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The MspI restriction endonuclease is a type II restriction enzyme.

Unlike all other restriction enzymes with known structures, MspI

recognizes the palindromic tetranucleotide sequence 50-C/CGG and

cleaves it as indicated by the `/' to produce DNA products with 50 two-

base overhangs. Owing to the nature of its cleavage pattern, it is likely

that MspI would represent a new structural class of restriction

endonucleases. Crystals of the dimeric MspI restriction enzyme

bound to a duplex DNA molecule containing the speci®c recognition

sequence have been obtained by vapor-diffusion techniques in the

presence of polyethylene glycol as precipitant. The crystals belong to

the monoclinic space group P21, with unit-cell parameters a = 50.2,

b = 131.6, c = 59.3 AÊ , � = 109.7�. The crystals contain one dimeric

complex in the asymmetric unit. A complete native data set has been

collected to a resolution of 2.05 AÊ by cryo-crystallographic methods,

with an Rmerge of 4.0%.
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1. Introduction

Diverse recognition strategies and high speci-

®city make restriction enzymes an ideal system

for structural studies of protein±DNA inter-

actions and DNA cleavage by proteins. The

majority of restriction enzymes belong to type

II endonucleases that form homodimers and

depend only on Mg2+ for activity. They recog-

nize DNA sequences of 4±8 base pairs with a

dyad axis of symmetry, termed palindromes,

and cleave within that sequence. There are

currently over 3000 known restriction enzymes

that recognize approximately 200 different

DNA sequences (Roberts & Macelis, 2000). Of

the 200 or so restriction enzymes that have

been sequenced, little homology has been

observed, suggesting diverse strategies for

recognition of the same DNA sequence.

Recognition is also highly speci®c, since a

change of a single base pair in the cognate

DNA sequence can reduce catalytic ef®ciency

of the enzyme by as much as a factor of 106.

Eight structures of type II endonucleases

have been reported: EcoRI (Kim et al., 1990),

EcoRV (Winkler et al., 1993), PvuII (Athana-

siadis et al., 1994; Cheng et al., 1994), BamHI

(Newman et al., 1995), Cfr10I (Bozic et al.,

1996), BglI (Newman et al., 1998), MunI

(Deibert et al., 1999) and BglII (Lukacs et al.,

2000). All eight of these enzymes recognize

palindromic hexanucleotide sequences,

although Cfr10I has a degenerated recognition

sequence at the outer base pairs and BglI has

an interrupted recognition sequence. Four

other structures of type IIs enzymes and

homing endonucleases, FokI (Wah et al., 1997),

I-CreI (Heath et al., 1997; Jurica et al., 1998),

PI-SceI (Duan et al., 1997) and I-DmoI (Silva et

al., 1999) have also been reported (reviewed by

Aggarwal & Wah, 1998). In contrast to the

common type II enzymes, these type IIs and

homing enzymes recognize asymmetric

sequences and cleave at a short distance from

that sequence. The eight type II endonuclease

structures can be subdivided into three groups,

correlating well with the type of cleavage

pattern produced by these enzymes. The ®rst

group of ®ve enzymes (EcoRI, BamHI, Cfr10I,

MunI and BglII) bind their recognition

sequences with the major groove of DNA

facing the protein and cleave between the

outer two bases of the recognition sequence,

leaving a 50 four-base overhang. They share a

core architecture of ®ve �-strands and two

�-helices. The second group of two enzymes

(EcoRV and PvuII) share a different core

architecture of seven �-strands and three

�-helices. This group of enzymes bind their

recognition sequences with the minor groove

of DNA facing the protein and cleave between

the central two base pairs of the recognition

sequence, leaving blunt ends. BglI falls into the

third group that recognizes an interrupted

DNA sequence and produces 30 overhanging

ends. Sequence recognition by BglI is mainly in

the major groove, although it also contacts the

minor groove. Interestingly, the core of BglI

displays extensive similarities to the second

group of EcoRV-like enzymes, but the dimer

structure is dramatically different from other

restriction-enzyme structures. Therefore, it

appears that the two common core archi-

tectures may exist to properly place the active
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sites by the scissile phosphates at the

appropriate position of the DNA helix.

Thus, cleavage pattern rather than DNA-

recognition sequence might be the primary

force organizing the core architecture and

common elements of restriction enzymes.

With more than 3000 restriction endo-

nucleases identi®ed, the number of known

restriction-endonuclease structures is still

very small. This has posed severe limitations

on our ability to rationally design new

recognition speci®cities. In general, attempts

to alter the speci®city of restriction endo-

nucleases by either site-directed mutagen-

esis or domain fusion have been

unsuccessful. One possible approach is to

mutate amino acids that make speci®c DNA

contacts in the hope of creating new speci-

®cities. The results of these substitutions

have failed to create new speci®cities but

have only revealed acceptable modi®cations

for the cognate DNA sequence (Alves et al.,

1989; Nastri et al., 1997; Dorner et al., 1999).

An alternative approach is to make a fusion

protein between the zinc ®nger domain and

the FokI cleavage domain (Smith et al.,

1999). This chimeric enzyme produced some

background smears of degraded DNA

because of the uncontrolled nuclease

activity of the endonuclease domain. None-

theless, nature has created signi®cant diver-

gence within the family of restriction

endonucleases. A striking divergence in

DNA recognition was revealed by

comparing the BglII structure with BamHI,

two enzymes that cleave at closely related

sites in the DNA sequences (Lukacs et al.,

2000). The recognition sequences for

BglII and BamHI are 50-AGATCT and

50-GGATCC (common base pairs in bold),

respectively. These two enzymes bind DNA

differently, leading to different protein±

DNA contacts even for the common central

four base pairs. In addition, the BglII±DNA

structure also reveals an active site that is

different from other type II endonucleases,

but is similar to an unrelated homing endo-

nuclease I-CreI (Jurica et al., 1998). This

unexpected diversity in DNA recognition,

DNA structure and active site all indicate

that there is still much for us to learn about

the speci®city and catalytic mechanisms of

restriction endonucleases.

MspI, a type II restriction endonuclease

from Moraxella sp. (Nwankwo & Wilson,

1988), produces a different cleavage pattern

from those of known structures. Thus, MspI

is likely to represent a novel structural class

of endonucleases. It recognizes the palin-

dromic tetranucleotide sequence 50-CCGG

and cleaves between the ®rst and second

nucleotides, leaving a 50 two-base overhang

(Nwankwo & Wilson, 1988). A molecule of

MspI has a molecular mass of 29 kDa and

consists of 262 amino-acid residues. It

displays no signi®cant sequence homology

to any other restriction endonuclease. Here,

we report crystals of MspI in complex with a

duplex DNA molecule containing the

speci®c recognition site. The structure of the

BglI±DNA complex shows that dimeric

restriction endonucleases can use a

conserved EcoRV-like core combined with

alternative modes of dimerization to

generate cleavage patterns with blunt or 30

overhanging ends. It remains to be seen

whether restriction endonucleases that

generate 50 overhangs of various lengths can

achieve these cleavage patterns by alter-

native dimerization of a conserved BamHI-

like core or whether they use a novel core

structure. The crystal structure of the MspI±

DNA complex should uncover information

to address this question.

2. Purification

The MspI restriction/modi®cation system

was cloned from Moraxella sp. into Escher-

ichia coli (Nwankwo & Wilson, 1988) and

overexpressed (L. Greenough and W. E.

Jack, personal communication). ER2502

cells containing the pCEW1 (MspI methy-

lase) and the pCAD39 (MspI restriction

endonuclease under ptac promoter) plas-

mids were grown in LB containing

100 mg mlÿ1 ampicillin by inoculation of a

100 l fermentation with a 0.5% overnight

inoculant. The cells were induced at a Klett

value of 100 with 0.3 mM IPTG and were

harvested after 3 h. After centrifugation, the

cells were frozen as a wet cell pellet at 203 K

until needed. Breakage was achieved by a

single pass through a Menton±Gaulin press,

cellular debris was removed by centrifuga-

tion and 25 mg mlÿ1 PMSF was added to the

crude supernatant. The enzyme was then

puri®ed by a series of low-pressure chro-

matographic steps consisting of phospho-

cellulose (Whatman P11), Af®-gel Blue

(Bio-Rad), hydroxyapatite (Bio-Rad) and

heparin-Sepharose (Pharmacia). The ®nal

eluted MspI enzyme was dialyzed against a

storage buffer of 100 mM KCl, 10 mM

HEPES pH 7.3, 1 mM DTT, 0.1 mM EDTA

and 10% glycerol. Throughout the puri®ca-

tion the MspI activity levels were monitored

by incubation of the fractions containing

MspI with � DNA in NEBuffer #2 at 310 K;

the ®nal puri®ed enzyme was determined to

be free of contaminating exonucleases by

incubations with 3H-labelled E. coli DNA

and free of non-speci®c endonucleases by

incubations with � DNA. The oligodeoxy-

nucleotides used to form MspI±DNA

complexes were synthesized by standard

methods, puri®ed by HPLC and lyophilized

for storage.

3. Crystallization

Before crystallization, MspI enzyme stored

at 253 K was thawed on ice and concen-

trated to 20 mg mlÿ1 using Centriprep and

Centricon concentrators (Amicon). A

ten-base self-complementary oligodeoxy-

nucleotide 50-CCCCCGGGGG-30 with a

dyad symmetry and carrying the speci®c

Table 1
Data-collection statistics of native MspI±DNA co-crystal.

Resolution
(AÊ ) Rmerge hIi/�

No. of
observations

No. of unique
re¯ections

Fraction
complete

Data
redundancy

5.56 0.020 52.3 6799 2183 0.925 3.11
4.42 0.022 41.4 6721 2244 0.952 3.00
3.86 0.023 40.4 6434 2211 0.963 2.91
3.51 0.027 38.1 6464 2212 0.953 2.92
3.25 0.027 42.7 6514 2223 0.957 2.93
3.06 0.034 34.2 6467 2200 0.954 2.94
2.91 0.041 26.2 6473 2207 0.964 2.93
2.78 0.047 23.4 6569 2250 0.969 2.92
2.68 0.057 19.8 6452 2206 0.965 2.92
2.58 0.065 16.8 6632 2248 0.962 2.95
2.50 0.071 14.8 6564 2235 0.976 2.94
2.43 0.077 13.7 6664 2254 0.972 2.96
2.37 0.092 11.2 6507 2216 0.971 2.94
2.31 0.100 10.0 6695 2287 0.988 2.93
2.26 0.131 9.3 6645 2268 0.977 2.93
2.21 0.145 7.7 6537 2265 0.994 2.87
2.16 0.136 7.1 6677 2269 0.981 2.94
2.12 0.156 6.2 6627 2285 0.990 2.90
2.09 0.193 5.6 6640 2275 0.988 2.92
2.05 0.229 4.8 6501 2243 0.990 2.90

100.0±2.05 0.040 25.7 131582 44781 0.969 2.94
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MspI recognition sequence (in bold) was

used for crystallization. The length of

oligodeoxynucleotide is critical for crystal-

lization, since no crystal was obtained

when a 12-mer oligodeoxynucleotide 50-
TCCCCCGGGGGA-30 was used in the

MspI±DNA mixture. The lyophilized oligo-

deoxynucleotide was resuspended in water

and reannealed by heating and slow cooling

to room temperature. MspI±DNA mixtures

were prepared to give ®nal protein concen-

tration of 6 mg mlÿ1 and a twofold molar

ratio of DNA with 5 mM EDTA. Crystal-

lization of MspI±DNA complexes was

performed using the hanging-drop vapor-

diffusion technique with equal volumes of

MspI±DNA mixture and crystallization

solution (100 mM MES pH 6.5, 100 mM

ammonium sulfate, 6 mM calcium chloride,

14% PEG 8000 and 12% glycerol). Crystal-

lization dishes (Linbro plates) were kept at

293 K in the dark to avoid any possible

photosensitivity. Seeding techniques were

routinely used to improve and ensure high-

quality singular crystals. Thin-plate post-

seeded crystals grew within a week to

dimensions of about 400 � 100 � 30 mm

(Fig. 1). These crystals were con®rmed as

enzyme±DNA co-crystals by staining with

methylene blue and methyl violet for DNA

and protein, respectively (data not shown).

4. X-ray analysis

Before data collection, crystals of the MspI±

DNA complex were equilibrated with the

crystallization buffer supplemented with

20%(v/v) glycerol as cryoprotectant. The

crystals were then mounted in a thin ®lm of

crystallization buffer plus cryoprotectant,

supported by a loop made of dental ¯oss

(Teng, 1990) and ¯ash-cooled, either directly

in the cold nitrogen stream with an MSC

cryosystem or by plunging into

liquid nitrogen for storage and

transfer. X-ray diffraction data

were collected at 100 K at the

National Synchrotron Light

Source (Brookhaven National

Laboratory) on beamline

X12C, which is equipped with

a Brandeis 2�2 CCD detector.

A native data set was collected

at � = 0.9207 AÊ from 1� oscil-

lation photographs, sweeping

a 140� wedge of reciprocal

space at a crystal-to-detector

distance of 85 mm. The expo-

sure time per image was 45 s.

Data reduction was performed

and the space group and unit-

cell parameters were deter-

mined using the HKL suite

(Otwinowski & Minor, 1997).

The space group is monoclinic

P21, with unit-cell parameters

a = 50.2, b = 131.6, c = 59.3 AÊ ,

� = 109.7�. Data quality and

completeness as a function of

resolution are shown in

Table 1. This native data set is

at 2.05 AÊ resolution, with

strong signal over noise

(overall hIi/� = 25.7), 96.9% completeness

and a redundancy of 2.94. VM calculations

(Matthews, 1968) suggest that there is most

likely to be one MspI dimer bound to the

DNA duplex in the asymmetric unit,

although the presence of one and a half

MspI-dimer±DNA-duplex complexes per

asymmetric unit would also be within the

acceptable range of solvent content. With an

MspI dimer bound to the DNA duplex, the

VM is 2.86 AÊ 3 Daÿ1, corresponding to a

solvent content of about 57%. The self-

rotation function also showed non-crystal-

lographic twofold peaks in the ac plane

(Fig. 2). Various phasing approaches,

including MIR and MAD methods with

iodination or bromination of the DNA as

well as conventional heavy-metal soaks, are

being employed.
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