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ABSTRACT

Type | restriction enzymes bind to specific DNA
sequences but subsequently translocate non-
specific DNA past the complex in a reaction coupled
to ATP hydrolysis and cleave DNA at any barrier that
can halt the translocation process. The restriction
subunit of these enzymes, HsdR, contains a cluster
of seven amino acid sequence motifs typical of heli-
case superfamily 11, that are believed to be relevant to
the ATP-dependent DNA translocation. Alignment of
all available HsdR sequences reveals an additional
conserved region at the protein N-terminus with a con-
sensus sequence reminiscent of the P-D...(D/E)-X-K
catalytic motif of many type Il restriction enzymes. To
investigate the role of these conserved residues, we
have produced mutants of the type IB restriction
enzyme EcoAl. We have found that single alanine
substitutions at Asp-61, Glu-76 and Lys-78 residues
of the HsdR subunit abolished the enzyme’s restriction
activity but had no effect on its ATPase and DNA
translocation activities, suggesting that these residues
are part of the active site for DNA cleavage.

INTRODUCTION

DNA cleavage occurs at non-specific sites that can be located
far from the recognition sequence (reviewed in 3,4). The
enzyme can translocate and cleave DNA on either side of its
recognition sequence (5—7). DNA cleavage is triggered when
the enzyme encounters a barrier that can cause a halt or pause
in the translocation process (7). This can happen, for example,
when two translocating enzyme molecules collide (5,6) or
when a single enzyme molecule translocating a circular
substrate from both directions has translocated the entire circle
(7). Linear DNA with a single recognition site is a very poor
substrate for type | restriction enzymes, since there is no
barrier for tracking on such a molecule and the enzyme dis-
sociates when it encounters the DNA end (6,8,9). One peculiarity
of the type | restriction enzymes is that they do not turn over in
the cleavage reaction, but they hydrolyze ATP long after DNA
cleavage has stopped (3).

The type | R-M enzymes characterised to date are mostly
from enterobacteria, although whole genome sequence data
indicate that these enzymes are much more widely distributed
(10,11). Based on subunit complementation, DNA hybridisation
and antibody cross-reactivity experiments, the known type | R-M
enzymes are grouped into four families, denoted IA-ID (12-14).

An active type | restriction enzyme is a pentameric complex
of three different subunits, HsdR, HsdM and HsdS, which have
a stoichiometry of BM,S, (15,16). HsdM and HsdS can also
form an independent DNA methyltransferase with a subunit
stoichiometry of MS,; (17,18). The HsdS subunit determines

Restriction enzymes are components of bacterial restrictioPNA specificity and it is composed of two separate DNA
modification (R-M) systems that serve to protect the celldinding domains, each recognising one specific part of a non-
against bacteriophage infection, because the incoming foreigealindromic sequence (19,20). The HsdM subunit contains the
DNA is endonucleotically cleaved by the restriction enzyme ifAdoMet binding site and the catalytic site for DNA methyl-
it contains the enzyme’s recognition sequence. The cellulation (21). The HsdR subunit is essential for restriction. It con-
DNA is protected from cleavage by a specific methylation oftains a set of seven amino acid sequence motifs typical for one
the recognition sequences, which is introduced by the methybuperfamily of helicases and putative helicases, the so-called
transferase activity of the R-M system. R-M systems can b®EAD box proteins (22). These motifs, including an ATP-
divided into several different types according to subunitbinding site motif, are clustered in the central region of the
composition and cofactor requirements (reviewed in 1,2).  HsdR polypeptide (Fig. 1) and are thought to be associated
In type | R-M systems, a multisubunit complex exhibits bothwith the ATP-dependent DNA translocation (23). Single
restriction endonuclease and DNA methyltransferase activitie@mino acid changes in any of the DEAD box motifstaioK,
For the endonucleolytic activity, the enzyme complex requires type |A restriction enzyme, impair both ATPase and restriction
S-adenosylmethionine (AdoMet), Mgand ATP. In the pres- endonuclease activities of the enzyme (24,25).
ence of these cofactors, the enzyme binds to its recognition Amino acid sequence alignment of HsdR polypeptides from
sequence but subsequently makes additional contacts witlifferent families reveals the presence of an additional con-
sequences near the recognition site and translocates DNgerved region in the N-terminal part of HsdR (14). We have
towards itself in a reaction accompanied by ATP hydrolysisnoted that the consensus sequence for this region (Fig. 1) is
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reminiscent of the P-D...(D/E)-X-K motif typical for the active addition of 1 vol of 0.1 M EDTA (pH 8). Plasmids pJP25 (one
site of many type Il restriction enzymes (26). Here we describ&coAl site) and pDRM.1R (ndecoAl site) were used as DNA
properties of mutant forms of the type IB restriction endo-substrates (31,34). If required, plasmid pJP25 was cut with
nucleasd=cAl containing alanine substitutions at the putative AlwNI to produce a linear substrate. DNA and enzyme concen-
active site residues Asp-61, Glu-76 and Lys-78. We show thdtations used are indicated in the figure legends. Reaction
these residues are indeed important for restriction, but not fgoroducts were analyzed on agarose gels run i OIBE
ATPase and DNA translocation activities of the enzyme. Thesbuffer. DNA was visualised by ethidium bromide staining. If
data indicate that the N-terminal conserved region of HsdRequired, agarose gel images were digitised and quantified
contains active site residues for the DNA cleavage reaction. using NIH Image 1.61 software.

ATPase assay

MATERIALS AND METHODS The ATPase activity oECOAl mutants was measured by a
DNA manipulations colorimetric estimation of the inorganic phosphate released by

. . L ATP hydrolysis as described previously (34). Reaction
The origin repair method (27) was employed for site-directeq, nditio¥13 wﬁre the same as for thpe DNA cl)éa\(/ag)e assay.
mutagenesis. The original procedure was modified by usage oP

a DH5a0 mutSstrain to enhance efficiency of mutagenesis (28).

The mutagenesis of thesdRgene was performed using the RESULTS

plasmid pJP41, a derivative of pGLamB (28) in which the ) ] .
Xbal-BanH| fragment containing themBgene was replaced The N-terminal conserved region of type | HsdR subunits
by theXba—BanHI fragment of pJP22 carrying thesdRgene. ~ contains an amino acid sequence motif reminiscent of the
The hsdRgene in pJP41 is under control of the T7 transcrip-catalytic motif of type Il restriction enzymes

tional and translational signals. Fior vivo functional assays, Several short conserved regions have been identified by
individual mutations were transferred frqm pJP41 derlvatlvegugnments of HsdR polypeptides from different type | restriction
to pFFP30 harboring all thréecoAl genes in the natural trans- enzyme families (14,23; Fig. 1). These include the seven
criptional organisation (29). This was achieved by replacingoEAD-box motifs, clustered in the central part of each
theNcd-Dralll region in pFFP30 by thélcd-Dralll fragments  polypeptide, whose relevance for both restriction and ATPase
from the mutant derivatives of pJP41, resulting in plasmids namegl-tivities was demonstrated by mutational analysi€odKI
PFFP30D61A, pFFP30G69D, pFFP30E76A and pFFP30K78A4 25) and a region that precedes the DEAD-box motifs,
respectively. which was named region X (14). After including a number of
HsdR homologues from recently sequenced eubacterial and
archaeal genomes for sequence alignment using the Clustal X
The cells were grown in LB medium containing, whenprogram (35), we have noted that the resulting consensus
required, ampicillin at a concentration of 2p@/ml to select sequence for the region X (Fig. 1B) is reminiscent of the P-
for appropriate plasmids expressing wild-type or mutaecAl  D...(D/E)-X-K catalytic motif of type Il restriction enzymes
genes. At an OR), of (1L, the cells were infected with serial such ag€coRI or EcaRV (26). The proline residue was not con-
dilutions of bacteriophagavir and phage titre was determined served in all HsdR subunits (Fig. 1B). However, proline is also
as described previously (30). absent in the catalytic motif d&?vul (36) and it is dispensable in

the catalytic motifs of several other type Il endonucleases
(37,38), which indicates that this residue is not required for
Wild-type and mutant HsdR subunits were over-produced ircatalysis. In almost all HsdR sequences, the two acidic residues of
Escherichia coliBL21 from the appropriate pJP41 derivative the motif are spaced by 13 amino acids except for the HsdR
(see above), and purified to apparent homogeneity as describedbunits ofEccAl and EccEl (IB family) in which the spacer
previously (31). HsdM and HsdS subunitsEfoAl were also  contains 14 amino acids. Similarly, the distance between the
produced separately and purified as described (31). The wildzatalytic acidic residues in the primary sequence of type I
type and mutanEcoAl endonucleases were reconstituted byenzymes is (with a few exceptions) in the range from 9 to 19
mixing HsdR, HsdM and HsdS subunits in a ratio of 6:2:1. Atamino acids (39). In all HsdR polypeptides, the spacer contains
this subunit ratio, the wild-type endonuclease reached thadditional conserved residues such as Gly and is highly hydro-
maximal activity when incubated with equimolar amounts of aphobic (Fig. 1B). In the following text the putative DNA cleavage
circular DNA substrate containing oAl recognition site  motif of type | restriction enzymes will be indicated as RyXE-

(31). The excess of HsdR was presumably required due to the-K.

weak association of the two HsdR subunits with the methylase . .

observed during the endonuclease purification (Ejokl  Site-directed mutagenesis oEcoAl HsdR

endonuclease was produced from pVMC3 and purified aso investigate the functional importance of the Ry} E-X-K
described (33). sequence motif, we have produced mutants of the type IB
restriction endonucleag&coAl. The putative catalytic residues

of EcoAl HsdR Asp-61, Glu-76 and Lys-78 (Fig. 1B) were
All DNA cleavage reactions were performed af@7n buffer  individually substituted by an alanine. The conserved Gly-69
C [50 mM Tris—HCI (pH 8.0), 10 mM MgGl 25 mM NaCl, in the spacer between the acidic residues of the motif was also
1 mM dithiothreitol, 0.2 mM AdoMet, 5 mM ATP]. Reactions subjected to mutagenesis and it was replaced with an aspartic
were started by the addition of ATP and stopped by thecid.

Phage infection assay

Protein preparations

DNA cleavage assay
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A Table 1.In vivorestriction ofA; by ECOA mutants
DEAD-box motifs
X Ila OOV VVI Plasmid e.0.p. (SD)
I::I]:I]. I | | pFFP30 2.3% 103 (i 0.45x 1(}3)
pFFP30D61A 0.47 (£0.11)
0 200 aa
_ pFFP30G69D 1.8% 103 (£0.18x1079)
pFFP30E76A 0.49 (x0.14)
B pFFP30K78A 0.65 (£0.12)
ECOKI (IA) ADYVLFV--GLKPIAVVEAK 332 ) L )
EcoAI (IB) ADIVLYHKPGI-PLAVIEAK 78 The strain DH& (restriction minus) was used as the host for the
EcoR124I (IC) YDVTILVN-GL-PLVQIELK 167 plasmids expressing the wild-type (pFFP30) or mutaowA genes.
StySBLI (ID) PDAILYIN-GL-PLVVFEFK 184 Single amino acid substitutions in the HsdR subunit are indicated in
g.;giﬁgzae? gg\%\l}gFW:gg:iigggg %Zg the names of pFFP30 derivatives. The values of e.o.p. are averages of
L. lactis? IDLALLY T NN_GI_PVAHIEEK 153 four |nerendent measurements. The standard deviations (SD) are
A.fulgidus? PDITLFVN-GI-PLATIECK 134 shown in brackets.
M.jannaschii? PDLVVFIN-GI-PIAIFEFK 184
ECORV . BDFTLYKPSEPNKKIAIDIE 92
EcoRI BDGGIVEVKDDYGEWRVVLVAEAR 113

Figure 1. Conserved regions in the HsdR polypeptides of type | restriction _ 5
enzymes.A) A diagram of the HsdR subunit of the type IB restriction enzyme dimer
EcoAl showing the location of the conserved amino acid sequence regions as i
defined previously (14,23). Based on mutational analysis data, the conserved - NC
sequence originally named region Y was reclassified to be the DEAD-box

motif IV (25). The original motif IV is not shown.K) An alignment of amino L
acid sequences of several known and putative HsdR polypeptides around the

N-terminal conserved region X. The number at the end of each line indicates - SC

the position for the last amino acid in the corresponding sequences. Conserved

amino acids are indicated in bold. The regions of the type Il endonucleases

EcoRIl and EcaRV containing the P-D...(D/E)-X-K catalytic motif are also

shown. The elements of the motif are in grey boxes. The protein identification

numbers used by the National Center for Biotechnology Information are as I 2 3 4 5 6 7 & 91011

follows: EcoKl, 730887; EcoAl, 304894; Ecar124l, 78918; StySBLI,

1679868; Haemophilus influenzaeRd, 1574743; Helicobacter pylori

2314575 Lactococcus lactis3057061;Methanococcus jannasch?129337;  Figure 2. DNA cleavage assay d&coAl mutants. The supercoiled form of the

EcoRl, 135227;EcaRl, 135230. plasmid pJP25 (a singlEcoAl site) was used as DNA substrate. Plasmid
pDRM.1R (noEcaAl site) served as non-specific DNA for control reactions.
20 nM DNA was incubated with 80 nM wild-type or mutaitcAl enzymes in

Restriction phenotype of mutants buffer C at 37C for 10 min. Reactions were stopped by the addition of 1 vol

o of 0.1 M EDTA (pH 8) and analysed on a 0.9% agarose gel run irn UBE

The restriction phenotype of mutant endonucleases was detexsfer at 50 V for 5 h. DNA was visualised by ethidium bromide staining. Lane 1,

mined by testing the ability of cells expressing these mutants tBNA size markers; lanes 2—6 contain pJP25 incubated with no enzyme, wild-type,

restrict the grovvth of unmodified bacteriophage For this D61A, E76A end K78A, respectively; lanes 7-11 contain pDRM.1R incubated

TR . .with no enzyme, wild- D61A, E76A and K78A, r ively. Positi
assay, individual mUtat'onS were tranSferred, to the plasmi tper((:Jo(ieIedy(S(é) Iin?eetl);p(ﬁ’), n?ckéd (I\(ISC)E;ndd su?)e}cgﬁggcéinfeyric ?Ssct:dd?swgr)
pFFP30 that contains all thré&goAl hsdgenes in the natural forms of plasmid DNA are indicated on the right of the gel.
transcriptional organisation (Materials and Methods). The
resulting plasmids with mutaritsdRgenes were transformed
to DH5a and efficiency of plating (e.o.p.) of phage (e.o.p.; o ) ) )
ratio of the phage titre on tested host to the titre on noncontaining a single site fdfcoAl was used. In agreement with
restricting host) on these strains was determined (Tfable 1). THBe in vivo phenotypes, none of the mutant enzymes was able
data from this experiment indicated that the D61A, E76A and0 cleave the plasmid DNA to its linear form even when
K78A mutants had greatly impaired restriction activityvivo. ~ present in a large excess over DNA (Fig. 2). Interestingly, the
The G69D mutant had a wild-type restriction phenotype K78A mutant showed a significant nicking activity that was

indicating that the conserved Gly residue is not important fodependent on the presence of BAl recognition site in the

this function. substrate (Fig. 2). The rate of the pJP25 DNA nicking by the

) o K78A mutant was much lower than the rate of double-strand
In vitro DNA cleavage and ATPase activities of mutant cleavage of this DNA by the wild-type enzyme (Fig. 3). The
enzymes

E76A mutant exhibited very little site-specific nicking activity
For in vitro analysis, the mutant HsdR subunits, except forand the D61A mutant did not show any nicking activity at all.
G69D, were separately overproduced and purified as describédbne of the mutants exhibited any DNA cleavage activity on a
in the Materials and Methods and mixadvitro with purified  linear DNA substrate containing twBcoAl recognition sites
HsdM and HsdS subunits to reconstitute the endonuclease. Ahile the wild-type enzyme efficiently cleaved this substrate at
a substrate for DNA cleavaga vitro, the plasmid pJP25 random positions over the region between the recognition sites
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Figure 3. Rate of plasmid DNA cleavage by wild-tyfecoAl endonuclease 1.0

compared to the rate of DNA nicking l5coAl ;5, mutant. Cleavage reactions

were carried out in buffer C at 3€ and contained 20 nM pJP25 DNA and

80 nM enzyme. Aliquots removed during the reaction were analysed on a 0.9%

agarose gel run in 0X6TBE buffer at 3 V/cm for 5 h. DNA was visualised by 0.5

ethidium bromide staining. The gel was quantified as described in Materials

and Methods and relative intensity of the linear DNA bands for wild-type

enzyme (square) and nicked circular DNA bandsHooAl ¢ ;5, mutant (circle)

in each time point was calculated as a percentage of total DNA per lane.  Figure 5. Effect of the ECAl 55, mutant on linear DNA cleavage by the
EccKl endonuclease AX) Diagram of DNA substrate (2870 bp) containing one
EcKI (K) site and oneEcaAl (A) site that was prepared blwNI (unique
site) cleavage of pJP25. DNA is represented as an open rectangle. The arrowheads
indicate the orientation of the asymmetric recognition sites (tail-to-tail). The

51 numbers show the position of the first base pair of the recognition sites.
(B) Restriction assay. 13.25 nM DNA was incubated with 90 BMXKI and
4 80 NnM EcQAl p¢,  individually or in combination in buffer C at 3 for 8 min.
_ In a control experiment, wild-typ&coAl endonuclease was used instedd o
= 34 EcaAl ;4. Reactions were stopped by addition of 1 vol of 0.1 M EDTA and
£ analysed on a 1% agarose gel run inOTBE buffer at 80 V for 2 h. DNA was
ar ) visualised by ethidium bromide staining. Presence of enzymes in individual
= 27 ] D61A reactions is indicated above each lane by (+). Lane M contains DNA size markers.
1 —a— ET6A
—o— KT78A L . .
0 —,—— by the type IA restriction enzym&cdKl within the region
0 2 4 6 8 10 12 14 16 betweenEcdKl and EcoAl recognition sites, by serving as

Time (min) molecular blocks tdcKI translocation. This assay is based

on our observation that type | restriction enzymes have the
Figure 4. Time course of ATP hydrolysis bcoAl mutants. 20 nM pJP25 pOten“a.l to Cl?ave.DNA at physpal translocation barriers S.UCh
DNA (a singleEcaAl site) was incubated with 80 nM enzyme in buffer C at as Holliday junctions, suggesting that DNA translocation
37°C. During the incubation, 1l aliquots were removed and the reaction was blockage is the onIy requirement for DNA cleavage to occur
stopped by the addition of 1 vol of 0.1 mM EDTA (pH 8). The concentration o . . . . .
inorganic phosphate (Preleased by ATP hydrolysis was measured as (7). For this experiment, the pJ_PZS plasmid DNA_ was linearised
described in Materials and Methods. by AlwNI to produqe a 2.9 kb linear substra.te with dbeoAl .

site and ond=cKl site separated by 0.9 kb (Fig. 5A). Assuming

that the collision ofEcdKI with the EcoAl mutants occurs at

(not shown). Despite the absence of double-strand DNA cleava random positions between the recognition sites, the cleavage of
i P is substrate would generate pairs of fragments with sizes

activity, all three mutants had a similar ATPase activity to theranging from(0.8 to 2.0 kb. As expected, the incubation of the

wild-type endonuclease, indicating that the mutations did n NA substrate with a large excessBtcKI for 8 min did not
cause a gross change in enzyme structure and that DNA cleavage  , significant DNA cleavage (Fig. 5B), consistent with the
is not a prerequisite for ATP hydrolysis (Fig. 4). Thus, the  oqirement for the presence of two enzyme recognition sites
vitro analysis of theEcoAl mutants suggests that all three fo efficient linear DNA cleavage (6,8,9). However, when the
charged HsdR residues of the DX sE-X-K motif participate  reconstituted ECOAl 55;, mutant was added together with

in the DNA cleavage reaction. EcdKl, extensive DNA cleavage occurred generating multiple
products which appeared as a DNA smear on EtBr-stained gel,
consistent with random cleavage (Fig. 5B). As judged from the
The ability of theEcoAl mutants to hydrolyse ATP suggested electrophoretic mobilities of the cleavage products relative to
that these mutants could still translocate DNA. To investigat®dNA size markers, the cleavage events occurred predom-
the DNA translocation activity of the mutant enzymes, weinately within the region between ttieedKI and EcoAl recog-
have examined their ability to promote linear DNA cleavagenition sites, with some preference for a very short area located

DNA translocation by EcoAl mutants
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approximately in the middle of the DNA molecule{00 bp  This may suggest a modular protein structure, with the latter
from the EcdKl site). Identical cleavage profiles were also domain involved in ATP-dependent DNA translocation. Some
obtained with the E76A and K78A mutants when combinedsupport for this assumption comes from our finding that
with EcdKl (not shown). In a control experimerEcdKl was  alanine substitutions at the endonucleolytic active site of the
combined with the wild-type EcAl endonuclease. As HsdR subunit oEcdAl effectively uncoupled the DNA trans-
observed previously (7), this enzyme combination led to efficientocation and DNA cleavage activities of the enzyme. A protein
cleavage at random positions over the region between th&tructure composed of independent nuclease and helicase
EcAl and EcK sites, with some preference for the area startingdomains was described for the RecB subunit of Eheoli
approximately half way between the sites and ending at thRecBCD enzyme (41). Mutations in the DEAD-box motifs of
EcKI site (Fig. 5). One can notice that DNA cleavage resultingecdKl impaired both ATPase and restriction activity (25). Itis
from the cooperation betwedfcdKl and EcoAl g, mutant  possible that interactions of the helicase-like domain with ATP
was less efficient as compared to the situation when the wildand DNA are required for an activation of the cleavage
type EcAl endonuclease was present instead of the mutardomain, perhaps by positioning this domain in proximity to the
(Fig. 5). This may reflect the fact that in the later case DNADNA substrate. All DEAD-box mutants exhibited some site-
cleavage can be catalysed by either enzyme while in the formapecific nicking activity (25), which may reflect a residual
case onlyEcdKl is active for cleavage. activity of the cleavage domain.

Thus, the fact that thEcoAl mutants could promote DNA  The mutants produced in this work could be useful in studying
cleavage byEcoKI far from the EcoAl recognition sequence the mechanism of DNA translocation by type | restriction
clearly demonstrates that these mutants are capable of trarsizymes, since the experiments with the wild-type enzyme are
locating DNA. hampered by rapid cleavage of DNA substrates.
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