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An Asymmetric Complex of Restriction Endonuclease
MspI on Its Palindromic DNA Recognition Site

588 commercially available REases, a great majority rec-
ognize double-strand DNA sequences of 4 to 8 base
pairs with a dyad axis of symmetry, termed palindromes,
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Boston University School of Medicine and in the presence of Mg2� cleave both strands of the

DNA at fixed symmetrical locations to generate “sticky”715 Albany Street
Boston, Massachusetts 02118 or blunt ends suitable for molecular cloning. These sym-

metrically cleaving enzymes are grouped into a subtype,2 New England Biolabs
32 Tozer Road called Type IIP (Roberts et al., 2003a). Biochemical and

structural evidence for several Type IIP prototype en-Beverly, Massachusetts 01915
zymes indicate that they form symmetric dimers or tetra-
mers to recognize their palindromic recognition se-
quences (Aggarwal, 1995; Siksnys et al., 1999; Hsieh etSummary
al., 2000; Deibert et al., 2000).

Crystal structures of 13 Type IIP REases have beenMost well-known restriction endonucleases recognize
palindromic DNA sequences and are classified as Type reported before, and 11 of them are with structures of

enzyme-DNA complexes (Roberts et al., 2003b). AllIIP. Due to the recognition and cleavage symmetry,
Type IIP enzymes are usually found to act as homodi- these enzymes form dimers or tetramers in crystals ei-

ther as free enzyme or in complex with specific or non-mers in forming 2-fold symmetric enzyme-DNA com-
plexes. Here we report an asymmetric complex of the specific DNA. Comparisons of these structures indicate

that domain organizations (and perhaps coupling of rec-Type IIP restriction enzyme MspI in complex with its
cognate recognition sequence. Unlike any other Type ognition to catalytic sites of enzyme) and intermonomer

interactions (dimer structure) correlate well with theirIIP enzyme reported to date, an MspI monomer and
not a dimer binds to a palindromic DNA sequence. The cleavage patterns on DNA (Guo, 2003). Thus, enzymes

in the existing pool with different cleavage patterns areenzyme makes specific contacts with all 4 base pairs
in the recognition sequence, by six direct and five likely to reflect different control mechanisms that couple

DNA recognition to DNA cleavage and/or dimer struc-water-mediated hydrogen bonds and numerous van
der Waal contacts. This MspI-DNA structure repre- tures. To examine this hypothesis, our laboratory has

embarked on a systematic study of REases that cleavesents the first example of asymmetric recognition of a
palindromic DNA sequence by two different structural DNA with unique patterns, starting with the MspI REase.

MspI, a Type IIP REase from Moraxella species (Nwan-motifs in one polypeptide. A few possible pathways
are discussed for MspI to cut both strands of DNA, kwo and Wilson, 1988; Lin et al., 1989), produces a

different cleavage pattern from those of known struc-either as a monomer or dimer.
tures. It recognizes the palindromic tetranucleotide
sequence 5�-CCGG and cleaves between the first andIntroduction
second nucleotides, leaving 2 base 5� overhangs. A mol-
ecule of MspI has a molecular mass of 29 kDa andRestriction endonucleases (REases) are components of

restriction-modification systems that protect bacteria consists of 262 amino acid residues. MspI displays no
significant sequence homology to other REases, withfrom invading foreign DNA (Wilson and Murray, 1991;

Bickle and Kruger, 1993). REases are, nonetheless, best the one exception of its isoschizomer BsuFI (Kapfer
et al., 1991) that carries the same DNA specificity andknown for their roles in recombinant DNA technology

and genetic manipulation. More than 3570 REases with cleavage pattern as MspI. The crystal structure of an
MspI-DNA complex has now been determined at 1.95 Å240 unique specificities have been biochemically char-

acterized, many of them recognizing the same DNA se- resolution. Unexpectedly, MspI interacts with the tetra-
nucleotide sequence as a monomer. This is the firstquence (Roberts et al., 2003b). However, of the 200 or

so restriction enzyme genes that have been sequenced, example illustrating that binding of the palindromic se-
quence by REase can be achieved by two differentlittle sequence similarity has been observed, suggesting

diverse strategies for DNA recognition, even for the structural motifs in one polypeptide.
same DNA sequence. REases have been categorized
into four groups, called Type I, II, III, and IV (Smith and

Results and DiscussionNathans, 1973; Roberts et al., 2003a). Of those charac-
terized, over 98% of them belong to the Type II enzymes

Structure of MspI-DNA Complexthat recognize specific double-strand DNA sequences
The structure of MspI is the first crystal structure ofand cleave within or close to their recognition sites, and
a restriction enzyme that recognizes a tetranucleotidedo not require ATP for their nucleolytic activity (Roberts
sequence. MspI molecules fold into an �/� architecture,and Halford, 1993; Pingoud and Jeltsch, 2001). Of the
similar to that of BglI and EcoRV (both recognize hexa-
nucleotide sequence) (Figure 1). It contains a five-*Correspondence: hcguo@bu.edu
stranded mixed � sheet sandwiched on both sides by3 Present address: Physical Biosciences Division, Lawrence Berke-

ley National Laboratory, Berkeley, California 94720. � helices, with approximate dimensions of 60 � 55 �
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Figure 1. Structural Comparison of the �/� Core Motif in MspI and BglI

(A and B) Schematic diagrams show the secondary structure elements of MspI (A) and BglI (B). The arrows mark � strands, numbered cylinders
� helices, and unnumbered cylinders 310 helices. The extent of each secondary structure element is indicated by residue numbers. Structurally
equivalent regions are colored in red for N-terminal helices, green for the five-stranded central � sheet, and yellow for the � sheet involved
in DNA recognition. The locations of the amino acids participating in DNA recognition and cleavage are marked with black dots and crosses,
respectively.
(C) Stereo diagram of C� backbones of MspI (black) and BglI (magenta), superimposed by the common �/� core motifs (colored in red, green,
and yellow in [A] and [B]). Residue numbers of MspI are marked at every twentieth C�. The PDB code of the BglI structure used for comparison
is 1DMU.

40 Å (Figure 2A). Within the sheet the strands �1, �2, �6, and �9, they are assembled as a five-helix cluster,
in which four helices, except �9, act as the crossoverand �3 run antiparallel forming a �-meander that con-

tains the potential catalytic residues Asp99, Asn117, and between strands �3 and �5. The cluster is covered by
the three-stranded sheet at the top like a lid, forming aLys119. Two N-terminal � helices, �1 and �2, connected

by a 310 helix, are oriented antiparallel, packing against big hydrophobic core consisting of a number of aromatic
residues. The DNA binding cleft is formed by thethe concave surface of the central � sheet and protrud-

ing about 15 Å out of the molecule, while the following N-terminal region of the �2 helix and the C-terminal
region of the �3 strand on one side, and the three-helices �3 and �4 are placed in a clamp-like fashion

and linked to the first � stand of the central sheet through stranded � sheet (�4, �8 and �7) and the connecting
loops on the other side. It exhibits a U-shape appear-a second 310 helix. On the convex side of the sheet,

three short � strands (�4, �8, and �7) form a smaller ance when viewed down the DNA helix, caused by the
protruding portions of the �2 helix and the loop connect-antiparallel sheet that makes specific contacts with the

DNA bases in the major groove. The loop connecting ing strands �7 and �8. The DNA is bound with the major
groove facing the three-stranded � sheet and the minorstrands �7 and �8 sticks out of the subunit by nearly

10 Å. Between helices �7 and �8 is a proline (Pro177) groove primarily exposed to the solvent. The DNA du-
plexes are primarily in B-form with no major bends orthat results in these two helices being kinked by approxi-

mately 80�. Together with the other three helices, �5, kinks.
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Figure 2. MspI-DNA Interactions

(A) Stereoview of the tertiary structure of the MspI-DNA complex. The enzyme is represented as ribbons and the DNA as a brown stick model.
Secondary structure elements of MspI are labeled and the conserved structural core are colored as in Figure 1. Side chains of the catalytic
site residues (Asp99, Asn117, and Lys119) are shown as ball-and-stick representations, with carbons in black, nitrogens in blue, and oxygens
in red.
(B) Schematic diagram of hydrogen bonding between MspI and DNA. The DNA recognition sequence is shaded in gray, with the scissile
phosphate (C4-C5) circled in red. One DNA base pair (G10:C11) is omitted in the final model (see Experimental Procedures). Blue and pink
represent amino acids that bind to DNA bases in the major and minor groove, respectively. Amino acids that bind to the phosphate backbone
of DNA are colored in black. Solid lines represent direct hydrogen bonds: Ser127-G6 (OG-N7), Thr248-C14 (OG1-N4), Tyr249-C15 (O-N4),
Ser251-G16 (OG-N7), Gln259-G6 (NE2-O6), and Lys261-G7 (NZ-O6) in the recognition sequence; and Gly252-C3 (O-N4) outside the recognition
sequence. Dotted lines represent water-mediated hydrogen bonds: Glu130-C4 (OE1-N4) through a water that also contacts Gly252 (N), Glu130-
C5 (OE1-N4) through another water that also contacts Gln259 (NE2), Ser251-G16 (N-O6), Ser251-G17 (OG-O6), and Lys261-G7 (NZ-N7) in the
major groove; and Ser27-C5 (OG-O2) and Asp28-G17 (OD1-N2) in the minor groove.

Asymmetric DNA Recognition In addition, Lys261 also makes a water-mediated hydro-
gen bond to the N7 atom of the guanine base. However,In the MspI-DNA complex, the enzyme approaches and

recognizes DNA mainly from the major groove. Since the other dyad-related outer base pair (G17:C4) has no
direct contact with the protein, but instead makes water-MspI recognizes a palindromic sequence and cleaves

the DNA at both strands symmetrically, there was an mediated hydrogen bonds to Ser251 and Glu130. Simi-
larly, one inner base pair of the recognition sequenceexpectation that, like all other structures of Type IIP

REases reported to date, MspI would bind to its cognate (G6:C15) forms direct hydrogen bonds with Ser127,
Tyr249, and Gln259, whereas the dyad-related base pairsequence as a homodimer. In contrast to this expecta-

tion, there is only one MspI molecule on each DNA palin- (G16:C5) is involved in a direct hydrogen bonding with
Ser251 and water-mediated interactions with Glu130drome (Figure 2A). Although there are two monomers

of MspI in the asymmetric unit of the crystals, they bind and Ser251. Together, there are six direct and five water-
mediated hydrogen bonds from the MspI monomer toto two separate DNA palindromes. As a result, two sym-

metric half-sites of DNA are recognized asymmetrically the 4 base pair recognition sequence, which nearly satu-
rates the hydrogen-bonding potential in the major groveby the MspI monomer (Figure 2B). Within the 5�-CCGG

palindromic recognition sequence, one outer base pair of the recognition site. With the exception of the N7
atom of one outer guanine base (G17), all atoms with(G7:C14) is directly recognized by Thr248 and Lys261.
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Figure 3. Stereoview of the MspI Catalytic Site on the Scissile Phosphodiester Bond

Active site residues and the DNA phosphate with the scissile bond are shown as ball-and-stick models. Other parts of a small segment of
DNA backbone juxtaposing the scissile bond are shown as a stick model, with bases omitted for clarity. Atom colors are as follows: nitrogen
in blue, oxygen in red, phosphorus in purple, and carbon in yellow and black for MspI and DNA, respectively. Dashed lines indicate hydrogen
bonds.

hydrogen bonding potential on the major groove side center, represented by the PDX10-30(D/E)XK signature se-
quence (Anderson, 1993). Nonetheless, such a signatureof the recognition sequence have direct or indirect con-

tacts with the enzyme. In addition, the enzyme makes sequence was not found in MspI, nor was a potential
metal binding site identified in this enzyme by the Fentonspecific interactions with the DNA bases through many

van der Waals contacts (Xu, 2003). Similar to the hydro- chemistry technique (Hlavaty et al., 2000). The structural
equivalent of this motif in MspI is T98DX17NXK, withgen bond patterns, the two dyad-related half-sites on

DNA make asymmetric van der Waals contacts with Asn117 in the place of an Asp or Glu found in other
enzymes (Figure 3). Although uncommon, asparaginedifferent motifs in one MspI polypeptide. All the amino

acids involved in specific contacts with the DNA within has been found to bind the catalytic magnesium in other
endonucleases (Flick et al., 1998; Miller et al., 1999).the major groove are located on, or near to, the small

three-stranded recognition � sheet, comprising strands Therefore, Asn117 may play a similar role as the second
acidic residue in the signature sequences of other RE-�4, �7, and �8 (Figure 1). From the minor groove, the

enzyme also makes two water-mediated hydrogen ases, to coordinate magnesium ion. Also similar to a
crystal structure of EcoRV-DNA-Ca2� complex (Hortonbonds to one half-site (C5 and G17) of the recognition

sequence, using Ser27 and Asp28, respectively. To- et al., 1998), a bound water molecule is a possible candi-
date for the attacking nucleophile. This water moleculegether, the bases within the recognition sequence are

recognized predominantly in the major groove by the (Wat1) forms hydrogen bonds to the carboxylate of
Asp99 and the pro-SP-oxygen of the scissile phosphateMspI molecule, with two indirect (water-mediated) hy-

drogen bonds from the minor grove of DNA. Outside and is further stabilized and fixed by the side chain
amine group of Lys119. It is poised at a distance of 3.7 Åthe recognition sequence, MspI forms one hydrogen

bond with the DNA, between the main chain carbonyl from the scissile phosphorus and makes the water-P-
O3� angle approximately 146�. When the active site ofoxygen of Gly252 and the exocyclic amino group of the

C3 base. Furthermore, MspI makes extensive contacts MspI was compared with that of EcoRV, it appears that
the Asp99 of MspI (the first D in the motif) probablywith the sugar-phosphate backbone of the DNA (Figure

2B), mainly within the recognition sequence and around moves closer to the scissile phosphate. In fact, in MspI,
the Asp99 contacts directly with the potential nucleo-the enzyme active site. Thus, these protein-phosphate

interactions provide additional binding energy to posi- philic water molecule and could potentially serve as the
general base, although its pKa appears to be not optimal.tion the active site at the scissile phosphate bond. Al-

though homodimers had been previously reported to Alternatively, a magnesium-bound water can serve as
the general base.bind pseudopalindromic DNA sequences asymmetri-

cally (Chen et al., 1998; Jin et al., 2003), the MspI-DNA
complex presented here represents the first structure of Comparison with Other Restriction Enzymes

Structural comparisons of the MspI monomer with othera palindromic DNA sequence bound by an asymmetric
protein monomer. Type II REases indicate that MspI closely matches the

BglI structure (Newman et al., 1998), with a rms deviation
of 2.9 Å for 97 C� atoms that encompass both the DNAUnique Catalytic Site

This MspI-DNA complex also reveals unique features at recognition and catalytic elements (Figure 1C). The com-
mon structural elements include a five-stranded � sheetthe catalytic site. The location and essential residues of

the active site have been identified in several REases. (colored green in Figures 1 and 2A), two � helices (col-
ored red in Figures 1 and 2A), and three � strands (col-They make use of the same or similar type of active
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ored yellow in Figures 1 and 2A) of the smaller � sheet
for DNA recognition. It is noteworthy that MspI cleaves
DNA giving a 2 base 5� overhang, whereas BglI cleaves
DNA giving a 3 base 3� overhang. However, MspI and
BglI share the same distance between the DNA recogni-
tion half-sites and the corresponding cleavage points
(1 bp), which is distinct from any other Type II REases
with known structures (Guo, 2003). Therefore, the new
MspI monomer structure appears to support our hypoth-
esis that the structural organization and possibly the
coupling between DNA recognition and catalysis are
determined by the distance between the DNA recogni-
tion half-sites and the corresponding cleavage points
(Guo, 2003). However, as pointed out above, these two
enzymes cleave DNA with different patterns of stagger
of their cleavage points on the two DNA strands. This
difference in stagger could be achieved by some struc-
tural differences between them, presumably related to
dimerization (see below). In MspI, helix �2 and the first
strand in the central � sheet (�1) are connected by two
� helices �3 and �4 and a 310 helix, whereas in BglI the
structurally equivalent � helix and � strand are con-
nected directly by a small loop. Likewise, a four-helix
bundle consisting of �5, �6, �7, and �8 acts as the
crossover between strands �3 and �5 of MspI, to which
no similar structure has been previously observed in
any other Type II REases. Moreover, helix �3 of MspI
displays almost perfect spatial overlap with helix �2 of
BglI, but they run in the opposite orientation.

Possible Mechanisms for DNA Cleavage
The observation of a monomeric MspI-DNA complex in
crystals (where MspI is in 18 mM concentration) sug-
gests that such a unique DNA recognition by MspI is
likely to occur in an optimal reaction solution where
MspI concentrations are much lower (in submicromolar
range). Interestingly, in a sedimentation velocity experi-
ment with a 17 �M MspI solution, the enzyme appears
to exist as a homogeneous monomer (Xu, 2003). How
then can MspI manage to cut both strands of DNA sym-
metrically? Since there is only one catalytic site in an
MspI monomer, some kind of enzyme dimerization or
flipping is necessary to cleave both strands of DNA at
the recognition site. In a second preliminary study of
sedimentation velocity experiment with a 10 base pair
DNA containing the MspI recognition site, the enzyme
appears to bind to DNA with a monomer-dimer equilib-
rium. It is thus plausible that MspI binds to its recognition
sequence through the monomer-DNA intermediate cap-
tured in the crystals and then proceeds to a final homodi-
mer-DNA complex responsible for cleavage of both
strands of DNA. To generate such a putative MspI homo-
dimer bound on a single palindromic recognition site,Figure 4. Crystallographic and Putative Dimer Structures of MspI-
the crystal structure of MspI monomer was rotated 180�DNA Complex
along the dyad axis of the palindromic DNA for the sec-(A) The relationship between a putative MspI dimer and the crystallo-

graphic dimer in an asymmetric unit of the MspI-DNA cocrystal. The ond monomer (Figure 4A). In the putative dimer, two
enzymes are represented as ribbons and the DNAs as stick models.
In a crystal, two MspI monomers (green and red) bind to two sepa-
rate recognition sequences (brown and blue). To generate a putative
dimer (gold and red), the red monomer was rotated 180� along the from two MspI monomers are colored as in (A) (gold and red). Other
dyad axis (perpendicular to the paper plane) of the palindromic DNA parts of the enzyme are omitted for clarity.
(blue). (C) Steric clashes between the two MspI monomers in the putative
(B) A four-helix bundle forms the putative MspI dimer on the palin- dimer structure. These clashes, however, can be avoided by some
dromic recognition sequence. The secondary structure elements conformational adjustments (see text).
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(O’Loughlin et al., 2000). In the crystals, DNA cleavage was pre-Table 1. Data Collection and Refinement Statistics
vented by removing the required metal ion (Mg2�) with EDTA. The

Resolution (Å) 42.6–1.95 crystals of MspI-DNA complexes belong to the monoclinic space
Rsym (%)a,b 4.3 (27.5) group P21, with unit cell constants a � 50.2 Å, b � 131.6 Å, c �
Total observations 153,014 59.3 Å, and � � 109.7�. A high-resolution X-ray data set has now
Unique reflections 52,241 been collected up to 1.95 Å at 100 K at the National Synchrotron
Avg. redundancy 2.9 Light Source (NSLS) beamline X12C, Brookhaven National Labora-
	I/
�a 24.5 (3.6) tory. Data were processed using the HKL suite (Otwinowski and
Completeness (%)a 97.4 (99.9) Minor, 1997), with Rsym � 4.3% (highest resolution shell,

2.02–1.95 Å, � 27.5%) and overall completeness of 97.4% (highestRefinement
resolution shell, 99.9%), and were converted to structure factors
using TRUNCATE from the CCP4 suite (CCP4, 1994).Reflections (working/test) 46,088/5,172

Rcryst/Rfree
c 0.223/0.252

Protein residues/DNA base pairs 524/18 Structure Determination and Refinement
Nonhydrogen atoms built in the asymmetric unit The complex structure is determined by a combination of MIRAS

Protein 4,188 (multiple isomorphous replacement with anomalous scattering, with
DNA 726 a figure of merit of 0.45 at 2.7 Å resolution using Hg and Sm deriva-
Water molecules 331 tives) and MAD (multiwavelength anomalous diffraction) methods
Ions 2 with an overall figure of merit of 0.79 after density modification at

Rms deviation 2.7 Å resolution (Xu, 2003). An initial C� backbone trace was built
Bonds (Å) 0.005 into the first 2.7 Å map using the program O (Jones et al., 1991).
Angles (�) 1.16 The model was subsequently completed and refined via rigid body,
NCS related (Å)d (protein/DNA/complex) 0.54/0.16/0.52 positional, group, and restrained individual temperature factor re-

Average B value (Å2) (protein/DNA/water) 27.9/27.2/29.2 finement, as well as simulated annealing using a slow-cooling proto-
Ramachandran analysis col in CNS (Brunger et al., 1998). Program SIGMAA (CCP4, 1994)

Most favored 429 (90.5%) was used in the early cycles of refinement and manual building to
Allowed 45 (9.5%) combine model phases with experimental phases. Initially, strict

NCS constraints or tight NCS restraints were applied, and in latera Numbers in parentheses are for highest resolution shell of
stages of refinement, NCS restraints were loosened. After a few2.02–1.95 Å.
rounds of model rebuilding, stepwise resolution extension, and au-b Rsym � (�h�i|Ihi 
 	Ih�|)/�h�iIhi, where 	Ih� is the average intensity
tomated refinement, the final structure at 1.95 Å resolution containsof n independent observations Ihi of a given reflection h.
all protein residues, 18 base pairs within the pseudocontinuous 19c Rcryst � �h|Fobs 
 Fcalc|/�h|Fobs|, where Fobs and Fcalc are the observed
bp DNA duplex, 331 solvent molecules, and 2 sodium ions. The sideand calculated structure factor amplitudes, respectively. The Rfree chains of Lys32, Gln169, Lys254 in subunit A and Lys193 and Lys254was calculated using a randomly selected 10% reflections that were
in subunit B were partially disordered. The base pair at the jointomitted from all stages of the refinement.
region between two 10 bp DNA molecules was not built, as thed The rms deviations between the two NCS-related MspI-DNA com-
density around there is actually the average of two different baseplexes in the asymmetric unit were calculated using all nonhydrogen
pairs. Criteria for the inclusion of water molecules were the appear-atoms of protein subunits, DNA molecules, or entire protein-DNA
ance of peaks at 4.0 
 in (Fo 
 Fc) maps, 1.0 
 in (2Fo 
 Fc) maps,complexes.
and at least one hydrogen-bonding interaction with protein or DNA
or first-layer water molecules. Any water with a temperature factor
greater than 50 Å2 was deleted. The statistics of the final structure

helices from each monomer (�5 and �6) pack against are shown in Table 1.
each other to form a four-helix bundle (Figure 4B). There
are however some steric clashes (Figure 4C), mainly Acknowledgments
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