine, the inverted filled triangle indicates the
metal-chelating residues of Hpy991. (B) Superposition of BBa-Me nuclease Ca-traces. Side chains of active site residues are shown for Hpy991
(Aspl48, His149, Asnl65), I-Ppol (His98, Asnl119) and T4 endonuclease VII (Asp40, His41, Asn62). In I-Ppol, Ser97 replaces a metal ligand and
interacts with the metal indirectly via a water molecule. The figure is modeled after Figure 6 of ref. (11) to facilitate comparison.

and Hisl49 align with residues that contact the major
groove edge of specifically recognized bases (Asn83 and
GIn84) (Figure 3D). Despite this ‘coincidence’, the two
HP2 regions interact nonequivalently with DNA (HP2 of
the first repeat inserts deep into the major groove, HP2
of the second repeat only ‘touches’ the DNA). This
shows that the interactions of the Hpy99I repeats with
DNA are less stereotypical than the interactions of modu-
lar Zn>" finger proteins with consecutive base triplets (47).

The active site

BBa-Me nucleases have been called HNH nucleases
to describe nonconsecutive active site residues in some of
these enzymes. Hpy991 happens to contain the amino acid
sequence ‘HDHNH’ in positions 147-151. Among these
residues, only His149 is referred to by the HNH designa-
tion. This residue corresponds to the first and highly con-
served ‘H’ of the HNH motif. It is invariably located
at the end of the first B-strand of the fPo-Me region and
serves as a general base. Immediately upstream, Hpy991
has the active site metal ligand Aspl48. This residue
has metal ligand counterparts in some (e.g. Vvn, T4

endonuclease VII, colicin E7), but not other (I-Ppol,
Serratia enzyme) BPoa-Me nucleases. Due to its poor con-
servation, this residue is not referred to in the HNH motif
designation. The central N of the HNH motif is conserved
in I-Hmul, Vvn, the colicins and the Serratia nuclease, but
has no counterpart in Hpy99I. The last H of the HNH
motif refers to the metal ligand in the middle of the active
site o-helix. This residue is a histidine in the colicins, but
replaced by asparagine (Asnl65) in Hpy99I and also in
many other BBo-Me nucleases (Figure 7). Our mutagenesis
data for Hpy99I confirm an important functional role for
the metal ligands Aspl48 and Asnl65 and also for the
proposed general base residue His149. Inactivation of
the counterparts of His149 in I-Ppol, Vvn, colicin E7,
colicin E9 and Serratia nuclease also inactivates these
enzymes (11,12,48-50).

Unusual stagger of cleavage sites

Hpy991 cleaves target DNA on the 3'-sides of the recog-
nition sequence to fragments that have five nucleotides
long 3’-overhangs. This stagger between scissile phos-
phates is rare and cannot be generated by any other
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Figure 8. DNA deformation by Ba-Me region minor groove insertion. DNA strands are represented by their smoothed backbones in black; proteins
are shown in ribbon representation. The BBa-Me regions are colored. Structural metal ions are represented by orange balls and catalytic metals are
shown as yellow balls. The remaining parts of the proteins are shown in gray. In the case of Hpy99I, only the two B4a2 repeats (residues 65-189) are
displayed for clarity. Orientations were chosen to demonstrate minor groove insertion of the Bfa-Me regions.

REase of known structure. Simple modeling shows that
the five-nucleotide stagger between cleavage sites leads to
a distance between scissile phosphates of ~17 A in nonde-
formed B-DNA, which is typical for many other REase—
DNA complexes (51-53). In the Hpy99I-DNA complex,
the characteristic a-helices of the BPa-Me regions wedge
into the minor groove and expand the distance between
scissile phosphates to 25.5A. This interaction and the
resulting deformation are characteristic for ffo-Me endo-
nuclease DNA complexes (8,11,48,54,55) (Figure 8).
LAGLIDADG homing endonucleases that cleave their
target sequences with similar stagger deform DNA in
the opposite way and reduce the distance between scissile
phosphates to 5-8 A so that the two DNA strands can be
cleaved by partially overlapping sites (56).

Distinction of W and S at the center of the recognition
sequence

DNA sequences that consist of an odd number of base
pairs such as the Hpy99l CGWCG target are at best
nearly 2-fold symmetric because Watson—Crick base pair-
ing conflicts with symmetry for the central base pair.
Therefore, enzymes that recognize pseudopalindromic
(nearly symmetric) target sequences are either unspecific
for the bases in the central position of their targets, or they
distinguish A:T pairs (W) from G:C pairs (S), irrespective
of which base is placed in which strand. Simple considera-
tions show that the distinction between A:T and G:C pairs
is difficult on the major groove side but facile on the minor
groove side, if the presence or absence of the exocyclic
amino group of guanine in the central minor groove

position is detected (43,57). This mechanism to distinguish
W from S has been suggested for some methyltransferases,
albeit without support from a crystal structure (58).
The Hpy99I structure in complex with cognate DNA illus-
trates it and highlights its elegance: swapping of the two
DNA strands (exchanging A and T) leaves the two hydro-
gen bond acceptors in the minor groove in the same posi-
tion. Symmetric contacts are made by two Argl70 residues
of the Hpy991 subunits, but these interactions would be
disrupted by the presence of an exocyclic amino group in
the central minor groove position (Figure 5D).

A comparison of Hpy99I with I-Ppol and T4
endonuclease VII

Iterative BLAST searches identify a significant sequence
similarity between the C-terminal end of Hpy99I and the
N-terminal endonuclease domain of T4 endonuclease VII.
Here we compare the overall structure of Hpy991 with the
structures of I-Ppol as a representative of dimeric BRo-Me
homing endonucleases (12,13) and T4 endonuclease VII as
a representative of Holliday junction resolvases (15)
(Figure 8 and Supplementary Figure 2). The overall struc-
tures are widely different but strikingly similar locally. All
three enzymes bind structural Zn>" ions (Hpy991 and T4
endonuclease VII even bind a pair in equivalent locations).
The BPa-Me active site regions are not only closely related
but also similarly dimerize. This could have been predicted
for Hpy991 and I-Ppol, because the two enzymes cut
DNA with similar stagger. When Hpy99I and T4 endonu-
clease VII dimers are superimposed, the Hpy99I-bound



DNA strands ‘interpolate’ between equivalent strands of
the Holliday junction (Supplementary Figure 3).

Completing the set of crystal structures for known type IT
REase superfamilies

Type 11 REases can be classified into at least five different
superfamilies that are known as the PD-(D/E)XK,
BPBa-Me, GIY-YIG, phospholipase and half-pipe superfa-
milies. PD-(D/E)XK REases are extremely well-character-
ized crystallographically: in the REBASE database, there
are crystal structures of about 30 different enzymes, often
in complex with target DNA (17). To our knowledge, the
Hpy99I-DNA co-crystal structure represents the first
structure of a BPa-Me type II REase. Structures of Bfil
as a representative of the phospholipase group (59) and
of Pabl as a representative of the half-pipe group (60)
have been reported, albeit in both cases without bound
DNA. This leaves the group of GIY-YIG REases, with
Eco29kl as the best-studied member (61), as the only
group of known REases without an experimental
structure.
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