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ABSTRACT

The Type I restriction-modification enzymeEcoR124I
is an ATP-dependent endonuclease that uses
dsDNA translocation to locate and cleave distant
non-specific DNA sites. Bioinformatic analysis of the
HsdR subunits of EcoR124I and related Type I
enzymes showed that in addition to the principal
PD-(E/D)xK Motifs, I, II and III, a QxxxY motif is also
present that is characteristic of RecB-family
nucleases. The QxxxY motif resides immediately
C-terminal to Motif III within a region of predicted
a-helix. Using mutagenesis, we examined the role of
the Q and Y residues in DNA binding, translocation
and cleavage. Roles for the QxxxY motif in coordi-
nating the catalytic residues or in stabilizing the
nuclease domain on the DNA are discussed.

INTRODUCTION

EcoR124I is a Type I restriction-modification (RM)
system that uses a combination of methyltransferase,
ATPase and endonuclease activities to protect bacteria
from infection by phage DNA (1). Following recognition
of a specific DNA sequence GAA(n)6RTCG, DNA cleav-
age occurs at a non-specific location which can be many
thousands of base pairs distant from the recognition site
(2). The communication between specific binding and
non-specific cleavage is catalysed by the ATP-dependent
dsDNA translocase activity of the helicase motor domain
of the HsdR subunit (3–5; Figure 1A). The nuclease
activity is found in ‘Region X’, a domain N-terminal to
the motor (6–9; Figure 1A; E.S., unpublished data).
Region X can be classified as part of the PD-(E/D)xK
superfamily (10,11), which includes not only Type I, II
and III RM enzymes, but also a great many repair and
recombination nucleases. The conserved structural unit is
an aabba core that serves as a scaffold for more-weakly
conserved catalytic residues (11), principally the charged

amino acids clustered in Motifs I, II and III. Variations in
the precise arrangement of the residues can occur (12), but
the overall mechanistic outcome is the same: phosphodi-
ester bond hydrolysis is catalysed in a metal ion-assisted
mechanism, which is characterized by inversion of
configuration at the scissile phosphorous (13).
The weak sequence conservation of the PD-(E/D)xK

motifs has historically made identification of family
members difficult. Previous studies, undertaken when a
more limited number of HsdR primary sequences were
known, identified Motifs II and III, and subsequent
mutagenesis studies confirmed the fundamental impor-
tance of the catalytic residues from these motifs (6–9),
consistent with the well-established roles in the Type II
RM enzymes (13). More recently, Kneale and co-workers
were able to identify Motif I and produced a 3D model
of the nuclease fold based on the Type II restriction
endonuclease NgoMIV (14). We have extended the
analysis of Region X and have been able to identify a
fourth motif, located in a region of predicted a-helix
immediately C-terminal to Motif III and with the
conserved sequence QxxxY (Figure 1; see Results section).
This motif is characteristic of the RecB-family of nucleases
(10). Whilst the QxxxY sequence was not highlighted in
the recent study by Kneale and co-workers (14), Dryden
and co-workers have previously presented alignments of
HsdR sequences that indicated that the tyrosine residue at
least is conserved across HsdR subunits (8). A subset of
these sequences, including EcoR124I HsdR, also retained
the glutamine residue.
What is the role of the QxxxY motif in the RecB

nucleases? Escherichia coli RecB, the archetypical member
of the family, is a helicase-nuclease fusion that in
combination with RecC and RecD forms a DNA-end
processing machine that plays a central role in homol-
ogous recombination (15). The RecB nuclease domain
cleaves both unwound ssDNA strands that are produced
by the dual action of the antipolar RecB and RecD
helicases (Figure 2A). The RecBCD crystal structure
shows the RecB nuclease domain sitting over an exit
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channel in RecC (Figure 2A and B). The hypothetical
route of the 30–50 strand passes through this channel and
directly over the RecB nuclease (15; Figure 2A). Motifs I,
II and III are arranged closely in 3D space, with Motifs II
and III coordinating a Ca2+ ion in the crystal structure
(Figure 2C). The Q1110 and Y1114 residues of the QxxxY
motif point towards this cluster of residues.
A role for the conserved glutamine has not been

proposed and the effect of mutations at this residue have
yet to be reported. Aravind et al (10) first proposed that
the conserved tyrosine might play a central catalytic role
by forming a covalent intermediate with the cleaved DNA
strand. However, this now appears less likely for a number

of reasons: Firstly, Julin and co-workers have suggested
that mutations in Y1114 do not have a significant detri-
mental effect on DNA catalysis (17). A similar conclusion
was drawn using equivalent mutations in E. coli RecE
(an ATP-independent 50–30 exonuclease), although sub-
stitution with asparagine reduced activity to 1% of wild-
type (19); Secondly, numerous studies of Type II RM
enzymes have shown that the three canonical PD-(E/D)xK
motifs are sufficient for endonuclease activity. The
arrangement of Motifs I, II and III in RecB is analogous,
consistent with a similar mechanism of DNA cleavage, i.e.
without the formation of a covalent intermediate (13,17).
Mutations in Motifs II and III of RecB and related

Figure 1. Nuclease motifs in the HsdR subunit of Type I enzymes. (A) Cartoon of the EcoR124I HsdR subunit with domains indicated (37). The
locations of PD-(ExK) nuclease superfamily I motifs I, II, III and QxxxY are shown with residues highlighted that are conserved across all HsdRs
examined. The N- and C-core of the helicase domain relate to the tandem RecA folds of the motor (37,38). SF2Ab indicates a superfamily 2, dsDNA
motor with 30–50 polarity (5,38). The a-helical domain is believed to be involved in protein–protein interactions with the MTase core (14).
(B) Multiple alignment of representative HsdR sequences of the EcoR124I-family (10/78 sequences shown). (C) Multiple alignment of representative
HsdR sequences of the EcoAI-family (10/59 sequences shown). Amino acid sequence alignments were carried out using ClustalW (21). Target
sequences have been filtered to remove redundant sequences and truncated HsdRs. Secondary structure predictions were made by JPred using the full
alignment (24). Consensus sequences were also calculated using the full alignments. For further details, please refer to Materials and methods section.
Each protein is identified by the gene name as given in REBASE (22). Numbers to the left indicate the starting residues. Poorly conserved regions are
replaced by numbers indicating the number of residues omitted. Red highlighting indicates sequences with >95% identity, black highlighting
indicates sequences with >85% identity. The predicted secondary structure is shown above the alignments with H for an a-helix and E for a b-strand.
The �90% consensus is shown below each alignment with the following key: t, turnlike (ACDEGHKNQRST); h, hydrophobic
(ACFGHIKLMRTVWY); l, aliphatic (ILV); a, aromatic (FHWY); u, tiny (AGS); p, polar (CDEHKNQRST) and, s, small (ACDGNPSTV).
Residues in bold and underlined are 100% conserved. Residues mutated in this study are marked with an asterisk.
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recombinases have confirmed their central role in catalysis
(16–20). These observations suggest that the conserved
QxxxY motif plays a secondary, yet important, role in the
activity of RecB-family nucleases.
Here we extend the analysis of the QxxxY motif by

examining its role in the Type I RM enzyme EcoR124I.
We find that mutation of the glutamine and/or tyrosine
residues alters DNA-binding affinity and reduces the rate
and efficiency of DNA cleavage. Two distinct roles for the
QxxxY motif are proposed and their consequences for
DNA cleavage discussed.

MATERIALS AND METHODS

HsdR sequence analysis

Amino acid sequence alignments were carried out using
ClustalW (21; http://www.ebi.ac.uk/Tools/clustalw/index.
html). HsdR sequences were obtained from REBASE (22).
Sequences that were shorter than the EcoAI HsdR
minimal template were rejected. Two hundred and forty
representatives were identified as potentially carrying a
QxxxY motif. Preliminary alignments identified two main
families, characterized by either EcoR124I or EcoAI;
further analysis treated these groups separately. Manual
realignments were made using Jalview (23). The final
alignments were filtered to remove redundancy and were
submitted to JPred (24) to predict average amino acid
secondary structure. Consensus sequences were calculated
at http://coot.embl.de/Alignment//consensus.html.

HsdRmutagenesis and protein purification

Wild-type HsdR was expressed and purified from
pACR124 as described in ref. (1). QxxxY mutants were
generated from pACR124 with QuikChange site-
directed mutagenesis (Strategene, La Jolla, CA, USA)
using the following oligodeoxynucleotide primers
(where the mutated residues are in bold and the
mutated codon underlined): Oli#259F (50-TCGTG
AGGCTTTCAACGCGATACATCGTTACAG-30) and
Oli#259R (50-CTGTAACGATGTATCGCGTTGAAAG
CCTCACGA-30) were used to produce the Q179A muta-
tion; Oli#260F (50-TCGTGAGGCTTTCAACAAGATA
CATCGTTACAG-30) and Oli#260R (50-CTGTAACGAT
GTATCTTGTTGAAAGCCTCACGA-30) were used to
produce the Q179K mutation; Oli#261F (50-CCAGATA
CATCGTGCCAGTAAAGAGAGTTTTAACAGCG-30)
and Oli#261R (50-CGCTGTTAAAACTCTCTTTACTG
GCACGATGTATCTGG-30) were used to produce the
Y183A mutation; and, Oli#262F (50-CCAGATACAT
CGTTTCAGTAAAGAGAGTTTTAACAGCG-30) and
Oli#262R (50-CGCTGTTAAAACTCTCTTTACTGAAA
CGATGTATCTGG-30) were used to produce the Y183F
mutation. Primers Oli#263F (50-TCGTGAGGCTTTCAA
CGCGATACATCGTGCCAG-30) andOli#263R (50-CTG
GCACGATGTATCGCGTTGAAAGCCTCACGA-30)
were used to mutate pACR124(Y183A) to produce the
Q179A,Y183A double mutant. All mutants were fully
sequenced, and then expressed and purified as for the wild-
type enzyme. EcoR124I MTase was expressed and purified
from pJS4M as described previously (1).

Figure 2. The RecB nuclease domain and location of the QxxxY motif.
(A) Structure of RecBCD. The left panel shows a space filling model of
RecBCD taken from the crystal structure (PDB 1W36; 15) with RecB in
orange, RecC in blue, RecD in magenta and the DNA in grey. The eye
symbol shows the orientation of the RecB nuclease view in (B). The right
panel shows a cartoon representation of a cross-section through RecBCD
showing the putative path of the separated DNA strands, coloured as in
the left panel (15). The yellow asterisk indicates the location of the RecB
nuclease domain. Note that the nuclease domain can also introduce strand
breaks into the ssDNA exiting from the RecD channel. (B) View of the
RecB nuclease domain of RecBCD viewed towards the RecC channel
(equivalent to ‘Figure 4b’ in ref. 15), with RecB shown in cartoon form
and the RecC domain in blue space-filling form. Structural elements that
contain theMotifs are coloured: I (cyan), II/III (red) and QxxxY (purple).
The bound Ca2+ ion is shown as a yellow sphere. Residues 909-930 that
block the tunnel from RecC are coloured green (15). The region of RecB
linkingMotifs II/III andQxxxY (1083-1106) is omitted for clarity. (C) The
coloured structural elements and conserved residues of the E. coli RecB
nuclease motifs from (B) are shown, rotated by 1808 (i.e. viewed from the
RecC tunnel).
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DNA-binding assays

The extent of DNA binding was assayed using an
electrophoretic mobility shift assay (EMSA). A 39 bp
32P-labelled dsDNA substrate containing the EcoR124I
site (25) was made by annealing oligodeoxynucleotide
R124-bind1 (50-32P-CTACGGTACCGAAACGCGTGT
CGGGCCCGCGAAGCTTGC-30) with a 1.5-fold molar
excess of R124-bind2 (50-GCAAGCTTCGCGGGCCCG
ACACGCGTTTCGGTACCGTAG-30) (EcoR124I rec-
ognition sequence underlined). A Hoefer SE 600 Ruby
vertical slab gel system (GE Healthcare, Amersham,
Bucks, UK) was used for native gel electrophoresis. This
system includes a heat exchanger which, when connected
to a circulating water bath, allows the temperature in the
lower buffer chamber, and therefore the gels, to be
maintained at a constant temperature. 1.5� 18� 16 cm3

gels [5% (w/v) acrylamide (37.5:1), 134mM Tris-borate,
2.55mM EDTA] were pre-run at 30W (constant power)
and at 58C for >45min. A total of 20 ml samples con-
taining 5 nM dsDNA, and MTase and HsdR as indicated
in the text, were incubated in buffer R (50mM Tris–Cl,
10mM MgCl2, 1mM DTT, pH 8.0) for >5min at 258C.
(Longer incubation times did not affect the extent of DNA
binding—data not shown). In turn, each sample was
mixed with 4 ml of loading buffer (50mM Tris–Cl, 10mM
MgCl2, 1mM DTT, 30% (w/v) sucrose, pH 8.0) and
immediately loaded onto the gels at 40V (constant
voltage). Once all samples were loaded, electrophoresis
was continued at 40W (constant power) and 58C, until the
dye band had travelled �12 cm. Gels were fixed in 40%
(v/v) methanol, 5% (v/v) acetic acid for >30min before
being dried onto DE81 chromatography paper
(Whatman) in a Biorad Model 583 system set on the
‘normal cycle’ and 808C.
Dried gels were visualized using a Molecular Dynamics

Typhoon PhosphorImager (GE Healthcare). The 16-bit
images were analysed without editing and using a linear
intensity scale in ImageQuant TL v2005 (GE Healthcare).
To quantify the data, we first considered a simplified four-
state model:

D½ � þ M½ �  !
KDM

D �M½ � þ R½ �  !
K1

D �M � R1½ � þ R½ �  !
K2

D �M � R2½ � Scheme1

where D is the free DNA, M is the free M2S1 (MTase)
complex, R is the free HsdR, D�M is the DNA-MTase
complex, D�M�R1 is the DNA–R1M2S1 complex, D�M�R2

is the DNA–R2M2S1 complex, KDM is the dissociation
constant for the DNA–MTase complex, K1 is the
dissociation constant for the DNA–R1M2S1 complex
and K2 is the dissociation constant for the DNA–
R2M2S1 complex. However, we were unable to resolve a
clear MTase–DNA band in our EMSA assays. Therefore,
the occupancy of the R1 and R2 species were calculated in
ImageQuant TL as a fraction of the total input DNA
concentration from the ‘volume’ of the R1 and R2 bands
relative to the total volume of that lane. Apparent values
of K1 and K2 were then estimated by global fitting of the
R1 and R2 species only by non-linear least squares

regression in Scientist (v2.01 MicroMath Scientific
Software, Salt Lake City, UT, USA). The Scientist
software requires the programming of a model file
describing the system (26). Based on Scheme 1, but
taking into account that we could not resolve the DNA–
MTase complex, the following model was used:

IndVars :Etot

DepVars :Ef,Df,DE,D2E

Params :K1,K2,Dtot

DE¼Df � Ef=K1

D2E¼DE� Ef=K2

Etot¼EfþDEþ ð2�D2EÞ

Dtot¼DfþDEþD2E05Ef 5Etot

05Df 5Dtot Scheme 2

Where Df is the concentration of free DNA and DNA–
MTase complexes, Dtot is the total DNA concentration,
DE is the DNA–R1M2S1 complex concentration, D2E is
the DNA–R2M2S1 complex concentration, Ef is the free
HsdR concentration and Etot is the total HsdR concen-
tration. Dtot was taken as 5 nM and fixed during the
fitting. Initial estimates for K1,app and K2,app were obtained
using a simplex fit within Scientist. The fitted profiles are
shown in the Supplementary Figure 1, the K1,app and
K2,app values in Table 1.

DNA translocation assays

Triplex displacement measurements were carried out in
an SF61-DX2 stopped-flow fluorimeter (TgK Scientific,
Bradford on Avon, UK) as described previously (4,27).

Table 1. DNA translocation, binding and cleavage by the wild type

and QxxxY mutant HsdRs

DNA
binding
(�ATP)

Translocation
(+ATP)

DNA cleavage
(+ATP)

K1,app

(nM)
K2,app

(nM)
kstep
(bp/s)
(� SE)

kini,app/s
(� SE)

Relative
1st strand
rate

Lag offset
(S) (�SE)

Amplitude
(%) (� SE)

wt 15 900 599� 5 2.5� 0.1 1.00 10.3� 1.5 94.8� 0.3
Q179A 12 1500 601� 8 2.6� 0.2 0.51 25.0� 1.6 81.2� 0.4
Q179K 10 1100 611� 19 2.6� 0.5 NC
Y183F 14 2100 621� 11 2.2� 0.2 0.87 17.2� 3.1 92.5� 0.8
Y183A 15 2700 596� 20 2.1� 0.3 0.42 35.7� 1.3 66.8� 0.6
Q179A 20 3100 684� 38 1.8� 0.4 NC
Y183A

DNA binding data from EMSA assays (Figure 3, Supplementary
Figure 1, Materials and methods section). Translocation data from
triplex displacement assays (Figure 4, Materials and methods section).
DNA cleavage data from the agarose gel assays (Figure 5, Supple-
mentary Figure 2, Materials and methods section). The relative 1st
strand cleavage rates (CCC disappearance) were determined by
estimating the initial rates of DNA cleavage using Equation 1. and
then normalizing these rates relative to the wild type rate. NC, no
cleavage; SE, standard error from least squares regression analysis.
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Temperature was maintained at 25.0� 0.18C by a water-
bath connected to the chamber housing the syringes and
flow cell. Linear DNA substrates were produced by
digestion of pLKS5 with ApaI (28). Final reaction
conditions were 1 nM linear DNA (0.5 nM tetramethylr-
hodamine triplex), 30 nM MTase, 120 nM HsdR and
4mM ATP in Buffer R. Lag times were estimated in
GraFit 5.0.8 (Erithacus Software, UK) by fitting the
profiles to a triple-exponential relationship:

y ¼ A1 � ð1� e�k1ðt�TlagÞÞ þ A2 � ð1� e�k2ðt�TlagÞÞ

þ A3 � ð1� e�k3ðt�TlagÞÞ
1

where kn and An are the rate and amplitude, respectively,
of the n-th phase and Tlag is the sum of all time constants
for the initiation and translocation steps (4). kstep (the
translocation speed) and kini,app (the initiation speed) were
then determined from the linear relationship between Tlag

and distance (d bp):

Tlag ¼
1

kstep

� �
� d

� �
þ

1

kini

� �
2

DNA-cleavage assays

Cleavage reactions contained 5 nM pLKS5 (28), 40 nM
MTase and 100 nM HsdR in Buffer R at 258C. Reactions
were started by addition of ATP to a final concentration
of 4mM. Reaction aliquots were quenched after the
required incubation times by addition of 0.5 volumes of
STEB [0.1M Tris–Cl, pH 7.5, 0.2M EDTA, 40% (w/v)
sucrose, 0.4mg/ml bromophenol blue]. The covalently
closed circular DNA substrate (CCC), open circle/nicked
intermediate (OC) and full length linear product (FLL)
were separated by agarose gel electrophoresis and the
percentage of DNA in each band evaluated by scintillation
counting (29).

DNA cleavage by Type I enzymes cannot be described
by simple exponential functions as there are multiple steps
leading to cleavage; initiation, translocation and collision
of two motors are required for each dsDNA break (Frank
Peske, Sarah McClelland and M.D.S., unpublished data).
In order to compare the cleavage rates of the wild-type
and mutant enzymes, we analysed the apparent rate of
CCC cleavage using:

y ¼ A �
�
1� e�kcut, app� t�offsetð Þ

�
3

Where y represents the appearance of the first strand
break in CCC, A is the percentage of starting CCC cut,
kcut,app is the apparent cleavage rate and offset is a time lag
that represents the continuum of initiation/translocation/
collision states prior to cleavage. Experimental y-values
were calculated by subtracting the CCC concentration at
each time point from the starting concentration and
normalizing the result to a 100% scale. The cleavage of the
CCC DNA does not go to 100% because of a background
inhibition activity that competes with the translocation/
cleavage process (F.P. and M.D.S., unpublished data).
The data were fitted to Equation 3 with A, kcut,app and
offset allowed to float. The resulting profiles are shown in

the Supplementary Figure 2. Cleavage rates are reported
in Table 1 as relative values normalized to the wild-type
rate, offset and A values are reported directly.

RESULTS

Identification of a RecB-family nuclease motif
in Type I HsdR subunits

We aligned the primary amino acid sequences around
Region X of characterized and putative HsdR subunits
from REBASE (22; Materials and methods section). Of
more than 200 sequences examined, >80% contained a
putative QxxxY motif. From these, we identified two
distinct sets of sequence alignments, one exemplified by
EcoR124I (Figure 1B), the other exemplified by EcoAI
(Figure 1C). As well as differences in the primary amino
acid sequences, the two classifications show differences in
the locations of Motif I relative to Motifs II and III.
Within the EcoR124I-related sequences, Motif I resides in
a region of predicted a-helix at the extreme N-terminus of
Region X, separated from Motif II by an �117 amino acid
(aa) linker. Within the EcoAI-related sequences, Motif I
resides in a region of predicted a-helix immediately
adjacent to the predicted bba secondary structure core
containing Motifs II, III and QxxxY. A subset of these
sequences, for example EcoAI itself (Figure 1C), show
extremely compact HsdR structures. The other subset has
large (>190 aa) extensions that are N-terminal to the
nuclease motifs; the role of these additional domains is
unknown. It is worth noting that EcoAI displays all the
activities of a typical Type I enzyme (4,30) and thus
represents the minimal, indispensable HsdR structure—
additional domains seen in other sequences are likely to
have secondary roles. Given the extensive characterization
of EcoR124I (1–5), we chose this HsdR for further
analysis.

Mutagenesis of the QxxxYmotif of EcoR124I
and analysis of DNA-binding activity

The Q179 and Y183 residues of EcoR124I HsdR were
mutated in the expression plasmid pACR124 using the
‘QuikChange’ mutagenesis protocol (Materials and meth-
ods section). A double mutant (Q179A,Y183A) was pro-
duced by two consecutive rounds of mutagenesis. The
wild-type and mutant HsdRs were purified as described
(Materials and methods section); all the mutants behaved
as wild-type during expression and purification (not
shown). The complete RM enzymes were reconstituted
by mixing the separately purified HsdR and MTase;
reconstitution of Type I RM systems from separate
protein preparations produces enzyme activity equivalent
to that of the holoenzyme (27,31).
We first compared the ability of the mutant HsdRs to

assemble onto a DNA-bound MTase. This was carried out
by incubating a fixed concentration of 32P-labelled
dsDNA substrate and MTase with different concentra-
tions of HsdR in the absence of ATP, and then separating
the unbound DNA from the different protein–DNA
species by an EMSA. EcoR124I can form three distinct
and separable protein–DNA complexes: MTase–DNA;
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R1–MTase–DNA and R2–MTase–DNA. In the absence of
ATP, the binding of the first HsdR is relatively efficient
(K1,app551 nM) whereas the binding of the second HsdR
is considerably weaker (K2,app=�240 nM). The DNA
substrate and conditions used (Figure 3A; Materials and
methods section) were duplicated from the earlier study by
Janscak et al. (25). This allowed us to compare our
binding data with an independent study. Currently, the
assembly of the different species cannot be directly
measured using EMSA under the same conditions as
DNA translocation or cleavage (i.e in the presence of
ATP). It should therefore be noted that whilst the binding
affinities measured here are comparative with respect
to the wild-type and mutant proteins, they may not
reflect the binding affinities during translocation and
cleavage (27).
An example EMSA for Y183F HsdR is shown in

Figure 3B. Although we could resolve the free DNA and
R1 and R2 complexes, we were unable to resolve clearly the
MTase–DNA complex. In our hands it appears that DNA
binding by the EcoR124I MTase in the absence of HsdR
cannot be efficiently caged in the EMSA assay. In con-
trast, binding by HsdR appears to stabilize the MTase–
DNA complex. Quantification of the relative levels of free

DNA, and R1 and R2 complexes for the wild-type and all
mutant proteins are shown in Figure 3C.

A simple model (Scheme 2, Materials and methods
section) was used to fit the data to obtain apparent dis-
sociation constants for the R1 and R2 species (Supple-
mentary Figure 1, Table 1). The binding of the first HsdR
(K1,app) is largely similar for all HsdRs. More significant,
systematic differences were observed upon binding of
the second HsdR (K2,app). Mutations at Q179 produced a
1.2- to 1.7-fold reduction in affinity, whilst mutations at
Y183 produced a 2.3- to 3-fold reduction in affinity. The
double mutant (Q179A,Y183A) showed the biggest effect
(>3.4-fold reduction in affinity). As pointed out in the
Supplementary section and Materials and methods sec-
tion, Scheme 2 was unable to completely describe our
observed binding data and therefore the values we
obtained can only be used as relative/comparative values
and not absolute values. Nonetheless, a clear trend is
apparent—mutation of the QxxxY motif destabilizes the
assembly of the R2 complex, with the biggest contribution
coming from the Y183 residue. Since formation of the R2

complex is required for DNA cleavage (1), then it is likely
that these mutations will also affect DNA cleavage
efficiency.

Figure 3. Assembly of EcoR124I on DNA in the absence of ATP. (A) Sequence of the dsDNA used in the EMSA assays (25). The bipartite
EcoR124I recognition sequence is boxed. (B) Example EMSA gel for Y183F HsdR. 5 nM 32P-labelled dsDNA was incubated with MTase (0 or
100 nM) and HsdR (0–2000 nM) as indicated for >5min at 258C. Samples were then separated on a 5% (w/v) native acrylamide gel at 58C (to
prevent dissociation of the bound species during electrophoresis). The contrast of the image in the figure has been increased to enhance clarity.
Densitometric analysis was carried out on uncorrected images (16-bit linear scale). Full details of the assay and analysis of the gels is given in
Materials and methods section. (C) The percentage of free DNA (top graph), R1 complex (middle graph) and R2 complex (bottom graph) was
calculated for each of the HsdRs indicated. Points are the average of 2–3 repeat experiments, error bars are the standard deviations of the averages.
Lines show the linear connections between the points. Fits of the data to a simple binding model (Scheme 2) are shown in the Supplementary
Figure 1. Estimates derived for the apparent R1 and R2 dissociation constants based on Scheme 2 are given in Table 1.
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Translocation assays with QxxxYmutants

DNA cleavage by Type I enzymes requires DNA
translocation by the helicase motor. Therefore, any
mutation that affects the translocase activity could alter
DNA cleavage activity without necessarily changing the
capacity for DNA hydrolysis (i.e. the delivery of the
nuclease would be affected rather than the nuclease
activity per se). To determine if the QxxxY mutants had
altered DNA translocation properties, we assayed the
motor activity using the triplex displacement assay
(4; Figure 4A). Linear DNA substrates were bound by
one of four fluorescent-labelled triplexes (28) and pre-
incubated with an excess of EcoR124I MTase and HsdR,
sufficient to saturate the DNA recognition sites with R2

complex (Materials and methods section). Translocation
reactions were initiated by addition of ATP to 4mM, and

the fluorescence monitored. A typical profile is shown (for
Q179K, Figure 4B). For each triplex substrate, a clear lag
in the kinetics was observed before a characteristic
increase in fluorescence that corresponds to the displace-
ment of the triplex (4). The lag times (Tlag) were derived by
fitting each profile to Equation 1 (Materials and methods
section). The rate of initiation (kini,app/s) and of transloca-
tion (kstep/s) could then be derived from the linear
relationship between the triplex distance and Tlag (e.g.
Figure 4B, inset). The kstep and kini,app values derived in
this way for the wild-type and each of the HsdR mutants
are given in Table 1.
With the exception of the Q179A,Y183A double mutant,

all the HsdR mutants showed translocation kinetics within
experimental error of the wild-type HsdR. The triplex
displacement profiles were all consistent with wild-type-
like translocation profiles. The data suggest that mutation
of the QxxxY motif does not alter the translocation
properties of EcoR124I significantly. Because of the larger
experimental error in the Q179A,Y183A data, we cannot
explicitly state whether or not this mutant was a slightly
faster motor. The overall conclusion from these data is that
all the proteins are still capable of translocating and that
gross changes in translocation mechanism of the R2

complex have not occurred.

DNA cleavage by QxxxYmutants is slowed

To test the endonuclease activity of the QxxxY mutants,
we followed DNA cleavage activity on a tritium-labelled,
single-site plasmid using conditions that were saturating
with respect to the HsdR concentration (29; Materials and
methods section). Reactions were pre-incubated with
DNA, MTase and HsdR, and then initiated by the
addition of ATP to 4mM. Aliquots were removed from
the reaction at the time points indicated, quenched
immediately, and the quenched reactions separated by
agarose gel electrophoresis. This allowed us to resolve the
substrate (supercoiled plasmid), intermediates (nicked
plasmid) and products (linear DNA) of the cleavage
reaction. The percentage of each species was then
calculated by scintillation counting of the individual
bands (29). Time courses are shown in Figure 5.
DNA cleavage by wild-type EcoR124I shows a char-

acteristic profile (29; Figure 5A). The first cleavage event
(measured as disappearance of the supercoiled substrate)
occurs within �2min (under conditions used here). A
peak of �38% nicked DNA is observed, which could be
an on- or off-pathway intermediate, followed rapidly by
the linear DNA cut in both strands. DNA cleavage does
not go to completion; �22% DNA remains cut in only
one strand, �4% remains intact. Very little change in the
relative levels of the species is observed beyond �5min.
This inhibition of cleavage appears to be dependent upon
changes to the DNA that make it resistant and is not
dependent upon inhibition of the protein (the exact nature
of the inhibition of DNA cleavage is under investigation;
F.P., unpublished data).
What are the reaction steps that lead to this kinetic

profile? Cleavage of a one-site circular DNA is believed to
result from the collision of HsdRs originating from the

Figure 4. DNA translocation by a QxxxY mutant. (A) DNA substrate
used for the translocation assays. pLKS5 (28) was cut at one site using
ApaI to generate the linear DNA shown. By using different TFOs in
each translocation assay (TFOs 127, 126, 125 and 14 bound to TBSs
127, 126, 125 and 14, respectively; 28), spacing between the EcoR124I
site and the triplex could be varied as shown. (B) Example stopped flow
traces using Q179K HsdR. 1 nM DNA (0.5 nM triplex) was pre-
incubated with 30 nM MTase and 120 nM Q179K HsdR and the
reaction initiated by rapid mixing with ATP (see Materials and
methods section). Four traces are shown corresponding, from left to
right, to spacings of 315 bp (TFO127, red), 954 bp (TFO126, blue),
1517 bp (TFO125, green) and 2093 bp (TFO14, magenta). Each profile
was fitted by least squares regression to Equation 1 to give Tlag. (inset)
Graph showing relationship between Tlag and triplex spacings. The line
shows a fit by least squares regression to Equation 2 to give the
translocation rate and apparent initiation rate. The standard errors in
the Tlag are smaller that the data points and smaller than the scatter
between the points. Rates for the wild-type and all mutant proteins are
given in Table 1.
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same EcoR124I complex, that bidirectionally translocate
the entire length of the plasmid DNA (29). Consequently,
the cleavage kinetics are complex, with the DNA
hydrolysis steps preceded by multiple initiation, transloca-
tion, dissociation, re-initiation and collision events (27,32).
Because of the continuum of these states (and in
particular, the multiple dissociation/re-initiation cycles of
translocating HsdRs), cleavage occurs after a lag phase
and the observed cleavage rates do not reflect the absolute
strand hydrolysis rates. We are currently developing a
mathematical model to fully describe these kinetics (F.P.,
unpublished data). A simple way to compare the wild-type
cleavage data with that of the mutants is to fit the rate of
the first strand cleavage to an offset exponential function
(Equation 3, Materials and methods section). This
requires three parameters: The apparent cleavage rate
(note, not the true, microscopic strand-hydrolysis rate);
the lag offset (the average time taken to reach a cleavable
state); and the amplitude (a measure of the extent of
inhibition of cleavage). Fits to the data are shown in
Supplementary Figure 2 with the fitted parameters
reported in Table 1. The data for each mutant will be
described in turn.

Q179A. Mutation of Q179 to an alanine reduces the
apparent rate for cleavage of the first strand by �2-fold
(Figure 5B, Table 1). There is also an �2.5-fold increase in
the lag offset, which suggests that it takes longer to achieve
the first successful cleavage, despite the wild-type-like
translocation properties. The apparent rate of appearance
of linear DNA is markedly reduced compared to the

nicking rate. The amount of DNA cleaved is also reduced;
when the reaction stops after �5min, the DNA is
predominantly nicked (�67%), with very little linear
DNA produced (�14%). It may be that the repression of
EcoR124I activity is competitive with respect to cleavage,
such that a reduction in the cleavage rate allows a greater
proportion of the DNA to become irreversibly inhibited.

Q179K. Despite the normal DNA translocation proper-
ties of the Q179K mutant, DNA cleavage was not
observed under any conditions (Figure 5C, Table 1).
This suggests that either strand hydrolysis is no longer
possible or that cleavage is very slow (very little
measurable cleavage occurring before the reaction stops
at 5min).

Y183F. The Y183F mutation showed a moderately
reduced rate for the first strand cleavage but an almost
2-fold increase in the lag offset (Figure 5D, Table 1). As
observed with the Q179A mutant, the longer lag offset
corresponds to a less concerted cleavage of the DNA;
more nicked DNA is generated. The apparent rate of
linear DNA production was markedly slower, with the
result that only �60% linear DNA was generated before
the reaction was irreversibly inhibited.

Y183A. The Y183A mutation showed a >2-fold decrease
in the apparent rate for the first strand cleavage and a
>3.5-fold increase in the lag offset (Figure 5E, Table 1).
Consequently, very little second strand cleavage was
observed; when the reaction stopped at 5min, only 65%

Figure 5. Effect of QxxxY HsdR mutants on the rate of DNA cleavage by EcoR124I. Cleavage of pLKS5 (28) was monitored over a 1 h time course
(Materials and methods section). The reaction profiles are shown for (A) wild-type HsdR, (B) Q179A HsdR, (C) Q179K HsdR, (D) Y183F HsdR
and (E) Y183A HsdR. Supercoiled substrate plasmid DNA (blue circles), nicked (open circle) intermediate DNA (red triangles) and linear product
DNA (green squares) are shown. Error bars represent the standard deviations from three repeat experiments. (F) Comparison of the production of
open circle DNA for the wild-type and mutant proteins as indicated. Error bars as above.
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of the DNA had been cut, with the majority (58%) nicked
in only one strand.

Q179A,Y183A. The additive effects of the Q179A,Y183A
mutant were such that no DNA cleavage was observed,
similar to the Q179K mutant (data not shown).

CONCLUSIONS

All the QxxxY motif mutants that we examined were
affected in their assembly of an R2-complex in the absence
of ATP and in their rate and efficiency of DNA cleavage.
A comparison in the peak amounts of nicked DNA for
each HsdR is shown in Figure 5F. This illustrates that
mutation of the QxxxY motif produced not only a
decrease in the observed rate of the first strand hydrolysis,
but that the subsequent second strand cleavage was
affected to an apparently greater extent such that nicked
DNA became a more significant product of the reaction.
Similar results were observed with QxxxY mutants of
EcoAI (Mark Sanderson and M.D.S., unpublished data).
These results are in contrast to mutations in Motifs II and
III, where DNA cleavage activity is completely lost (or at
least reduced to a level significantly slower than the
inhibitory rate) (E.S., M.W., M.D.S. and Ralf Seidel,
unpublished data). Whilst not being critical components
of the nuclease motif, Q179 and Y183 clearly play an
important role, consistent with their conservation
amongst the majority of HsdR subunits (Figure 1).

We can rationalize our observations using two general
models: In the first model, the QxxxY motif directly
influences the microscopic DNA hydrolysis rates; In the
second model, the QxxxY motif does not play a direct role
in DNA cleavage, but instead stabilizes the catalytic
residues on the DNA. We will consider each model in
turn.

The most straightforward explanation for our observa-
tions is that the rate of hydrolysis of the first and second
strands, v1 and v2, respectively, are changed by mutations
in the QxxxY motif. Irrespective of the rates for any
preceding sequential steps (translocation, etc.), if v1= v2
then the maximal amount of nicked DNA intermediate
observed cannot exceed 37% of the total DNA (33;
modelling not shown). To get the maximal levels of nicked
DNA observed with the QxxxY mutants (all of which
exceed 49%; Figure 5F), then v2 must be slower than v1. If
v1,mutant5 v1,wt and v2,mutant5 v1,mutant, then nicked DNA
would accumulate more slowly and to a greater percentage
than wild-type, as observed. Because the cleavage reaction
does not proceed beyond 5min, if k2,mutant were very slow,
then the principal end product of the reaction would be
nicked DNA (i.e. as seen for both the Q179A and Y183A
mutants; Figure 5B and E).

The QxxxY motif could play a number of roles which
would produce changes in v1 and v2. There may be direct
contacts to the magnesium ion(s) required for DNA
cleavage (13)—mutations would therefore disrupt metal
ion binding and reduce the cleavage rate. Alternatively,
the motif may have an indirect effect on magnesium
binding by coordinating a network of interactions with the
catalytic motifs I, II and III.

Although we cannot completely exclude the
above schemes given our data, we believe that it is less
likely that v1 and v2 would be affected differently by the
mutations examined here (e.g. changes in magnesium
binding or in the arrangement of the active site would be
more likely to have equal effects on v1 and v2). Moreover,
given that the core Motifs I, II and III are sufficient for
DNA cleavage in a great many PD-(E/D)xK superfamily
enzymes (10,11,13), it is also less likely that the QxxxY
motif directly affects the absolute cleavage rates.
Independently assessing changes in v1 or v2 is difficult as
the apparent rate of DNA cleavage is affected by the
continuum of slower states during the lag phase (F.P.,
unpublished data) and currently we do not have a method
to measure the absolute rates in the absence of the
preceding motor activity.
The alternative explanation for our observations is that

the QxxxY motif plays an upstream role, perhaps in the
collision process that leads to DNA cleavage. We must
therefore consider what happens during these upstream
steps. DNA cleavage by EcoR124I requires the interaction
of two independent HsdR motors that stochastically move
over many thousands of base pairs (29,32). If each
collision event were to result in cleavage of only one
strand, then many collision/cleavage events would need to
occur before two strand scissions were ideally located to
produce a dsDNA break (the probability of two successive
collision events occurring at the same location being very
small). There would therefore be a marked difference in
the cleavage kinetics; the nicked DNA would accumulate
because multiple collision/nicking events would be
required to generate a dsDNA break. Alternatively, if
each collision event were to result in the concerted
cleavage of both strands, the rate of accumulation of the
linear DNA would be markedly faster and nicked DNA
would not accumulate. The cleavage profile observed for
the wild-type HsdR is more consistent with the second
scenario in which there is a concerted cleavage of both
strands during one collision event. The probability of
concerted cleavage will be dictated by the lifetime of the
collision complex versus the time required to cut both
strands. If a mutation in HsdR were to reduce this
lifetime, then the probability of cleavage before dissocia-
tion would also be reduced even if the cleavage rate were
unaffected. This would have several effects: The lag before
appearance of the first strand break would increase; The
apparent rate of the first strand cleavage would decrease;
The apparent rate of cleavage of the second strand would
decrease as a function of the number of random collision/
nicking events; and, because of the inhibition of the
EcoR124I reaction with time, the amount of uncut DNA
and DNA cut in only one strand would increase. A
number of observations made with the mutants are
consistent with just such a role for the QxxxY motif in
stabilizing the catalytic site on the DNA during collision:

(1) For every QxxxY mutant examined which could
still cleave DNA, the lag before the accumulation
of the first cleaved species was measurably longer
than wild-type (Table 1). Since the mutants
showed conventional DNA translocation properties
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(Figure 4, Table 1), this suggests that collision events
were less successful.

(2) The QxxxY mutants all showed a greater accumula-
tion of nicked DNA intermediate compared to wild-
type (Figure 5).

(3) The accumulation of linear DNA by the QxxxY
mutants was even more inefficient than the accumu-
lation of nicked DNA.

(4) The stability of the R2-complex was, in each case,
moderately but systematically reduced (Figure 3,
Table 1).

What role could the glutamine and tyrosine residues play
that would give the above effects? Given that the
mutations at Y183 had the greatest effect on both DNA
binding and cleavage (Figures 3 and 5, Table 1), we
suggest that the tyrosine residue of the QxxxY motif could
be involved in stabilizing the catalytic domain on the
DNA. The hydroxyl residue is clearly important since the
Y183F mutant still showed a reduced DNA binding
affinity and a reduced DNA cleavage rate. A DNA-
binding role may be equivalent to the role of residues
K148, N149 and W150 of the Type II RM enzyme EcoRI,
that make direct contacts to the non-bridging oxygens of
the ‘primary clamp phosphate’ (34,35; Supplementary
Figure 3). These residues are located on the a-helix
immediately C-terminal to Motif III, equivalent to the
location of the QxxxY motif, and face towards the
phosphodiester backbone. It is proposed that the primary
clamp phosphates are intimately coupled with the entire
recognition/cleavage network of EcoRI and assist in
distorting the DNA so that cleavage can occur (34,35).
The exact location of the DNA relative to the PD-(E/
D)xK motifs of RecB-family nucleases is not known, but
the hypothetical route of the DNA from the RecC channel
in RecBCD would allow the DNA to approach the
nuclease catalytic centre of RecB in the same manner as
the EcoRI example (17; Supplementary Figure 3). The
tyrosine residue would then be in an ideal location to play
a role in binding and stabilizing the DNA during cleavage,
perhaps via a clamp phosphate adjacent to the scissile
phosphodiester. A similar role for Y183 in EcoR124I
HsdR would explain the results we observed; a reduced
affinity of the nuclease motif would mean a reduced
lifetime of the nuclease motif on the DNA and so fewer
successful cleavages during a collision event.
The glutamine residue of the QxxxY motif could play a

related role, either in directly contacting the DNA, or in
coordinating the tyrosine residue. The combined loss of
both Q179 and Y183 residues in EcoR124I disrupted the
interaction sufficiently to completely prevent DNA
cleavage. However, the glutamine residue appears dis-
pensable in some cases. There are examples of repair
enzymes that show close homology to RecB nucleases but
which lack this residue [e.g. The Slr0569 protein from
Synechocystis species strain PCC 6803, has a TxxxY
version (10)]. We also found that �20% of those HsdR
examined did not appear to have a clear QxxxY motif.
However, many of these HsdRs, including EcoKI (8),
retain the tyrosine residue (data not shown). It is possible
that the role of the glutamine can be fulfilled by other

residues (as in the alternative RecB nucleases). It is also
possible that the glutamine is donated from a different
part of the HsdR that is distant in the primary sequence
but proximal in the 3D structure. Alternative spatial
arrangements of motifs are also seen in Type II restriction
endonucleases (12).

If the QxxxY motif plays a role in stabilizing the
nuclease domain on the DNA, why would the RecB-
family nucleases and Type I enzymes in particular have
retained this motif? What features of the DNA cleavage
mechanism are peculiar to these enzymes? In simple terms,
RecB is a ssDNA-specific endonuclease. Although there is
no evidence that DNA unwinding plays a part in the
cleavage mechanism of Type I RM enzymes, we cannot
rule out that DNA distortion in the collision complex
leads to strand separation [the DNA between the enzymes
would be expected to be overwound (29), and a large
increase in twist at high stretching force can induce a
transition in which the DNA bases are believed to be
exposed (36)]. A role for the QxxxY motif in stabilizing
protein–protein contacts between Type I enzymes during
collision and DNA cleavage is unlikely to be important
since RecB does not require nuclease domain dimeriza-
tion. Instead, the importance of this motif may be because
many of these nucleases move along and cleave non-
specific DNA, either as passive exonucleases (e.g. RecE),
or as nucleases that process DNA that is translocated via a
helicase motor (e.g. RecBCD, EcoR124I). The nuclease
domain of the Type I enzymes is believed to be ahead of
the dsDNA motor in the direction of motion (37). The
probability of the nuclease domain binding the DNA at a
given site will therefore be affected by the rate of DNA
translocation. The QxxxY motif may act as a molecular
anchor, opposing DNA motion long enough for the
nuclease motifs to engage, and potentially cleave, the
polynucleotide track.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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