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Abstract
Control of replication, transcription, recombination and repair requires proteins capable of finding
particular DNA sequences in a background of a large excess of nonspecific sequences. Such
recognition can involve direct readout, with direct contacts to the bases of DNA, or in some cases,
through the less well characterized indirect readout mechanisms. In order to measure the relative
contributions of direct and indirect readout by a sequence specific endonuclease, HincII, a mutant
enzyme deficient in a direct contact was characterized, and surprisingly showed no loss of sequence
specificity. The three dimensional crystal structure shows the loss of most of the direct readout
contacts to the DNA, possibly capturing an early stage in target site recognition using predominately
indirect readout to prescreen sites before full sequence interrogation.

Introduction
The problem of target site location for proteins that bind specific DNA sequences is a question
of both specificity and speed, and affects such fundamental biological processes as DNA
replication, transcription, recombination and repair (von Hippel, 2007). Proteins that bind
specific DNA sequences must find and recognize their target sites in a vast excess of non-
specific DNA. The importance of specificity is exemplified by the balance between affinity
and sequence discrimination necessary for optimal regulation of the E.coli lac operon by the
lac repressor (von Hippel and Berg, 1986). In addition, proteins must find their target sequences
on a biologically relevant time scale. Early binding studies of lac repressor to DNA reveal an
association rate constant that is faster than that predicted for three-dimensional diffusion, and
such fast target site location has been termed “facilitated diffusion” (Riggs et al., 1970). Models
of facilitated diffusion include one-dimensional sliding along the DNA (also known as
scanning), transfer from one segment of DNA to another (possible if two DNA binding sites
exist on the same protein), or dissociation/re-association near the site of DNA (also known as
hopping)(Richter and Eigen, 1974; von Hippel and Berg, 1989). More recently, the fast
diffusion of DNA binding proteins, including lac represssor, has been observed directly using
single molecule methods (Blainey et al., 2006; Elf et al., 2007).

Investigations of DNA sequence discrimination using biochemical and structural studies
suggest mechanisms for both specificity and rapid target site location. The structures of DNA
binding proteins with their target sequences often show distortions of the bound DNA, with
direct discriminatory contacts from the protein to the bases in the major groove (direct readout)
(Garvie and Wolberger, 2001). However, in some structures specificity cannot be explained
by direct readout as no direct contacts are observed to base edges, indicating that specificity
occurs through indirect means (indirect readout)(Otwinowski et al., 1988). Indirect readout is
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more difficult to characterize but appears to involve such phenomena as water mediated
hydrogen bonds to the DNA base edges, as well as the induction of DNA distortion to
distinguish sequences energetically.

Structures of proteins bound to non-target DNA are thought to serve as models for the scanning
mode of facilitated diffusion, showing limited contacts by the protein to the DNA bases in both
the major and minor grooves, with relatively undistorted DNA (Kalodimos et al., 2004; Viadiu
and Aggarwal, 2000; Winkler et al., 1993). However, these non-specific structures do little to
explain target site recognition. For those proteins that distort DNA and make direct contacts
in the major groove, such contacts would be impossible to make with undistorted DNA.
Recognition of DNA sequences through direct contacts during target site location must then
involve the interrogation of DNA sequences via similar DNA distortions. Observations of
nonspecific DNA distortion by sequence specific DNA binding proteins has been observed by
atomic force microscopy (Erie et al., 1994). However, DNA sequence interrogation using
primarily direct readout with large DNA distortions could be costly in terms of the speed of
finding a target site. Alternatively, some other property could pre-select only certain sequences
for further testing via direct readout. Such pre-selection would expedite the target site location
if rapid and selective. The pathway for target site location would then require the existence of
an intermediate with more limited contacts and less DNA distortion.

To test the influences of direct and indirect readout on DNA target site location and specificity,
we turned to a model system found in bacteria (Pingoud and Jeltsch, 2001). Bacteria protect
themselves from invading phage DNA with sequence specific DNA cleaving enzymes known
as restriction endonucleases (Jeltsch et al., 1996). The bacterial genome is protected from the
endonuclease activity by a DNA methlytransferase that methylates the endonuclease
recognition sequences, thus inhibiting cleavage at these sites. An invading phage does not have
specifically methylated DNA, leaving the phage DNA susceptible to cleavage by the host
endonuclease once the phage DNA is injected into the cell. These endonucleases must be
sequence specific since nonspecific endonuclease activity could result in genomic DNA
damage, and even death to the host bacterium. This bacterial survival system has evolved DNA
endonucleases under the pressures of both time and specificity. The phage DNA must be
recognized and cleaved fast enough to render it harmless to the bacterium, and the endonuclease
must specifically recognize the phage DNA and not the host genome to ensure cell viability.

DNA sequence recognition has been investigated in the restriction endonuclease HincII from
H. influenzae, which binds as a dimer and cleaves the DNA sequence GTYRAC (Y=C or T,
R=A or G)(Kelly and Smith, 1970). The structure of wild type HincII bound to GTCGAC
suggests that direct readout occurs at all bases except at the Y (C in the structure) (Fig.1A)
(Horton et al., 2002). In addition, wild type HincII distorts the DNA through both intercalation
and bending. The center YR step of the recognition sequence shows an unusual distortion as
a result of the bending and the shifting of the base planes into the minor groove. The distortion
is characterized by the unstacking of the pyrimidine at position 3 from the purine at position
4, and an increase in stacking of the purines at position 4 of each strand with each other (Fig.
1B, numbering of the HincII recognition sequence given in Fig. 1C). This type of stacking has
been seen in A form DNA, and is known as cross-strand purine stacking (CSPS)(Heinemann
et al., 1987). The direct readout of the YR nucleotides occurs by a hydrogen bond from the
side chain of HincII residue N141 to the N7 of the purine base at Pur 4 (Gua 4 in Fig. 1D). The
side chain of N141 also hydrogen bonds to the N6 of Ade 5, a contact which both constitutes
the direct readout at this nucleotide, but also orients the side chain for the contact to the N7 of
Gua 4. Since no direct contacts are made by HincII to the nucleotide at position 3, the contact
between N141 and Gua 4 is the sole direct readout of the center YR step of the recognition
sequence. It is possible that the YR center step could be recognized solely through this direct
readout, however the distortion at YR could also contribute to specificity via indirect readout.
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We therefore sought to measure the role of the DNA distortion at the center YR step in the
specificity of HincII. Removal of the side chain N141 by mutation to alanine removes the direct
readout of the center step purine, leaving any residual specificity for the center YR step to be
performed by indirect readout. Unexpectedly, the N141A HincII mutant was found to cleave
DNA only at the HincII cognate sequences GTYRAC, with no apparent cleavage at any other
sequence. The DNA cleavage rate and binding affinity were both found to be greatly diminished
by the mutation, but the persistent YR specificity in the absence of direct readout indicates that
HincII uses indirect readout at these nucleotides. A crystal structure of N141A HincII bound
to cognate DNA shows a surprising absence of direct readout at other bases in addition to those
lost by the N141A mutation, as well as the loss of DNA intercalation, and may exhibit a
conformation used by wild type HincII for sequence interrogation during target site location.

Results
Activity assay on plasmid DNA

The DNA cleavage activity of N141A HincII was tested using a digestion assay with a plasmid
bearing one each of the three HincII recognition sequences, and an additional 11 sites bearing
the sequence GTNNAC, which are similar to HincII recognition sites but without YR at the
center step. The wild type or mutant protein was incubated with the plasmid at 37°C overnight
with 20 mM MgCl2 or 2 mM MnCl2. Wild type HincII cleaves the plasmid DNA completely
in the presence of MgCl2 resulting in the three predicted fragments, and also cleaves the plasmid
partially in the presence of MnCl2 (Fig. 2A). The band migrating third from the bottom of the
gel is composed of the two faster migrating species prior to cleavage at the GTCGAC HincII
site. In contrast, N141A HincII shows only slow cleavage of the plasmid in the presence of
MgCl2, but cleaves almost completely with MnCl2. Significantly, the mutant HincII cleaves
preferably at the HincII sites, as no other fragments except for the predicted three HincII
cleavage products are apparent (Fig. 2A).

Single turnover DNA cleavage measurements
Single turnover DNA cleavage kinetic experiments using three different 16 base pair
deoxyoligonucleotides, each containing one of the three HincII recognition sequences, show
kinetics consistent with single turnover kinetics, and fit to a single exponential (Fig. 2B and
Fig. S1B). Such kinetics occur with a single round of DNA cleavage produced when the enzyme
is greater in concentration than the DNA, and binding goes to completion. Two DNA bands
are visible on the denaturing polyacrylamide gels, due to the asymmetric position of the HincII
cleavage site within the duplex DNA. Cleavage at this site produces the 5′ end labeled products
7 and 9 nucleotides in length. Using this assay, the N141A HincII enzyme does not show any
preference among the three HincII cognate sequences, with rate constants of 8.8±1.3×10-5

s-1 (3.2±0.5×10-1 hr-1), 9.2±3.9×10-5 s-1 (3.3±1.4×10-1 hr-1), and 11.0±4.1×10-5 s-1 (4.0
±0.2×10-1 hr-1) for DNA containing the HincII sequences GTTAAC, GTCGAC, and the
nonpalindromic GTTGAC/GTCAAC, respectively. N141A HincII DNA cleavage activity is
approximately 1000 fold reduced relative to that of wild type HincII (Joshi et al., 2006). No
cleavage was found in assays with the Noncognate GC DNA after 24 hours incubation (data
not shown).

Crystal structure
The three dimensional X-ray crystal structure of N141A HincII bound to DNA was solved
using molecular replacement (Table 1). The 2.55 Å structure was refined to an Rfree of 27.9%
and an Rcryst of 19.1%. The asymmetric unit contained a single enzyme dimer bound to one
duplex of DNA. Only a single Mn2+ ion could be located (Fig. S3A), which does not appear
to bind with full occupancy, as Fo-Fc omit maps show only a 4 σ peak (heights over 8 σ are
typical for Mn2+). In addition, the refined temperature factor is higher (99 Å2) than surrounding
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atoms (23-33 Å2), and two ligands of the octahedral ligation shell are missing. However, when
modeled as a water molecule, additional difference density occurs nearby and is too close (1.7
Å) to model as hydrogen bonded water molecules. Residues 21-33 and 134-136 of subunit A,
and residues 22-32 and 134-135 of subunit B were found to be disordered and excluded from
the final model. Simulated annealing omit electron density is shown for the region around
residue Gln138 of subunit B (Fig. 2C).

Structural comparisons with wild type HincII
The overall RMSD of the entire N141A HincII dimer with that of wild type HincII is 2.6 Å.
Figures S1C and 2D show ribbon diagrams of N141A HincII (DNA not shown) colored by
RMSD with the wild type DNA bound structure, using either superposition of each monomer
independently (Fig. S1C), or using the whole dimer in the superposition (Fig. 2D). Using each
monomer independently and comparing structural deviations (Fig. S1C), the segments
deviating most with wild type occur at the C termini, the loops found at the DNA binding site,
and the segments opposite of the C-terminus at the ‘bottom’ of the DNA binding site.

Using the entire dimer for the comparison (Fig. 2D), the location of the largest structural
deviations between N141A and wild type HincII are largest at the ‘bottom’ of the DNA binding
site. The gradation of RMSD from the ‘top’ of the beta sheet to the ‘bottom’ of the molecule
is due to a rigid body rotation of the core of the subunit. The C-terminal helices (which form
the dimeric interface at the ‘top’ of the dimer) and the R loops, which bind the DNA in the
major groove, and the regions of the protein immediately contacting these segments, appear
similar in the two structures and have lower RMSD. The higher values in the dimeric
comparison compared to that of the monomeric indicate that the difference in structure is in
the positioning of one monomer relative to the other. Figure S1D shows a superposition (wild
type in blue/cyan, N141A in red/pink) of the entire dimer to emphasize that the R loops and
DNA they contact align, but the more distal DNA and the rest of the protein subunits deviate
in the two structures.

The structural comparisons of N141A with wild type HincII indicate that a large part of the
difference in structure is from the positioning of one subunit core relative to the other. Rigid
body displacement was characterized by superimposing the A subunits of wild type and N141A
HincII and calculating the rotation and translation required to align the cores of the B subunits.
The difference between DNA bound wild type and N141A HincII enzymes is an 11° rotation
about an axis 158° from the vector connecting the centers of mass of the two subunits (COM
vector) (Figures 3A and S2A). The rigid body displacement of the core is not however a pure
rotation, as it involves also a 6.6 Å translation. Figure 3A shows the rotation axis positioned
between the two centers of mass of the B subunits of wild type (blue) and N141A (red) HincII
after superposition using the A subunits of both structures (grey).

The domain displacement is related to the loss of key protein-DNA interactions in the N141A
HincII/DNA complex. Figure 3B shows the same superposition as Fig. 3A using the A subunits
of both structures (grey) with a close-up of the DNA and nearby segments. The black arrows
show how the backbone of the DNA bound to wild type HincII (light blue, Fig. 3B) is shifted
toward the segment containing the intercalating residue Q138 (dark blue, Fig. 3B). This residue
is not found to intercalate the DNA bound to N141A HincII (pink, Fig. 3B), although the
segment containing residue 138 (red, Fig. 3B) is not badly mispositioned. The lack of
intercalation by Q138 appears instead to be related to the rotational/translational displacements
of the core subdomains relative to each other. Residues 109-110 of the opposing subunit interact
with the DNA on the face opposite from Q138 in the minor groove, while Q138 interacts in
the major groove (Fig. S2B). Rotation of subunit B in wild type HincII brings these residues
closer into the minor groove, and compresses the DNA onto the intercalating residue Q138.
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The structures of the center two base pairs of the DNA bound to N141A HincII (pink) and wild
type HincII (light blue), after superposition using the atoms of one of the two Gua 4 bases are
shown in Fig. 3C. The roll angle between adjacent bases of the center step is greater in the
DNA bound to wild type HincII, however, the purine bases clearly form the CSPS in the DNA
bound to N141A HincII.

The interactions between N141A or wild type HincII and the DNA bases in the major groove
of half of the recognition site are shown in Fig. 4A, C, E (N141A) and 4B, D, F (wild type).
(The structures of wild type and N141A HincII dimers bound to the palindromic DNA sequence
are symmetric, and the contacts to both halves of the recognition sequence are identical within
coordinate error in each structure.) Fig. 4A highlights the interactions with the segment
138-141, where the direct contacts to Gua 1′ (where prime designates the opposing strand in
the duplex DNA), Cyt 6, Ade 5, and Gua 4 normally occur. Wild type HincII makes direct
contacts between the side chain amide nitrogen of Q138 and the O6 of Gua 1′, the backbone
carbonyl of A139 and the N4 of Cyt 6, and the side chain of N141 and the N6 of Ade 5 as well
as the N7 of Gua 4 (Fig. 4B,F). The contacts between the side chain of residue 141 and Gua 4
and Ade 5 are lost by the mutation N141A and the direct contacts between A139, Q138 and
the DNA are unexpectedly lost as well (Fig. 4A,E). The displacement of the DNA away from
this segment of the enzyme appears to increase the separation and allows a water mediated
contact to be made between the backbone carbonyl of A139 and the N4 of Cyt 6. The interaction
of Q138 with the DNA is especially different, since in wild type HincII this residue intercalates
into the DNA just outside of the recognition site, bringing it within hydrogen bonding distance
to the O6 of Gua 1′ (Fig. 4B,F). In N141A HincII, the side chain of Q138 is turned away from
the Gua 1′ base and toward the protein backbone instead (Fig. 4A). Figures 4C,E show the two
direct contacts to the major groove preserved in N141A HincII, namely to the 5 methyl of Thy
2′ by the side chain methyl groups of A203, A204 and A205, and to the N7 of Gua 1′ by the
side chain of N201. Similar contacts are seen in the structure of wild type HincII bound to
GTCGAC (Fig. 4D,F).

Discussion
Activity: inactive with Mg2+ but active and sequence specific with Mn2+

Removal of the side chain of N141 was done in order to measure the relative importance of
direct versus indirect readout to sequence specific recognition. In the wild type crystal structure,
the asparagine side chain of residue 141 hydrogen bonds to the N7 of the center step purine,
Gua 4, as well as the N6 of Ade 5. (The numbering for the HincII cognate sequence is shown
in Fig. 1C. The numbering of nucleotides in the crystal structure for the same base pairs is
5-10, which has been used in previous reports (Babic, 2008;Horton et al., 2002;Joshi et al.,
2006)). Removal of the N141 side chain by mutation to alanine removes the direct readout of
these two bases, leaving any residual specificity to be performed solely by indirect readout.
Specificity at the Ade 5 is expected to be reduced as a loss of the direct contact, however, the
hydrophobic contacts from residues 203-205 to the Ade 5 base pairing partner Thy 2 should
result in retention of at least part of the wild type specificity at this base pair. The most
significant result expected from the N141A mutation is the loss of some or perhaps all of the
specificity for the center base pairs, since the only direct contact to these positions is from the
side chain of residue 141. Instead, full specificity is retained, and the N141A HincII enzyme
cleaves only the HincII recognition sequences GTYRAC. In addition, although the DNA
binding affinity appears greatly weakened, gel shift experiments suggest greater affinity of
N141A HincII to DNA containing the cognate sequence CG at the center YR step of the
recognition sequence over that with the noncognate GC (Supplementary Material). Therefore,
the mutant enzyme uses some indirect means to recognize the DNA sequence at the center
step, and it is likely to also be true of the parent wild type enzyme.
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The metal ion dependence of DNA cleavage by HincII is altered by the N141A mutation.
Plasmid DNA cleavage by N141A HincII occurrs only weakly with 20 mM MgCl2, but goes
to near completion with 2 mM MnCl2 under the same conditions. Wild type HincII shows the
opposite pattern, with complete cutting in 20 mM MgCl2, but only limited cleavage with
MnCl2. The effects of Mn2+ substitution for Mg2+ on Mg2+ dependent endonucleases has been
previously noted (Baldwin et al., 1999; Parry et al., 2003; Sam and Perona, 1999; Vermote et
al., 1992). For example, maximal turnover of DNA cleavage by EcoRV will occur with
Mg2+, despite the fact that the chemical step of DNA cleavage is more rapid with Mn2+ (Sam
and Perona, 1999). The reason for the slower turnover in the presence of Mn2+ is greatly slowed
product release, presumably due to enhanced affinity for DNA with Mn2+ (Sam and Perona,
1999). The rescue of the DNA cleavage activity of N141A HincII by Mn2+ may occur by a
similar effect, as the affinity of N141A HincII for DNA appears greatly reduced as a result of
the mutation (Supporting Material). In addition, specificity can often be compromised with
Mn2+ substituted for Mg2+(Allingham and Haniford, 2002; Cirino et al., 1995; Hsu and Berg,
1978; Kunkel and Loeb, 1979; Parry et al., 2003; Tabor and Richardson, 1989; Taylor and
Halford, 1989; Vaisman et al., 2005; Vermote et al., 1992), suggesting another possible
mechanism for the rescue of DNA cleavage activity in severely impaired mutant enzymes
(Jeltsch et al., 1993; Parry et al., 2003; Selent et al., 1992; Vermote et al., 1992; Vipond et al.,
1996; Xu and Schildkraut, 1991). While Mn2+ substitution is required for full activity, no loss
of specificity as a result of the N141A mutation or metal substitution was found, and therefore
direct readout of the center YR step is not necessary for sequence discrimination by HincII.

Lack of DNA cleavage in N141A HincII/DNA crystal
The structure appears to be trapped in an inactive state, as the DNA is not cleaved and Mn2+

appears to be only weakly bound, and in only one of the two subunits (Fig. S3). Yet the activity
assays show that N141A HincII is capable of cleavage of this sequence in the presence of
Mn2+ at 37°C. The trapping of this intermediate may be a result of the temperature of
crystallization (17°C). Experiments show that the cleavage reaction is greatly slowed by
lowering the temperature 20°C, and only nicking of plasmid DNA occurs using the
crystallization conditions as reaction conditions and after overnight incubation at 17°C (data
not shown). The higher temperatures may be required for the DNA to be intercalated by HincII,
since the absence of the interactions with the DNA as a result of the missing side chain of 141
likely weakens the protein-DNA interface locally.

The Role of Indirect Readout in “Pre-Screening”
The preserved specificity for YR in the absence of direct readout, and the distortion at the YR
step, support the use of the DNA distortion (specifically the CSPS) in the indirect readout of
DNA sequence by HincII. Since the conformation of the N141A HincII bound DNA is distorted
from B form, but is less distorted from that found in the wild type HincII/DNA complex, the
N141A HincII/DNA structure could represent that of an intermediate that normally occurs
transiently in the DNA interrogation pathway. Of course, it is not possible to say for certain
that the conformation found in the N141A HincII/DNA crystal structure is “on-pathway” to
the final active conformation of this mutant or the wild type enzyme, rather, the possibility
remains that the conformation found in this structure is an artifact of mutagenesis or crystal
packing. However, such an intermediate could function to expedite target site location by
eliminating most sites from full interrogation (Fig. 5), and only sites passing this pre-screening
would then be fully interrogated. This “pre-screening” intermediate would be distinguished
from that proposed using the structure of BstYI bound to hemi-specific DNA (Townson et al.,
2007), as the putative HincII “pre-screening” intermediate is on pathway to the final specific
complex.
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The role of DNA distortion in DNA recognition can now be considered important for at least
four functions. First, particular distortions can be used to discriminate in favor of certain
sequences by a process termed indirect readout. Secondly, this indirect readout can also be
used during target site location by an intermediate in the pathway having limited DNA contacts
and distortions. Thirdly, enzymes recognizing similar yet distinct sequences may distort DNA
differently to prevent specificity conversion by one or two amino acid substitutions (Townson
et al., 2005). Finally, new specificities cannot evolve by merely substituting one amino acid
for another at the site of the direct contacts, since the side chains are generally not isosteric.
Therefore, changes in either the protein structure or the DNA conformation, or both, may be
necessary to re-align any new direct contacts. This phenomenon may explain why members
of the type II restriction endonuclease family, having specificities for over 200 different DNA
sequences, contain a common core fold but have a high degree of sequence divergence with
varied local folding (Niv et al., 2007). Similarly, this may also explain why modular proteins
like zinc fingers are limited in the DNA sequences they can recognize (Wolfe et al., 2001).

The origin of the HincII induced DNA distortion can be found through comparison of the HincII
structure to that of the well characterized restriction endonuclease EcoRV, which is structurally
related to HincII (Winkler et al., 1993). Segments of the two enzymes which align using a
difference distance approach in the program DALI are colored green (subunit A) and cyan
(subunit B) in Fig. 6. After alignment of these segments from both subunits in the EcoRV and
HincII dimers, the rotation of each subunit of EcoRV necessary to align with HincII was
calculated. The rotation axis thus derived, along with the direction and the degree of rotation
(calculated to be 15°) is shown in Fig. 6. The rotation brings the ‘tops’ of the EcoRV subunit
closer in HincII, and the ‘bottoms’ further (labeled 1, Fig. 6). Both enzymes use loop structures
to contact the DNA in the major groove (R loops). EcoRV also uses indirect readout in DNA
recognition at the center step of its target sequence GATATC (Martin et al., 1999). However,
the DNA distortion seen in the EcoRV/DNA structure is different from that in the HincII/DNA
structure. Comparison of the two structures shows that the orientation of the HincII subunits
brings the R loops deeper into the major groove of the HincII bound DNA than the EcoRV
bound DNA (labeled 2, Fig. 6), resulting in the shifting of the DNA bases into the minor groove
(labeled 3, Fig. 6), which has been shown to be responsible for the formation of the CSPS
(Horton et al., 2002)(labeled 4, Fig. 6). In contrast, the orientation of the subunits in EcoRV
brings the lower part of the DNA binding site into closer proximity to the DNA, interacting
deeper in the minor groove on the opposite side of the DNA (Fig. 6, left). The position of the
enzyme dimerization domain correlates with the orientation of the subunits. The dimerization
domains occur at the “top” of HincII, where the subunits are rotated to be closer in space, but
at the “bottom” in EcoRV, where the subunit rotation brings the pair of the subunits closer
together. Therefore the shifting of the base planes to generate the CSPS by HincII may originate
from the dimerization domain, leading to a different subunit orientation, and a deeper major
groove penetration by the R loops. Analysis of the DNA distortion by EcoRV suggests that
the positioning of the B helices, the α-helices at the base of the DNA binding site, are related
to the DNA bending and base unstacking proposed to be responsible for indirect readout of the
TA step in the EcoRV recognition sequence GATATC (Horton and Perona, 2000). In HincII,
this helix is shorter and does not interact directly with the DNA. Hence the type of distortion
used to indirectly recognize the center step DNA sequence (YR by HincII, TA by EcoRV)
appears to be accomplished by the two proteins differently, despite their common core fold,
aided by their differing dimerization domains.

Recognition of DNA sequences by proteins involves more than simply direct contacts between
the protein and the DNA bases. Proteins can make use of DNA conformational energetics to
recognize their target sites in ways that are concurrent with their biological function, often
requiring speed in addition to specificity. This conundrum of fast scanning for the correct site
and the requirement for interrogation of many possible sites implies that there could be an
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intermediate in the recognition pathway, what we termed a “pre-screening” complex. Recent
studies with single molecules of a human DNA repair enzyme suggest such “negative”
selection of sites for interrogation, however through an unknown process (Blainey et al.,
2006). We have determined a structure with the properties expected of a “pre-screening”
complex that uses both limited direct, as well as indirect readout, to specifically recognize the
target site. The potential existence of this intermediate suggests that in addition to direct
readout, other mechanisms should be considered when investigating rapid target site location
and recognition, and that a better understanding of the less well defined mechanisms of
scanning and indirect readout is essential.

Experimental Procedures
Site directed mutagenesis

The N141A mutation was introduced into the HincII gene using the mutagenic primers:
JBHincIIN141Afor (ATTTCAGCATATAAGCTTGCTCAGACGTG) and
JBHincIIN141Arev (AATAGCGGGTGCTTGAGCTGATTTAC) while in a TA-TOPO
PCR2.1 vector (Invitrogen). The primers are designed to also introduce an unique HindIII cut
site through silent changes in the coding sequence, and to leave blunt ends after amplification
of the entire vector, that when ligated introduce no additional base pairs. The amplification
was performed with Pfu Turbo polymerase (Stratagene, Inc.), and the PCR product gel purified,
phosphorylated by T4 polynucleotide kinase (New England Biolabs), heated to 65°C for 15
minutes to inactivate the kinase, and then ligated with T4 ligase at room temperature overnight.
The ligase reaction mixture was then used to transform TOP10 cells (Invitrogen) and plated
onto Luria-Bertani agarose plates supplemented with 50 ug/ml ampicillin. Bacteria colonies
that grew overnight were inoculated into 2 mls of Luria-Bertani medium supplemented with
50 ug/ml ampicillin and incubated overnight. DNA was purified using the alkaline lysis method
and the presence of the mutation was confirmed by both restriction digest with HindIII and
DNA sequencing (Genomic Analysis and Technology Core, University of Arizona).

Expression
The N141A HincII gene was placed into a pETBlue2 vector (Invitrogen, Inc.) which includes
the coding sequence for a carboxy terminal hexa-histidine tag. Expression was performed in
E. coli TOP10 cells (Invitrogen, Inc.) using infection with CE6 lambda phages (Novagen, Inc.)
to introduce T7 RNA polymerase. The following modifications were made to the Novagen
protocol: phages were adsorbed at room temp and the host/phage mixture was grown for 8
hours, lysis was never observed, dimethyl sulfoxide was not added to the phage stock, but
chloroform was removed from the stocks. A culture of 4 L was grown in Luria-Bertani medium
with 0.2% maltose and 50 ug/ml ampicillin to an optical density (at 600 nm) of 0.6, upon which
10 mM MgSO4, and 6.1×1011 CE6 phages were added. Cells were grown for 3 hours, chilled
to 15°C, pelleted, and flash frozen.

N141A HincII purification
N141A HincII was successfully purified using Ni2+-chelating sepharose and used in the initial
plasmid activity assay, as well as the crystallization experiments. The protein was further
purified before the single turnover DNA cleavage assays using SP Sepharose, Q Sepharose,
and Heparin resins, resulting in the purified protein shown in Figure S1A. Enzyme purity using
this Coomassie stained SDS polyacrylamide gel is estimated at 97%, as the two faster migrating
species can be estimated at 0.4 μg each in the 25 μg sample (Fig. S1A). Purified enzyme was
dialyzed exhaustively into 50 mM bis-trispropane, pH 7.5 at room temperature, 140 mM NaCl,
1 mM DTT, 1 mM EDTA, and 50% in glycerol, aliquoted, flash frozen in liquid nitrogen, and
stored at -80°C until just prior to use where it was dialyzed into 50 mM bis-trispropane, pH
7.5 at room temperature, 140 mM NaCl, 1 mM DTT, 1 mM EDTA, concentrated using
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Centricon-10 Centrifugal Filter Units (Millipore). The concentration (in terms of monomers)
was measured spectrophotometrically using the extinction coefficient ε=36,840 cm-1M-1 at
280 nm and adjusted to the molarity of enzyme dimers.

Preparation of DNA substrates
Plasmid DNA was prepared from E. coli culture using Qiagen midiprep kits (Qiagen, Inc.).
Oligonucleotides were obtained from commercial synthetic sources and purified using C18
reverse phase HPLC (Aggarwal, 1990). The concentration of each single strand was then
measured spectrophotometrically, with extinction coefficients calculated from standard values
for the nucleotides (Fasman, 1975). Equimolar amounts of each strand (typically 100-400 mM
each) were mixed and annealed by heating to 90°C for 10 minutes, followed by slow-cooling
to 4°C over 4-5 hours in an Eppendorf thermocycler. Radiolabeled oligonucleotides were
prepared using γ-32P-ATP (MP Biomedicals, Irvine,CA) and T4 polynucleotide kinase
(Fermentas, Hercules, CA). Excess 32P-ATP was removed using Micro Bio-spin 6 Columns
P-polyacrylamide P-6 gel (Biorad, Hercules, CA).

DNA substrates used in the binding and single turnover assays are shown below, with the
recognition sequence in bold, center step underlined, and cleavage site marked by | :

Cognate CG 5′-GGG CCG GTC|GAC CAA C-3′
3′-CCC GGC CAG|CTG GTT G-5′

Cognate TA 5′-GGG CCG GTT|AAC CAA C-3′
3′-CCC GGC CAA|TTG GTT G-5′

Cognate TG/CA 5′-GGG CCG GTT|GAC CAA C-3′
3′-CCC GGC CAA|CTG GTT G-5′

A DNA substrate containing a non-YR center step was also used in the binding and single
turnover assays:

Noncognate GC 5′-GGG CCG GTG CAC CAA C-3′
3′-CCC GGC CAC GTG GTT G-5′

Plasmid digestion assay
The plasmid digestion assay consisted of 7 μl of pFastBac-C plasmid DNA (Invitrogen, Inc.)
in water mixed with 1 μl of 0.3 mg/ml (or 5 μM) N141A HincII or 1.6 μM wild type HincII
(New England Biolabs, Inc.) in buffer containing 10 mM HEPES pH 7.5, 150 mM NaCl, 1
mM DTT, and 50% glycerol, 1 μl of 20 mM MnCl2 or 200 mM MgCl2, and incubated at 37°
C overnight. The DNA was electrophoresed on 1 % agarose in 1xTAE (40 mM Tris base, 20
mM acetate, 1 mM EDTA) and visualized with 0.4 mg/ml ethidium bromide.

Single turnover reactions
5′ 32P end-labeled 1.0×10-7 M DNA was incubated with 5.0×10-6 M N141A HincII in reaction
buffer (50 mM HEPES (pH 7.5 at 25°C), 1 mM DTT, 25 mM NaCl, 2 mM MnCl2). The reaction
was started by mixing preheated (at 37°C) enzyme and DNA, followed by incubation of the
reaction at 37°C. At various indicated times after the reaction was started, 10 μl of the reaction
were removed and the reaction quenched by the addition of 10 μl of 4 M urea, 50 mM EDTA,
80% formamide. The quenched reaction aliquots were then separated on a 20% acrylamide
denaturing polyacrylamide gel (containing 8 M urea) in 1X TBE (89 mM Tris, 89 mM boric
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acid, 10 mM EDTA, pH 8.3). After autoradiography of the gels, both the cleaved and the
uncleaved substrate bands were integrated using ImageQuant (Molecular Dynamics,
Sunnyvale, CA), then plotted against the reaction time. Rate constants were determined from
fits to a single exponential equation (uncleaved bands: Intensity=C1 +C2*e-kt, cleaved bands:
Intensity=C1 +C2*(1-e-kt) where t is time and the constants C1 and C2 and rate constant k are
determined by the fit) using the program Kaleidagraph (Synergy Software, Inc.). Each reported
rate constant is the average of at least three independent measurements.

Crystallization, Diffraction Data Collection, and Structure Refinement
Crystals were prepared with N141A HincII and DNA containing the cognate sequence 5′-G
CCC GTC GAC GGG C-3′, in the presence of 2 mM MnCl2 by mixing a molar ratio of 2:1
DNA:enzyme, with 6 mg/ml of N141A HincII and 1.9 mg/ml DNA. The crystallization
conditions included 1.0 μl of the protein:DNA mixture in 10 mM HEPES pH 7.5, 0.15 M NaCl,
1 mM DTT, and 4 mM MnCl2 with 1.0 μl of the precipitating solution: 22 % PEG 4K, 0.1 M
imidazole buffer (pH 6.5), and 0.2 M NaCl per drop and placed over 1 ml of the precipitating
solution. Crystals grow overnight to 1 week at 17°C. The crystals were then exchanged into a
cryoprotection buffer (25% [w/v] polyethylene glycol 4000, 0.1M imidazole buffer (pH 6.5),
0.3 M NaCl, and 30% [v/v] glycerol) and flash-frozen in liquid nitrogen. X-ray diffraction
intensities were measured using synchrotron radiation at the Advanced Light Source Beamline
5.0.3 (Berkeley, CA). Data collection was performed while maintaining the crystal at 100K.
Image processing and data reduction were performed with HKL2000 (HKL Research, Inc.)
(Otwinowski, 1997).

The crystals of N141A bound to cognate DNA are isomorphous with crystals of Q138F bound
to cognate DNA (Joshi et al., 2006) and initial electron density maps utilized the structure of
Q138F HincII bound to cognate DNA. Model adjustments were made using XtalView (McRee,
1999) and refined with the program CNS (Brünger et al., 1998), PHENIX (Adams et al.,
2002; Murshudov et al., 1997) and REFMAC (Murshudov et al., 1997). Simulated annealing
omit electron density maps were prepared by deletion of indicated atoms from the model prior
to simulated annealing using CNS and cartesian molecular dynamics. A temperature of 2000K
was used with a cooling rate of 10K per cycle. Structure figures made with PYMOL (DeLano,
2002).
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Figure 1. DNA binding and distortion by wild type HincII
A. Two views of the structure of wild type HincII (two subunits shown as black or white
ribbons) bound to cognate DNA (shown in space filling with the recognition site DNA in light
brown and the center two base pairs of the YR step in cyan and magenta, respectively, with
flanking DNA in dark brown). B. Cartoon depiction of B form DNA (left) with that of the
center YR step of the HincII DNA recognition sequence bound to wild type HincII (right), in
which the DNA bases of the same strand are unstacked and the purine bases from opposing
strands exhibit greater stacking surface area (dashed lines) forming the cross-strand purine
stack (CSPS). C. Numbering of the HincII recognition sequence used throughout the text. D.
Hydrogen bonds between the side chain of N141 in wild type HincII and bound cognate DNA.
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Figure 2. Functional and Structural analysis of N141A HincII
A. Ethidium bromide stained agarose gel after electrophoresis of plasmid DNA incubated with
wild type or N141A HincII. B. Single turnover cleavage assay of N141A HincII (5.0×10-6 M)
and cognate DNA (1.0×10-7M). The integrated intensity of the uncleaved DNA is plotted
versus time of incubation. The data are fit to a single exponential function (solid line). C. Stereo
diagram of simulated annealing omit electron density (magenta, contoured at 3σ) after omission
of base pairs Gua 1/Cyt6′ and Cyt-1/Gua7′, where intercalation by the side chain of Q138
occurs in the wild type HincII/DNA complex. Residues 138-141 are shown with 2Fo-Fc
electron density (light blue, contoured at 1σ). D. Ribbon diagram of N141A HincII (DNA not
shown) after coloring by RMSD with wild type HincII using a superposition of the entire dimer
onto wild type HincII. Coloring from lowest RMSD in blue (0.08 Å RMSD) to red (7.8 Å
RMSD).
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Figure 3. Domain displacement in N141A HincII
A. Superposition of wild type (blue and grey) HincII and N141A (pink and grey) HincII using
all residues of the A subunits (grey). DNA bound to the wild type structure shown in gold. The
rotational axis required to align the B subunits (blue and pink) in this superposition is shown
as a black rod and has been placed between the two B subunit centers of mass. The direction
of rotation about this axis required to align the N141A B subunit with that of wild type HincII
is shown in black. B. Superposition described for 3A showing selected residues contacting the
DNA. Arrows indicate the difference in the position, between N141A and wild type HincII
structures, of the bound DNA and residues 109 and 110 of the B subunits (red, N141A HincII,
blue, wild type HincII). Residue Q138 of subunit A also shown (red, N141A HincII, blue, wild
type HincII). C. Stereo view of the cross-strand purine stack in DNA bound to N141A HincII
(pink), bound to wild type HincII (light blue). Superposition performed with atoms of the base
of Gua 4′.
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Figure 4. Protein DNA contacts in wild type and N141A HincII/DNA structures
A. Stereo view of the contacts to the DNA by residues 138-141 of N141A HincII. Colored by
atom type: N-blue, O-red, P-orange, C-green in protein, pink in DNA of the recognition site
and yellow in flanking base pairs. A water molecule is shown as a red sphere. Dashes indicate
hydrogen bonds. B. Stereo view of the contacts to the DNA by residues 138-141 of wild type
HincII. Colored as in A. Dashes indicate hydrogen bonds. C. Stereo view of the contacts to the
DNA at Thy 2′ and Gua 1′ of N141A HincII. Colored as in A. Methyl groups shown as green
or pink spheres, water molecule shown as a red sphere. Dashes indicate hydrogen bonds or van
der Waals interactions. D. Stereo view of the contacts to the DNA at Thy 2′ and Gua 1′ of wild
type HincII. Colored as in A. Methyl groups shown as green or pink spheres. Dashes indicate
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hydrogen bonds or van der Waals interactions. E. Cartoon of protein-DNA contacts to bases
in the major groove in the N141A HincII/DNA structure. Water molecule shown as a red circle.
F. Cartoon of protein-DNA contacts to bases in the major groove in the wild type HincII/DNA
structure. Dashes indicate hydrogen bonds or van der Waals interactions.
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Figure 5. Proposed model of target site location using indirect readout to pre-screen sites for
interrogation by direct readout
HincII (green sphere) binds DNA and may diffuse from the initial binding site to other sites
on the DNA (Nonspecific Complex). The DNA sequence may then be interrogated using
indirect readout, which includes the formation of the cross-strand purine stack (red), and some
limited direct readout contacts (“Pre-screening” Complex). If the sequence fails the early
interrogation, HincII may move to a different site, or dissociate from the DNA. If the sequence
passes the early interrogation by HincII, it may be tested for sequence by direct readout
indicated by the arrows in the Specific Complex. If the sequence passes the direct readout, it
will be cleaved by HincII indicated by scissors.

Little et al. Page 19

Structure. Author manuscript; available in PMC 2009 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Comparison of domain orientation in EcoRV and HincII
EcoRV is shown on the left, HincII on the right. Segments which are aligned by the DALI
server are colored in green (subunit A) or cyan (subunit B). The nucleotides of the fourth
nucleotide of the recognition sequence (Gua 4 in HincII, Ade 4 in EcoRV) are shown as colored
sticks (C-pink, N-blue, O-red, P-orange). The axes of rotation required to align the individual
subunits of EcoRV onto those of HincII (following superposition of both subunits) are shown
as red rods. The degree and direction of rotation is also shown. Rotation of the subunits of
EcoRV about these axes, to align with those of HincII, brings the ‘tops’ of the subunits closer
(1), the R loops deeper into the major groove of the bound DNA (2), shifting the base planes
of the bound DNA into the minor groove to a greater extent (3). The shifting into the minor
groove has been related to the CSPS seen in the DNA bound to HincII (4).
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Table I
Crystallographic Data Statistics

 Space Group P21

 Cell 46.55 Å, 91.57 Å, 70.59 Å, b=107.47°

Resolution 2.55Å

 Total Observations 61,125

 Unique Observations 17,810

 % Complete 96.1% (75.8%)

 I/sigma 11 (1.9)

 Multiplicity 3.4

 Rmerge
1 9.3% (31.3%)

 Rcryst
2 19.1%

 Rfree
3 27.9%

 Overall B factor (Å2, Wilson plot) 28.7

 RMSD-bonds 0.009 Å

 RMSD-angles 1.38°

 Number of waters 371

 Number of Mn2+ 1

 Protein residues 485

 Nucleotides 28
1
Rmerge=Σhkl(|<Ihkl>-Ihkl|)/(Σhkl Ihkl) where <Ihkl> is the average intensity over symmetry related and equivalent reflections and Ihkl is the observed

intensity for reflection hkl.

2
Rcyst=Σhkl(||Fobs|-|Fcalc||)/( Σhkl|Fobs|) where |Fobs| and |Fcalc| are the observed and calculated structure factor amplitude for reflection hkl. The

sum is carried out over the 95% of the observed reflections which are used in refinement.

3
Rfree refers to the R factor for the test reflection set (5% of the total observed) which was excluded from refinement.
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