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Abstract

The crystal structure of the rare-cutting HNH restriction endonuclease Pacl in complex with its eight
base pair target recognition sequence 5-TTAATTAA-3' has been determined to 1.9 A resolution.
The enzyme forms an extended homodimer, with each subunit containing two zinc-bound motifs
surrounding a Ppa-metal catalytic site. The latter is unusual in that a tyrosine residue likely initiates
strand-cleavage. Pacl dramatically distorts its target sequence from Watson-Crick duplex DNA
basepairing, with every base separated from its original partner. Two bases on each strand are
unpaired, four are engaged in non-canonical A:A and T:T base pairs, and the remaining two bases
are matched with new Watson-Crick partners. This represents a highly unusual DNA binding
mechanism for a restriction endonuclease, and implies that initial recognition of the target site might
involve significantly different contacts from those visualized in the DNA-bound cocrystal structures.

Restriction endonucleases (REases) occur in all free-living bacteria and archaea and are
believed to function to defend their hosts against invasion by foreign DNA, particularly from
bacteriophage (Pingoud et al., 2005). REases vary in sequence, structure, oligomeric
composition, substrate-specificity, and enzymatic behavior (Bujnicki, 2003). They range from
compact monomers that act independently, to elaborate multifunctional protein assemblages,
and typically recognize target sequences in duplex DNA ranging from four to eight specific
base pairs in length. (Pingoud et al., 2005). These sequences can be symmetric or asymmetric,
as well as continuous or discontinuous, depending upon the enzyme architecture.

Several distinct catalytic site motifs and mechanisms have been identified among restriction
endonucleases, suggesting this enzymatic and biological function has evolved independently
several times. The most common catalytic motif, that of the 'PD...(D/E)xK' nuclease
superfamily, is the the most wide-spread and best understood (Kosinski et al., 2005).
Alternative catalytic motifs, associated with quite different core protein folds, have been
identified in many additional restriction endonucleases, including the ‘HNH’ (Cymerman et
al., 2006; Jakubauskas et al., 2007; Saravanan et al., 2004) and the ‘GlY-YIG’ (Ibryashkina et
al., 2007) motifs (both of which are more commonly associated with mobile homing
endonucleases from bacteriophage) (Stoddard, 2005). All three of these catalytic lineages are
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also found in a much wider variety of enzymes involved in DNA metabolism and modification,
including those responsible for DNA repair, recombination and fidelity (Cymerman et al.,
2006; Dunin-Horkawicz et al., 2006; Kosinski et al., 2005). As well, isolated examples of two
additional structural motifs (containing the phospholipase D and 'half-pipe’ folds) have also
observed for R.Bfil and R.Pabl, respectively (Grazulis et al., 2005; Miyazono et al., 2007).

The conserved structural core surrounding the HNH motif is termed the 'BBa-metal’ fold. This
protein topology consists of two anti-parallel p-strands connected by a loop of variable length,
flanked by an a-helix (Mehta et al., 2004),(Kuhlmann et al., 1999). A binding site for a single
catalytic metal ion—typically magnesium—is embedded within this catalytic fold. In some
instances, significant insertions of additional structural elements are observed within this motif
(Eastberg etal., 2007; Stoddard, 2005). The Bpa-metal fold can exist as an independently folded
catalytic domain (as observed in colicins) or it can be fused to additional protein domains that
dictate DNA binding specificity and cleavage activity.

The PD...(D/E)xK motif can be very well-suited for recognition of short DNA sequences with
high fidelity, because the catalytic center is surrounded by a densely packed array of side chains
that can contact neighboring base pairs in the major groove in a sequence-specific manner
(Orlowski and Bujnicki, 2008). In contrast, the HNH motif and its associated ppa-metal fold
appears less well-suited for this task. In order to target the scissile phosphate, the catalytic core
motifs of these enzymes primarily interact with the DNA backbone where they contribute little
to sequence-specificity and fidelity (Eastberg et al., 2007). Sequence-recognition by these
enzymes is therefore usually carried out by additional protein domains that are tethered to the
Bpa-metal region, necessitating significant repackaging and augmentation of this catalytic
motif.

Recently, the structure of the BBa-metal restriction endonuclease Hpy99I was determined in
complex with its DNA substrate, 5' - CGWCG - 3', at 1.5 A resolution (Sokolowska et al.,
2009) (W=A or T). Hpy99I binds as a homodimer and forms a ring-like structure that encircles
the DNA. The protein contacts all four C:G base pairs within both the minor and major groove,
and contacts the central base pair (A:T or T:A) in only the minor groove. The DNA is slightly
bent in the complex. All nucleotides in the target site are found in canonical Watson-Crick
basepair interactions.

In contrast, Pacl is a 'rare-cutting' homodimeric HNH restriction endonuclease found in the
bacterium Pseudomonas alcaligenes. It recognizes the symmetric eight base pair duplex DNA
sequence 5'— TTAAT/TAA - 3'and cleaves each strand between the internal thymine residues
(as the position indicated by /") to generate product fragments containing 2-base, 3’-overhangs
(Roberts et al., 2010). Pacl is one of the smallest REases known, comprising only 142 amino
acids per subunit, eight of which are cysteines (Figure 1). Its gene resides within a super-
integron, a chromosomal array that contains multiple gene cassettes each flanked by a large
direct repeat sequence and mobilized by a common site-specific integrase (Vaisvila et al.,
2001). Unlike the vast majority of REases, which are accompanied by DNA-methyltransferases
that protect the cell’s own DNA from REase auto-digestion, Pacl appears to be a solitary
enzyme with no companion methyltransferase (see Supplementary Material). Host protection
in this rare instance seems likely to depend not on the methylation of recognition sequences,
but rather on the absence of such sequences in the P.alcaligenes genome.

The length of the Pacl recognition sequence (eight basepairs) places this enzyme in the
company of Notl and Sfil, two other 'rare-cutting' endonucleases the co-crystal structures of
which have been solved (Qiang and Schildkraut, 1987). Notl and Sfil belong to the PD...(D/
E)xK catalytic site superfamily, and in contrast to Pacl, recognize sequences composed entirely
of G:C base pairs.

Structure. Author manuscript; available in PMC 2011 June 9.
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Bioinformatics analysis of Pacl (Orlowski and Bujnicki, 2008), and independent analyses with
online protein fold prediction servers such as PHYRE (Bennett-Lovsey et al., 2008) suggest
the presence of an HNH-related catalytic site. The likely presence of this motif, combined with
the opportunity to compare a ‘rare A:T-cutter’ to two ‘rare G:C-cutters’, led us to determine
the structure of Pacl bound to DNA. Pacl displays little resemblance to either Notl or Sfil, and
while it contains structural elements similar to those in Hpy99l, the arrangements of these
elements and the overall folds of the two proteins are strikingly different. Pacl binding induces
an unusual distortion of its DNA target sequence that completely disrupts and reorganizes it
normal Watson-Crick duplex structure.

Overall protein structure and catalytic site

The structure of Pacl was determined in complex with its eight base pair cognate target site,
within the context of an 18 base pair synthetic DNA duplex. The structure was determined both
in the presence of calcium (yielding a co-crystal structure containing uncleaved DNA that
extended to 2.0 A resolution) and in the presence of magnesium (resulting in a bound product
complex that was visualized at 1.9 A resolution). The two structures are virtually identical,
with the exception of the presence of free 5' phosphate and 3' hydroxyl DNA product ends in
the endonuclease catalytic sites in the presence of magnesium. Data collection and refinement
statistics are provided in Table 1, and a detailed description of materials and methods is
provided in Supplementary Information. Examples of the experimental electron density,
calculated using phases derived by a combination of the multiple isomorphous replacement
(MIR) and single anomalous dispersion (SAD) methods, are shown in Supplementary Figure
S1.

The overall structure of the endonuclease homodimer bound to its DNA target is shown in
Figure 1a; two separate views of a single enzyme subunit are shown in Figure 1b. The overall
core topology of the Pacl subunit corresponds to "p1-p2—-02—a3—B4—ad—a5", with the B3—p4—
ad secondary structure elements comprising the Bpa-metal catalytic site motif. This core
topology is further extended by very short B-hairpin motifs on the protein surface that are
involved in DNA contacts.

The Pacl subunits display an extended structure containing a pair of bound zinc ions, each of
which is coordinated by four cysteine residues. The first zinc ion is entirely sequestered within
an N-terminal region (containing cysteines 4, 7, 24 and 27) that appears to be a unique feature
of Pacl: the only three homologues of Pacl currently in Genbank (all from strains of the
bacterium Campylobacter) display little sequence similarity to this region (Figure 1c). The
second zinc ion is buried in the enzyme core, and is also coordinated by four cysteine residues
(Cys 63, 66, 109 and 112). This zinc ion is located near the endonuclease catalytic site. Two
of the cysteine residues involved in its coordination (Cys 109 and 112) extend from the a4
helix from the ppa-metal motif.

The overall structural organization of the Pacl enzyme resembles, at a superficial level, the
organization of the homodimeric HNH restriction endonuclease Hpy99I1 (Sokolowska et al.,
2009), and more distantly resembles the homodimeric HNH homing endonuclease I-Ppol
(Flick et al., 1998). All three proteins contain a catalytic pa-metal motif and contain two
structural zinc ions embedded within each protein subunit, and all three position their active
sites across the minor groove to produce 3' overhangs. However, the extended architecture and
DNA binding modes of these enzymes are very different from one another (Figure 2 and
supplementary Figure S2), indicating that they appear to have independently acquired and then
optimized similar structural strategies for stabilization and catalysis, presumably after their
divergence from a common ancestral endonuclease.

Structure. Author manuscript; available in PMC 2011 June 9.
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The backbone conformation and metal coordination exhibited by the 'BBa-metal catalytic core
of Pacl is similar to those observed in other HNH endonucleases (Kuhlmann et al., 1999)
(Figure 3a and Supplementary Figures S2 and S3). Structure-based alignments of this region
with five separate ppa-metal endonucleases (E9 colicin, endonuclease VII, Hpy99l, I-Hmul
and 1-Ppol) gives RMSD values for all backbone atoms of 1.5 to 1.8 A, with corresponding
sequence identities ranging from as low at 6.7% (I-Ppol) to as high as 24% (I-Hmul and
EndoVII). A single divalent cation is bound within the Pacl catalytic motif, where it is
coordinated by aspartate 92 and by asparagine 113, and also interacts with the 3' oxygen and
anonbridging oxygen of the scissile phosphate. The distance from the metal to each DNA atom
is approximately 2.5 A.

In spite of the structural similarity of the BBa-metal motif described above, the Pacl catalytic
site displays a significant departure from the typical HNH motif. The position within the Bpa-
metal motif that is normally the site of a histidine general base that activates the water
nucleophile (corresponding to His 149 in Hpy99l and His 98 in I-Ppol; Figure 3b and 3c) is
instead occupied by an arginine residue (Arg 93), that interacts with the 3" leaving group . In
place of the usual histidine, a neighboring tyrosine residue (Tyr 100) is instead positioned to
either assist in activation of a nucleophilic water (which is not observed), or perhaps to act
directly asanucleophile itself. The distance from the tyrosine hydroxyl group to the phosphorus
atom is 4.5 angstroms in the uncleaved calcium-bound complex, and is 3.3 angstroms in the
cleaved magnesium-bound complex (the distance is reduced in the cleaved complex due to
rotation of the 5' phosphate group after cleavage). The nearest histidine residue (His 42) is
located approximately over 8 A from the scissile phosphate, and like Arg 93, is located closer
to the leaving group than to the site of the nucleophilic attack. Thus, the Pacl endonuclease
displays a dramatic alteration and rearrangement of the usual side chains found in a fpa-metal
catalytic motif, and perhaps a change in the actual cleavage mechanism.

To assess the relevance of Tyr 100, Arg 93 and His 42 in the Pacl catalytic site, each was
mutated by PCR and the mutant proteins were expressed in vitro and assayed for activity (Table
2). To the best of our ability to measure, the amounts of each protein construct generated in
vitro, and then used in individual digest experiments, were comparable. Y100F was found to
be inactive (less than 10~* WT activity) indicating that the phenolic oxygen of this amino acid
appears to be essential for catalysis . R93A and M were also inactive, but R93K displayed
reduced activity, suggesting that a positively charged group in this position in the catalytic site
is also essential. H42A displayed reduced activity (~10~2 WT activity). The putative metal-
binding residues Asp 92 and Asn 113 were also mutated and assayed. D92L and N113L were
inactive, whereas the D92A and N113A mutants displayed a low level of activity, indicating
that the metal-binding residues are critical components of the catalytic site.

The two bound zinc ions in Pacl (each coordinated in a Cys4-Zn tetrahedral cluster) represent
a widely distributed conserved structural motif, distinct from the conventional trinucleotide-
specific Cys2-His2 ‘Zinc-finger’ domains of eukaryotic transcription factors (Supplementary
Figure S3). The Cys4-Zn motif comprises a pair of CxxC sequences. The first two cysteines
flank a loop, while the second two initiate an alpha helix (in some related sequences, the third
Cys or the fourth Cys is replaced by His instead). The region between each CxxC pair varies
in length and function, as does the helix. In many instances, this region includes catalytic
residues that contribute to the HNH catalytic site. Approximately 200 HNH-like domains are
aligned in pfam01844, and over one-third of these are embedded in Cys4-Zn motifs, indicating
that this structural architecture is often associated with an HNH catalytic site. In contrast, this
same region in the GATA family of transcription factors includes residues responsible for DNA
sequence recognition (Bates et al., 2008) (Supplementary Figure S3, panel L).

Structure. Author manuscript; available in PMC 2011 June 9.
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DNA binding and recognition

The mode of DNA binding displayed by Pacl is very unusual. The Bpa-metal catalytic sites
from each protein subunit straddle the minor groove at the center of the DNA target, resulting
in an overall bend angle of approximately 90 degrees (Figures 1a and 4a). This results in a
dramatic widening of the minor groove (to approximately 18 A) and a corresponding reduction
in the width of the opposing major groove. This bend is accompanied by a radical alteration
of the DNA duplex: every base throughout the target site is unpaired from its original Watson-
Crick partner (Figure 4b). Within the eight base pair target site, two bases on each strand are
completely unpaired, four are engaged in non-canonical A:A and T:T base pairs, and the
remaining two bases are matched with new Watson-Crick partners. This disruption of the DNA
duplex is entirely localized to the Pacl target site; the base pairs immediately outside the 5' -
TTAATTAA - 3' sequence still display canonical B-form interactions. It does not appear that
crystal contacts play a role in these features of the protein-DNA complex: the solvent content
of the crystals is not unusual (about 55%) and the regions of the protein and DNA involved in
contacts and recognition are not located near symmetry mates in the crystal lattice.

The bound conformation of the DNA target was analyzed using the online program 3DNA
(Zheng et al., 2009) (Supplementary Figure S4). The perturbation of the DNA structure results
from significant distortion of the individual ribose moieties and the corresponding glycosidic
bonds between sugar C1' carbons and the corresponding nucleotide bases. Only three ribose
sugars on each strand (corresponding to —4T, —2A and +3A) are found in their original C2'-
endo pucker, while the remaining sugars are predominantly flipped into a C1'-exo
conformation. The chi angles linking the ribose C1' carbons to the N1 nitrogen of the thymines,
or to the N9 nitrogen of the adenines, deviate from their nominal B-form values by as much
as +/—40°, leading to a rotation of individual bases that allows non-canonical A:A or T:T base
pairing. These base pairs still exhibit two intra-strand hydrogen bonds (Figure 4c), linking the
thymine-thymine pairs via the O2-N3 and N3-04 atoms of their pyrimidine rings, and the
adenine-adenine pairs via the N6-N1 and N7-N6 atoms of their purine rings. These base pair
interactions, while rarely observed in DNA duplexes, are often found in folded RNA structures
(Olson et al., 2009).

The deformation of the DNA in Pacl is accompanied by a significant unwinding of the duplex
atbase step —2A in each DNA half-site (Supplementary Figure S4). That base, which is engaged
inan A:Abase pair with its —1A partner, exhibits a—40° tilt and unstacking from its neighboring
(symmetry-related) A:A base pair. The local unwinding of each DNA half-site at these A:A
base pairs is complemented by local over winding of the adjacent base steps and base pairs,
allowing the rearranged DNA to maintain an overall duplex architecture. Although the DNA
backbone and its base pairing interactions exhibits a dramatic rearrangement in the bound
protein complex, all the individual base pairs (both Watson-Crick and non-Watson-Crick)
exhibit near normal values of propeller twist and buckle angles.

The Pacl-DNA complex is further notable for the paucity of direct contacts between the protein
and the nucleotides. The two unpaired bases in each half site (+1T and +4A) are in direct contact
with amino acid side chains: +4A interacts in the major groove with Asn 32, and +1T interacts
in the minor groove with Arg 114 (Figures 4b and 4c). The adenines in the reorganized A:T
base pairs (involving +3A in each DNA half-site) interact in the major groove with Asn 36.
One adenine in each A:A base pair makes a nonspecific contact to Ser 117 in the minor groove,
and the O4 groups of both thymines in each T:T base pair contact Lys 39 in the major groove.
To assess the importance of the major groove contacts, Asn 32, Asn 36, and K 39 were changed
by PCR to various other amino acids and the mutant proteins expressed in vitro and assayed
(Supplementary Table S1). Mutation of Asn 32 or Asn36 abolished activity (<1074 WT
activity) indicating that these two amino acids are essential. Mutation of Lys 39 had little effect
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indicating that this amino acid is unimportant in spite of the hydrogen bonds it forms with the
T:T base pairs.

Thus, across the eight nucleotides in each DNA half-site, Pacl makes only eight direct hydrogen
bond contacts: six in the major groove (N32 and N36 to adenine bases and K39 to thymine
bases) and two more in the minor groove. This represents a radical departure from the usual
strategy of restriction endonucleases which, under strong selective pressure for absolute
cleavage fidelity, usually make more direct contacts than are strictly necessary for high fidelity
sequence recognition.

Discussion

Diversity of site-specific HNH endonuclease scaffolds

The overall organization of Pacl is superficially similar to the HNH restriction endonuclease
Hpy99I (Sokolowska et al., 2009), and more distantly related to the HNH (His-Cys box)
homing endonuclease I-Ppol (Flick etal., 1998). All are homodimers containing one Bpa-metal
motif and two bound zinc ions per subunit. However, close examination of these three enzymes,
which recognize target sites ranging from 5 base pairs to 14 base pairs in length, indicates that
their folded structures, as well as their DNA binding modes and recognition mechanisms, differ
significantly (Figure 2). Whereas the core of the Hpy99I protein forms a structure that encircles
and binds almost orthogonally across and around its target site (with the helices from the
catalytic site ppa-metal motif aligned almost perpendicular with the DNA duplex axis), Pacl
displays an elongated fold that associates with one face of the DNA target, with the two subunits
and the Bpa-metal motif aligned nearly parallel to the DNA duplex. The structure of the I-Ppol
homing endonuclease is even more divergent: that protein relies upon extended B-sheet
structures for the completion of the core protein fold and for formation of its DNA binding
surface. Based on these observations, it seems likely that these site-specific HNH
endonucleases are distantly related, but probably all descended from a common Bpa-metal
ancestor. That predecessor protein may have consisted of a nonspecific endonuclease folded
around the common catalytic motif (perhaps resembling modern colicin nucleases).

The details of the active site organization of Pacl also indicate a significant divergence from
the usual architecture and mechanism that is observed for an HNH active site (Figure 3). The
presence of a tyrosine side chain at the position usually occupied by an imidazole base and
nucleophilic water, combined with the requirement of the tyrosine phenolic oxygen for
catalysis, indicates that this side chain might act as a direct nucleophile in DNA strand cleavage
(although a covalently trapped phosphotyrosyl intermediate has not been observed in either of
the structures determined in this study, and a role as a general base in more traditional
mechanism involving water-mediated hydrolysis cannot be ruled out). While such a
mechanism has not been observed previously for a restriction endonuclease, the Bfil enzyme
is a member of the phospholipase D family of nucleases, that includes many enzymes that
proceed via a phosphotyrosyl covalent intermediate, and is known to form a phospho-histidyl
covalent intermediate during strand cleavage (Sasnauskas et al., 2010).

DNA binding and perturbation

The appropriate balance of specificity, fidelity and affinity for protein-DNA interactions is one
of the most fundamental of biological requirements. Restriction endonucleases reside at one
end of the spectrum of possible DNA recognition behaviors: they cleave relatively short DNA
sequences that usually occur frequently within both the host genome and invasive DNA
sequences , and display extremely high fidelity that spares the host from off-target cleavage
(Pingoud et al., 2005).

Structure. Author manuscript; available in PMC 2011 June 9.
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Protein-DNA recognition specificity is thought to depend upon a combination of direct readout
of the nucleotide bases through contacts between the protein and the DNA that can be direct
and/or water-mediated, and the additional ‘indirect’ exploitation of DNA conformational
preferences by inducing a DNA structural perturbation or bend that is favored by a limited
number of possible DNA sequences (Jones et al., 1999; Luscombe et al., 2001; vonHippel,
2007). Direct readout of DNA sequences is most effective within the major groove which is
physically accessible and also provides chemically distinct combinations of hydrogen-bond
partners from the four possible base pairs.

However, many specific DNA binding proteins augment these contacts with additional
interactions made within the minor groove (completely encircling the DNA), and in some cases
can achieve specificity entirely via interactions within and across the minor groove (Bewley
et al., 1998; Rohs et al., 2009). DNA-binding proteins that contact minor groove structural
elements may rely on a combination of DNA bending and surface complementarity (for
example, as displayed by the TATA binding protein) (Kim et al., 1993) and may also read out
local sequence-dependent shape and charge characteristics of the minor groove (as observed
for a variety of DNA-binding proteins, including the nucleosome core particle and the
Drosophila Hox protein SCR) (Rohs et al., 2009). In these examples, the DNA is dramatically
deformed, but the canonical Watson-Crick base pairing of the complementary strands is still
preserved.

Because of extreme pressure to maintain high fidelity of recognition, restriction endonucleases
are notable for their propensity to fully exploit multiple avenues of DNA readout and specificity
(a behavior that can be termed 'recognition overkill'). For example, the Munl restriction
endonuclease (a PD..(D/E)xK enzyme which recognizes the six base pair sequence 5' -
GTTAAC - 3") establishes 16 direct hydrogen bonds to these bases in the major groove, 10
direct contacts to phosphates, and it induces a significant distortion between the central base
pairs in the sequence (Deibert et al., 1999). That protein displays approximately four direct
contacts per base pair--an accomplishment that is facilitated by its core fold, in which the
catalytic sites are surrounded by a densely packed array of polar side chains that can fully read
out the DNA target's sequence and its shape.

In contrast, Pacl is one of the smallest known restriction endonucleases, yet it recognizes a
longer (eight basepair) target site while being folded around nonspecific catalytic motif that
primarily interacts with the phosphate backbone. Evidently, Pacl achieves a similarly high
level of recognition-fidelity while forming far fewer hydrogen bonds to the nucleotides. Such
aminimal protein-DNA interface—in which less than 50% of potential hydrogen bond partners
within the target's major groove are engaged in direct contacts with the protein— would
typically be expected to correspond to greatly reduced fidelity of recognition (Chevalier et al.,
2003).

The rearrangement of the DNA conformation and its interstrand base pair contacts may
represent a mechanism that significantly increases specificity of recognition by Pacl, without
requiring an investment by the enzyme in a large number of base-specific contacts. It is known
that the act of unstacking and/or unpairing consecutive base pairs can result in unfavorable
increases in free energy of binding. Computational and direct biophysical analyses indicate
that this energetic cost can differ by several k.y/mol per base step, depending on the sequence
context of the bases involved (Delcourt and Blake, 1991; Hobza and Sponer, 2002). The
sequestration of individual bases into unpaired conformations in the Pacl complex and the
partial unstacking of flanking base pairs, may therefore greatly favor the correct target sequence
for binding and cleavage over closely related DNA sequences

Structure. Author manuscript; available in PMC 2011 June 9.
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While no sequence-specific DNA binding proteins or endonucleases have displayed the
extreme basepair deformation and reorganization displayed by Pacl, some restriction
endonudleases have been observed to unpair and 'flip out' individual bases, while also greatly
distorting the DNA backbone conformation. For example, the Ecl18kl enzyme flips the adenine
and thymine bases from each strand of its cognate 5'-CCNGG-3' target site and sequesters both
into protein binding pockets, as part of a mechanism that dramatically kinks the DNA and
greatly reduces the value for the rise between the flanking inner C:G basepairs, thus decreasing
the distance between scissile phosphates by several angstroms (Bochtler et al., 2006). A similar
deformation is seen for the PspGl restriction endonuclease (Szczepanowski et al., 2008), and
is presumably a common feature of many such REases that utilize base-flipping as part of their
recognition mechanism.

While the mechanism of nucleic acid recognition displayed by the Pacl endonuclease appears
very extreme as compared to most sequence-specific DNA-binding proteins , the distortion of
the substrate and the contacts formed by the protein are in fact quite similar to the pattern of
RNA recognition exhibited by archaeosine tRNA-guanine transglycosylase, which modifies a
guanine base in the 'D arm' of its tRNA substrate. That enzyme disrupts all of the normal
basepair and tertiary interactions in the tRNA D arm, leading to reorganization of the tRNA
helical strucure and association of the G15 base with the enzyme active site (Ishitani et al.,
2003).

Initial cognate site recognition

Finally, the observation of such a dramatic reorganization of the Pacl target site, involving
removal of each base from its complementary partner, begs the question of how the initial
moment of cognate site recognition is related to the subsequent formation of the catalytic
enzyme-substrate (ES) complex that is visualized in typical enzyme-DNA co crystal structures.
A long history of biophysical studies of protein-DNA recognition (recently revisited and
reviewed in (Halford, 2009)) indicates that DNA-binding proteins sample potential DNA
binding sites by rapidly associating and dissociating from non-cognate DNA sequences (a
process greatly accelerated by non-specific orientation and interaction between the oppositely
charged molecules), while also sliding back and forth across regions covering approximately
50 base pairs around each initial 'landing site' in a limited 1-dimensional search of nearby DNA
sequences.

It is generally assumed that the contacts made within the initial encounter complex between a
specific DNA-binding protein and its correct cognate target site are similar to those found in
the enzyme-substrate complex, with additional conformational changes driven by the binding
energy derived in the initial encounter with the cognate site. In this model, additional specificity
of recognition, beyond that which is engendered by the contacts made between protein and
DNA bases, can be derived by sequence-specific conformational preferences of the DNA. This
model also allows for the possibility that the unbound sequence of a cognate DNA target site
might be predisposed to physically sample a conformation that is similar to its final bound
state, which would also enhance recognition and high affinity binding.

However, the structure of the Pacl endonuclease in complex with its cognate target site
indicates that for this enzyme, and perhaps for other highly specific DNA binding proteins, the
structure of the initial specific encounter complex might differ significantly from the
subsequent biologically or catalytically active complex. Its seems unlikely that the 5' -
TTAATTAA- 3' sequence recognized by Pacl is predisposed to sample a conformation, in the
absence of bound protein, in which several bases are completely unpaired from their Watson-
Crick partners and the flanking base pairs are significantly unstacked. When examining the
current collection of crystallographic structures of protein-DNA complexes, many examples
can be found where the number of observable contacts between protein and DNA bases do not
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obviously correspond to the actual specificity of the binding interaction. While such
observations may be explained at least in part by the contribution of indirect readout to affinity
and specificity, it may be that some specific DNA-protein binding events may be driven by the
initial, transient formation of atomic contacts in the cognate complex that are difficult to
visualize using traditional crystallographic methods, and are then significantly rearranged to
produce the final catalytically or biologically active state.

Experimental Procedures

A detailed description of materials and methods is provided in Supplementary Information.
Briefly, the gene encoding Pacl was isolated from Pseudomonas alcaligenes chromosomal
DNA and re-introduced into P.alcaligenes on a plasmid vector, resulting in a 48-fold increase
in endonuclease expression. A 100-L culture was grown of this over expressing strain, from
which 57 mg of homogeneous Pacl was purified by FPLC column chromatography. The
specific activity, monitored by conventional DNA-digestion and agarose gel electrophoresis,
was approximately 6x10° units per mg. Crystals of the protein-DNA complex, using a synthetic
18 base pair DNA duplex corresponding to sequence 5' - GAGGCTTAATTAAGCCGC - 3'
and a complementary bottom strand were grown by hanging drop geometry against a
crystallization buffer containing 18 to 22% polyethylene glycol 3000 (PEG3K) 100 mM
sodium citrate, pH 5.5 and either10 mM MgCl, or 2 mM CaCls. The structure of the complex
inthe presence of magnesium was determined using a combination of the multiple isomorphous
replacement (MIR) and single anomalous dispersion (SAD) methods, using five independently
generated heavy atom derivatives (two separate PtCl, soaks, and one each of HJCN,, PIP and
WOQOy,). In-house wild-type and heavy atom MIR datasets, using a rotating anode generator,
extended to approximately 2.6 A resolution. In addition, a single SAD dataset (extending to
1.9 A resolution) from a platinum-soaked was collected at the Advanced Light Source using
beamline 5.0.2. The combination of in-house and synchrotron data was used to determine and
refine the structure of the magnesium-bound, cleaved product complex. Subsequently, asecond
2.0 A resolution dataset of an unsoaked, wild-type crystal in the presence of calcium was also
collected and refined, yielding a corresponding model of the uncleaved protein-DNA complex.
Data and refinement statistics are provided in Table 1.

Coordinates and Data Deposition

The X-ray structure factor amplitudes and corresponding refined coordinates for the Pacl/DNA
complex, in the form of calcium-bound uncleaved DNA and magnesium-bound cleaved DNA
structures, have been deposited in the RCSB database for immediate release (PDB ID code
3LDY and 3M7K). Requests for the Pacl-overexpression clone should be direct to New
England Biolabs (xus@neb.com).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The structure of the Pacl restriction endonuclease
The protein is colored according to individual structural domains and motifs; the same color
scheme is used in all panels. All figures were generated using the molecular graphics program
PYMOL (DeLano, 2002). Panel a: The Pacl homodimer is bound to ts palindromic DNA target
sequence. The two protein subunits are colored green and cyan; the two bound zinc ions in
each protein subunit are labeled and colored dark green, and the single bound divalent cation
observed in each catalytic site is labeled 'Mg' and colored blue. The corresponding scissile
phosphates, that yield 2 base, 3' cohesive overhangs when cleaved, are colored red. Panel b:
A single subunit of Pacl is shown, in two separate orientations. The left panel shows the same
orientation as the cyan-colored subunit in panel a. The right panel shows the same subunit,
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rotated by 90° around the horizontal axis. In both panels, the BBa-metal motif is colored dark
green, and the unique N-terminal region (which binds zinc number 1) is colored blue. On the
left, the eight cysteine ligands to the two zinc ions are labeled. On the right, the single bound
divalent cation (magnesium in the product complex) and the two residues involved in its
coordination (D92 and N113) are labeled. Panel c: Sequence homology between Pacl, and its
three recognizable homologues (hypothetical protein sequences from Campylobacter
concisus, cowae and lari, respectively). The ppa-metal motif is indicated by the box. Residues
that directly contact DNA are indicated with asterisks arrows; catalytic residues of the HNH
endonuclease motif are indicated with blue font and asterisks; zinc-binding cysteine residues
are indicated with red font and asterisks. The N-terminal regions, that harbors the first bound
zinc ion, is indicated with light blue font, corresponding to the coloring of the same region in
panel b. See also supplemental Figure S1.
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Figure 2. ppa-metal (HNH) endonucleases that contain two bound zinc ions per subunit

For each endonuclease structure, the left panels show comparable orientations of the bound
DNA targets, while the right panels show comparable orientations of the protein subunits (with
the dyad symmetry axis running vertically and the protein subunits oriented to the left and right
side of that axis). For all three structures, the pBa-metal catalytic motif is colored blue, and the
bound zinc ions are shown as teal spheres. Panel a: The Pacl restriction endonuclease. While
the protein's overall organization of secondary structure elements, relative to the catalytic sites
and bound zinc ions, is similar to Hpy99l, the overall architecture of the individual ppa-metal
repeats, as well as the mode of DNA binding, is significantly different. Panel b: The core of
the Hpy99lI restriction endonuclease, which cleaves a five base pair CGWCG target, generating
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a 5-base, 3' overhang (Sokolowska et al., 2009). An N-terminal B-barrel domain (residues 1 to
53) that is not involved in DNA binding is removed for clarity. The remaining protein
homodimer structure includes all catalytic and zinc-binding regions that correspond to those
observed in Pacl. Note that the orientation of the protein is roughly orthogonal to the major
axis of the DNA duplex, which is relatively unbent. Panel c: The I-Ppol restriction
endonuclease (a fourteen-base cutting homing endonuclease found in the eukaryotic amoeboid
Physarum polycephalum) (Flick et al., 1998). The overall bend of the DNA target is similar to
that displayed by Pacl; however all base pairs are maintained in their original Watson-Crick
base pairing arrangement. The protein fold, beyond the core Bpa-metal motif, is completely
different from that displayed by Hpy99I and Pacl, indicating that divergence of these protein
lineages may have occurred at an early stage, from a simple Bpa-metal scaffold prior to
subsequent elaboration and specialization. See also supplemental Figure S2.
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Figure 3. ppa-metal motifs and catalytic sites for HNH restriction and homing endonucleases
The core catalytic motif, consisting of a two-stranded antiparallel beta-sheet and single alpha-
helix, is shown in approximately the same orientation for (Panel a) Pacl; (Panel b) Hpy99I
and (Panel c) I-Ppol . The scissile phosphate is shown in red, flanked by its 5'and 3' nucleosides
in gray. The histidine general base is colored and labeled with red, and the corresponding water
nucleophile is a small light blue sphere. In all three catalytic sites, a single bound divalent metal
ion (dark blue larger sphere) is coordinated by two asparagine/aspartate residues. An additional
polar residue (participating in cleavage as a Lewis acid, whereby it stabilizes the phosphoanion
transition state) is present in each catalytic site that is positioned to help satisfy the charge on
the phosphate during cleavage (R93 for Pacl; H151 for Hpy99l, and R61 for I-Ppol). Note that
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Pacl displays a structural inversion in the positions of the histidine general base and the Lewis
acid: His 42 is presented from a loop outside the Bpa-metal motif, while R93 is found in the
position that is usually occupied by an HNH histidine base. Finally, peripheral cysteine residues
in all three BBa-metal motifs are involved in coordination of a structural zinc ion (C109 and
C112 in Pacl). However, the location of the bound zinc in the restriction endonucleases (panels
a and b) differ from the homing endonuclease (panel c), indicating that these enzyme lineages
may have diverged from a common ancestor prior to development of these metal binding sites.
See also supplemental figure S3.
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Figure 4. DNA recognition and binding by Pacl

Panel a: Conformation of the bound DNA target site. The individual bases of the TTAATTAA'
target are colored both by their position in the original DNA half-site (left half-site = green;
right = yellow) and by their identity (dark bases are adenine; light bases are thymine). The
bound DNA is shown in a stick representation on the left, and in a cartoon representation,
generated by the program 3DNA (Zheng et al., 2009), on the right. Those bases that lie outside
the eight base pair target site are colored grey. Panel b: Cartoon representation of the base
pairing interactions between the two target site strands and the contacts between the protein,
DNA and solvent molecules. The individual bases are colored as shown in panel (a) above.
The numbering of the bases corresponds to the position in the original unbound target sequence,
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with bases —4T to —1A corresponding to the 5' half (left half) of the target site along one DNA
strand, and bases +1T through +4A corresponding to the 3' (right) half of the target site along
the same strand. In the bound complex, all bases in the target are removed from their original
Watson-Crick partners, so that some bases are unpaired (+1T and +4A on each strand), some
are found in noncanonical A:A and T:T base pairs (+2T, —1A, —2A and —3T on each strand)
and some are found in new Watson-Crick base pairs (—4T with +3A from each strand). The
scissile phosphates on each strand are red; well-ordered water molecules are blue. Protein
residues (from only one of the two protein subunits, for clarity) that are involved in direct or
water-mediated contacts to the DNA are indicated; those that form direct contacts to DNA
bases are boxed. Panel c: Structural interactions between each unique DNA base or base pair
in a single half-site to solvent and protein residues. The numbering of bases is consistent with
panels a and b above. See also supplemental figure S4.

Structure. Author manuscript; available in PMC 2011 June 9.



Page 20

Shen et al.

NIH-PA Author Manuscript

€86 8¢'96 €86 uoibal 8100
(%) uespueyoewey

S0E'T ST 199'T () salbuy

1100 €100 2100 () wbusaj puog
pswy
(s8z0)T020  (19€°0)2T2°0  (61€°0)8.2°0 (%) g%Hd
(L12°0)2L10  (L220)v8T0  (€62°0)80Z°0 «(06) 1O1RY
V1T 6 9/ S9|NJ3|0W JUBA|0S
270S suoned
2B 2+80 z+BD  suol [eI8|N dnAlereD
zd ‘2UzZ ¢ UzZe Uz e swoje AnesH
L19¢ 99¢ 99¢ #SWore VNG
80TT 80TT 80TT 4Swole ulalold
Juswiauyay
Geg 1’85 T'19 '09 7062 G2'9T v'ly (xy)(osn)g
(sen)oo  (6e)sy  (618)98 (£68)L°6 (922)z9 (622)8'9 (c1€)26 «(9) eo0soWY
(6eneze  (8TTLE  (T)L8z  (L9)E02 el vy (e€)8'L2 (09)voz <N
v6)re6  (Ge6)T66 (966)8'66 (00100T  (+26)9'86 (108726  (1'86)3'66 (%) SSURRIALIOD
(o1t (1L  (B8)Wwer  (Twe9  (TTI)SET (ev)LoT (L9)99 Lfouepunpay
108 161 €615 evey ¥606T G8e.T 895/  suondajyal anbiun
L0°€-05 9'2-05 0'€-05 AT 26'T-05 L6'T-8€ ¥9°2-0S () uonnjosay
andans 68°€TT 6TVIT  2EVTT €8YTT LEVTT LEVTT (y)o
S0'9TT 617111 80'9TT  80VIT 9T'eTl GL'GTT GL'STT (9)a
€8¢ 68'9€ €6'9€ € LE 60°LE 98'9¢ 98'9¢ (y)e
T2ezo Tezzo T2ezo 2ezo 2ezo T2ezo Tgezo dnoub aoeds
u01199]]09 BIRQ
8TYS'T 8TYS'T 8TYST  8TKS'T 6TL0'T TvLL6°0 8TYS'T () usbuajanepn
"om did INOBH  2-%101d T7-"101d z-anneN T-aAleN p1 388 €Ye@

SO11S17.]S JUBLWIAUI3L puUe UoI199|09 Bleq
T 8lqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Structure. Author manuscript; available in PMC 2011 June 9.



Page 21

Shen et al.

NIH-PA Author Manuscript

“JUSLUSUILA] LLOJJ PAPN[OX8 B1Ep 8U) JO %S UMM paje|nafed sem aa1j-y assym *|(0)U4luz/|(Q)U4 - (0)Ug|Uz = saip-y/10198)-y

q

"4 U0ND3a) JO ANIsuaul painseaw abelane ay st <U|> pue ‘Y uonoayal 0 JuswaInseaw yu ayy st Uy asaym ‘Uizy| <> - |z = mmasmm

'sisaypuased Ul sanjeA [jays uonnjosal 1saybiH

¥

000 2L 20 SEIHle)

ST 06T Sr'T uoiBas pamo| v/
8TvG'T 8IvS'T 8T¥S'T 8TvS'T 6T.0°T Tv..6°0 8TvG'T () wbuajone
YoM did INOBH  2-t101d T-"101d Z-9NIeN T-9A1EN Pl 18s ElRQ

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Structure. Author manuscript; available in PMC 2011 June 9.



1duasnue Joyiny vd-HIN

Shen et al. Page 22

Table 2

Activity of Pacl site-directed mutants

Pacl variant Endonuclease Units per
activity 25 pl in vitro
reaction
|
Wild-type Pacl +++ ~200
Catalytic:
H42A + ~1
R93K +/— ~0.2
R93AM - <0.01
Y100F - <0.01
Mg?*-binding:
D92A,L +— <0.1
N113A,.L +/— <0.1
Specificity:
N32A,T,L,D - <0.01
N36A,T,L,D - <0.01
K39A,M ++ >10

Endonuclease activities of wild-type Pacl and of mutant derivatives. Mutants were constructed by two-step PCR, expressed in vitro using the

PURExpress™ transcription/translation system, and assayed by DNA-digestion and gel electrophoresis, as described in the Supplementary Material.
The standard 25 pul PURExpress™ reaction produced approximately 200 units of endonuclease activity from the wild-type Pacl gene template (1 unit
completely digests 1 pg of substrate DNA to completion in 1 h at 37°C). The limit of endonuclease activity detectable in this assay corresponded to

10™4-fold less than wild-type, or approximately 0.01 units. In most cases, several different mutants were constructed for each amino acid targeted for
alteration. Mutants yielding the same result are grouped together on a single line in the table; thus, ‘N36A,T,L,D’, for example, signifies that Asn 36
was individually changed to Ala, Thr, Leu, and Asp, and all four mutant enzymes behaved similarly—in this case displaying no detectable endonuclease
activity. Plus and minus symbols in column 2 indicate the relative levels of endonuclease activity observed across several independent experiments.
These levels are quantified approximately with respect to wild-type in column 3.
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