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ABSTRACT

Many enzymes acting on DNA require Mg?* ions
not only for catalysis but also to bind DNA. Binding
studies often employ Ca?* as a substitute for Mg?",
to promote DNA binding whilst disallowing cataly-
sis. The Sfil endonuclease requires divalent metal
ions to bind DNA but, in contrast to many systems
where Ca®* mimics Mg?*, Ca?* causes Sfil to bind
DNA almost irreversibly. Equilibrium binding by
wild-type Sfil cannot be conducted with Mg2+ pres-
ent as the DNA is cleaved so, to study the effect of
Mg?* on DNA binding, two catalytically-inactive
mutants were constructed. The mutants bound
DNA in the presence of either Ca?* or Mg?* but,
unlike wild-type Sfil with Ca?*, the binding was
reversible. With both mutants, dissociation was
slow with Ca?* but was in one case much faster
with Mg?*. Hence, Ca®* can affect DNA binding dif-
ferently from Mg?*. Moreover, Sfil is an archetypal
system for DNA looping; on DNA with two recogni-
tion sites, it binds to both sites and loops out the
intervening DNA. While the dynamics of looping
cannot be measured with wild-type Sfil and Ca®,
it becomes accessible with the mutant and Mg?*.

INTRODUCTION

Most enzymes that act at phosphodiester bonds in DNA
require divalent metal ions as catalytic cofactors, usually
Mg®* (1-3). These include, with just one independent
exception (4), all of the several thousand restriction endo-
nucleases identified to date (5). The majority of the restric-
tion enzymes discovered by biochemical methods fall into
the Type II category (6). The Type II enzymes recognize
specific sequences of 4-8 bp, though these are sometimes
interrupted by a non-specific sequence of specified length,

and cleave the DNA at fixed locations within or close
to their recognition sites (7-9). Most show their maximal
activity with Mg ", have lower activities with some metal
jons such as Mn>" but have no activity with Ca>* (7.9),
though some Type I enzymes deviate from the majority in
this respect (10).

In the absence of divalent ions, certain restriction
enzymes bind DNA specifically at their recognition sites
even though they cannot cut the DNA (11-13). Others
bind DNA non-specifically under these conditions,
without significant selectivity for their recognition sites
(14-17), while further systems show no detectable affinity
for any DNA sequence without metal ions (18-20).
However, the enzymes that have either no detectable
affinity for DNA in the absence of divalent metal, or no
significant selectivity for their recognition sites, almost
invariably show strongly enhanced affinities for their
target sites in the presence of Ca®" (18,20-23). Since
first being applied to the EcoRV endonuclease (21),
Ca®" has been used extensively in both equilibrium bind-
ing and structural studies on enzyme-DNA complexes,
not only with restriction nucleases but also with many
other Mg®>"-dependent enzymes acting on DNA (1-3).
Moreover, with EcoRV, Ca’" was shown to be a ‘near-
perfect analogue’ for Mg”> " in DNA binding (24).

Restriction enzymes often contain at their active sites
a partially conserved sequence motif, (E/D)...PD...(D/
E)XK, containing three carboxylates and a lysine (2,25).
The carboxylates usually bind two metal ions: the metal
used in the crystal structures of the enzyme—substrate
complexes is normally Ca®". Replacement of any one of
these carboxylates with an alanine obliterates catalytic
activity, but the resultant proteins often bind DNA
more avidly than the wt (wild-type) enzyme, sometimes
specifically at their recognition sites even in the absence
of divalent metal ions (13,16,26,27). The enhancement
in binding is most likely due to the removal of charge
repulsion between the active-site carboxylates and the
DNA phosphate at the scissile bond, as a similar effect
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can be obtained by lowering the pH to protonate the car-
boxylates (13,22,28). Moreover, DNA binding by these
catalytically inactive proteins can also be studied in the
presence of the natural cofactor Mg®" (23,24,29): like
Ca’" with the wt enzymes, Mg?" can induce the mutants
to bind specifically at their recognition sites.

Many Type II restriction endonucleases are dimeric
proteins that interact symmetrically with palindromic
recognition sequences (5-7), so that one active site is posi-
tioned to cleave one strand of the DNA and the second
the complementary strand (2,8,9). Such enzymes bind to
individual copies of their recognition site and cleave each
site in a separate reaction. However, a large number of the
Type II enzymes are fully active only after binding two
copies of the recognition sequence and are virtually inac-
tive when bound to a single copy (30-34). Some such
enzymes, the Type IIE systems (6), use one copy of the
site as an allosteric ligand to activate the catalytic reaction
at the other copy (30,33). A Type IIE enzyme thus cleaves
DNA with two sites by binding to both sites and looping
out the intervening DNA (34,35) before cutting just one
site (36). Other systems, the Type IIF enzymes, form tet-
ramers with two identical DNA-binding clefts, but these
become catalytically competent only when both clefts are
filled with cognate DNA (20,37-39). Hence, the Type IIF
enzymes also act on DNA with two sites by binding to
both sites and trapping the intervening DNA in a loop,
but they then usually cut both sites before dissociating
from the DNA, without liberating intermediates cut at
one site (36-41).

The archetype of the Type IIF systems, the first to be
identified as tetrameric enzyme acting at two DINA sites, is
the Sil endonuclease (37). In the presence of Mg® ", Sfil
cleaves DNA at the sequence GGCCNNNN|NGGCC
(where N indicates any base and | the point of cleavage)
(42). Without any divalent metal ion, it shows no detect-
able binding to DNA with this or any other sequence but,
in the presence of Ca®", it binds specific duplexes much
more readily than non-specific DNA, forming complexes
containing the tetramer bound to two duplexes (18). The
binding is highly cooperative: the complex with one
duplex is not formed to a significant extent during the
association and has virtually no activity (18,39). Even
though Sfil cannot bind two duplexes in trans in the
absence of metal ions, it can under these conditions trap
loops on plasmids with two Sfil sites in cis, albeit only
transiently as the loops dissociate rapidly (43,44).
Conversely, in the presence of Ca®*, Sfil forms extremely
stable loops on two-site plasmids that last for >> 7h,
much longer than the loops formed with other Type IIE
and IIF restriction enzymes (35,44).

The complex of the Sfil nuclease bound to two DNA
duplexes was crystallized in the presence of Ca’" (45).
Two subunits bind one duplex on one side of the tetramer
and the other two the second duplex on the opposite side
of the protein: each subunit contacts the specified base
pair in one half of the recognition sequence. However,
their active sites contain only one Ca®" jon and this is
located too far away from the scissile phosphodiester to
interact with it directly (Figure la). This situation con-
trasts with that in a related restriction enzyme, Bgll

(Figure 1b), which was also crystallized as a DNA—protein
complex with Ca®" (46). Bgll is a dimeric enzyme that
recognizes a truncated Sfil site, GCCNNNN|NGGC,
but despite their dissimilar amino acid sequences, the
monomers of Bgll and Sfil have similar structures (47).
The active site in Bgll has the same arrangement of
three carboxylates and a lysine as Sfil but contains two
Ca’" ions coordinated by the carboxylates and by the
phosphate at the scissile bond. The two Ca”>" ions in the
active site of Bgll lie close to the positions from which
Mg?* ions could catalyse phosphodiester hydrolysis by
a two-metal mechanism (1-3,25), while a Mg®™ at the
site of the single Ca®" in Sfil cannot function catalytically.
It seems likely that the crystal structure of the Sfil-Ca®"
~DNA complex differs from the Sil-Mg”> " ~DNA com-
plex that carries out the catalytic reaction.

The aim of this study was to determine the role of the
metal ion in DNA binding by Sfil and the extent to which
Ca’" can mimic Mg?>" in this respect. This study also
yielded an experimental system that is exploited in the
following paper (48) to observe directly loop capture
and release by Sfil on single DNA molecules.

MATERIALS AND METHODS
Mutagenesis

Plasmids carrying the genes for the Sfil modification and
restriction enzymes, pSYX33-SfilM * and pRRS-SfilR *
respectively, were gifts from I. Schildkraut and S-Y Xu
(New England Biolabs). These were used to transform
Escherichia coli ER2353, first with the modification
plasmid to give E. coli ER2353[pSYX33-SfilM ] and
then with the nuclease plasmid to give ER2353[pSYX33-
SAIM ", pRRS-SfilR "]. The mixture of plasmids from
this strain was subjected to site-directed mutagenesis of
the gene for the Sfil nuclease by the QuikChange
method (Stratagene), using primers that specified either
the D79A or the D100A substitution. The resultant pro-
ducts were used to transform ER2353[pSYX33-SfilM *].
Plasmids were isolated from the transformants and the
derivatives of pRRS-SilR " sequenced across the entire
gene for the Sfil nuclease (University of Dundee
Sequencing Service): no mutations other than those
targeted were introduced.

Proteins and DNA

Wt Sfil was purified from E. coli ER2238[pSYX33-
SAIM ", pRRS-SfilR "] as described previously (37), as
were also the D79A and the D100A proteins from strains
carrying these mutations. Sfil concentrations were
assessed from A,go readings using the extinction coefficient
for the tetrameric form of M, 124 176 (41). Sedimentation
equilibrium studies used a Beckman XLA ultracentrifuge
as before (20). Protein structures were analysed in
INSIGHT II v2005 (Accelrys, San Diego).

The supercoiled form of the plasmid pGB1 (37) was
purified as before (39) from E. coli ER2267[pGBI] that
had been grown in media containing 37 MBq/l
[methyl-*H] thymidine (GE Healthcare). The linear form



of pGBI1 was generated by cutting the plasmid at its single
Ndel site.

Oligodeoxyribonucleotides were obtained HPLC-
purified from Sigma Genosys. They were annealed to
give the duplexes in Table 1 by mixing equal concentra-
tions of two oligonucleotides with complementary
sequences in 20mM Tris—HCI (pH 8.0), 100mM NacCl,
heating to 95°C and then cooling overnight to room
temperature.

Enzyme assays

Activities of wt and mutant Sfil proteins were assessed by
adding 10 pl enzyme—diluted to the requisite concentra-
tion in Sfil dilution buffer (37)—to 190 ul *H-labelled
DNA in reaction buffer [I0mM TrissHCl (pH 7.9),
50mM NaCl, 10mM MgCl,, ImM DTT, 100pg/ml
BSA] at 50°C. Aliquots (15ul) were removed from the
reactions at various times after adding the enzyme (one
was removed before, the zero time-point) and mixed
immediately with 10pl Stop Mix (37,41). The samples
were analysed by electrophoresis through agarose under
conditions that separated the DNA substrate from
the cleaved products and the concentration of each form
at each time point determined by scintillation counting
(36,40).

Gel retardation

Aliquots of Sfil protein (wt, D79A or D100A) in Sfil dilu-
tion buffer were added to HEX-35 (Table 1), to HEX-21
or to a mixture of HEX-35 and HEX-21, to give 20 ul
solutions that contained 5nM Sfil tetramer and 10nM
duplex in Ca®>" binding buffer [10mM Tris-HCl (pH
7.5), 25mM NaCl, 2mM CaCl,, 5SmM BME, 100 pg/ml
BSA]. After 30 min at room temperature, the samples were
mixed with 10l 6.6% (w/v) Ficoll 400 in Ca®" binding
buffer and applied to 8% polyacrylamide gels in 45 mM
Tris—borate (pH 8.3), 2mM CaCl,, as described pre-
viously (14,39). After electrophoresis, the gels were
scanned in a Molecular Dynamics PhosphorImager with
illumination at 532nm: the emission from each HEX-
labelled species was recorded though a 555nm filter and
analysed in IMAGEQUANT (Molecular Dynamics).
The displacement of labelled DNA from the Sfil protein
(wt or DI00A) was examined by first incubating for
30min at room temperature 10nM HEX-35 and 7.5nM
Sfil tetramer in Ca’ " -binding buffer, before adding C-21
(Table 1) to a final concentration of 100nM. The addi-
tions of C-21 to each sample of HEX-35 and Sfil protein
were made at specified times before applying the samples
to a polyacrylamide gel: the time intervals between
the addition and gel-loading varied from 0.5 to 24h.
The amounts of bound and free HEX-labelled
DNA were quantified as above. The changes in the
concentration of each form of HEX-35 were analysed
as a function of time by fitting to exponential functions
in GRAFIT (Erithacus Software). Reaction schemes
were modelled in BERKELEY MADONNA (http://
www.berkeleymadonna.com).

Nucleic Acids Research, 2009, Vol. 37, No. 16 5445

Fluorescence methods

Fluorescence measurements over extended time scales
were recorded at 25°C in a Fluorolog Tau-3 spectrofluori-
meter (Horiba Jobin Yvon). Complexes between the Sfil
protein (D79A or D100A) and oligoduplexes labelled with
Alexa Fluor 350 (Molecular Probes) were detected by flu-
orescence energy resonance transfer (FRET) between the
Trp residues in the protein and the Alexa Fluor 350: trp
fluorescence was excited at 290 nm and the emission from
Alexa Fluor 350 observed at 438 nm. The reactions, in
Smm cuvettes, started with mixtures containing 50 nM
Alexa-21 (Table 1) and 25nM Sfil protein in either
Ca’" or Mg?>" fluorescence buffers [I0mM Tris—-HCI
(pH 7.5), 25mM NaCl, 5mM BME and either 2mM
CaCl, or 2mM MgCl, respectively]. After ~5min, C-21
was added to a final concentration of 500 nM. The emis-
sion was recorded before adding the C-21 and at 1-15min
intervals over the following 3 h: values are cited relative to
that on adding the C-21. Parallel measurements were
made on the enzyme alone, to correct for photobleaching
of the Trp residues.

Fluorescence measurements over short time scales were
recorded at 25°C in a SF61-DX2 stopped-flow fluorimeter
(Hi-Tech Scientific): excitation was at 290 nm and emis-
sion (in arbitrary units) observed through a cut-off filter
that transmits wavelengths >455nm. For each experi-
ment, >5 transients were averaged. Association reactions
were carried out by mixing Alexa-21 with an equal volume
of Sfil protein, both in Mg®>* or in EDTA fluorescence
buffer (with 2mM EDTA in place of MgCl,). For the
dissociation of Alexa-21 from the D79A protein, a solu-
tion containing 50nM D79A and 100nM Alexa-21 in
Mg " fluorescence buffer was mixed in the stopped-flow
with an equal volume of 1uM C-21. The subsequent
decrease in the FRET signal was monitored.

RESULTS
Mutagenesis

In the crystal structure of the Sfil endonuclease bound to
its recognition sequence in the presence of Ca?" (45), the
active site contains one Ca®" ion, but this is located too
far away from the target bond for any direct role in phos-
phodiester hydrolysis (Figure la). The Ca’" is coordi-
nated by Asp79 and Aspl00 and by water molecules. In
contrast, the crystal structure of Bgll (46), a closely-
related restriction enzyme, shows two Ca’’ ions per
active site, ideally positioned for phosphodiester hydroly-
sis, one of which is coordinated by the aspartate residues
that are analogous to Asp79 and Aspl00 in Sfil
(Figure 1b). Asp79 and Asp100 in Sfil correspond to the
second and third carboxylates in the (E/D)....PD....
(D/E)XK motif commonly found at the active sites of
restriction enzymes. Hence, though Asp79 and Aspl00
are too far away in the crystal structure for any direct
role in catalysis, the crystal structure may reflect a pre-
catalytic state (45) and that a metal bound to Asp79 and
Aspl100 may become involved in catalysis after conforma-
tional changes. To test this possibility, two mutants of the
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Sfil enzyme were constructed, in which Asp79 and Asp100
were replaced separately with alanine, to give D79A and
DI100A respectively.

The Sfil nuclease displays its optimal activity on DNA
with two copies of its recognition sequence, in reactions
with equimolar concentrations of enzyme and substrate
(40,43). It interacts more readily with two sites in cis, on
the same DNA, than with sites in trans, on separate DNA
molecules (37,39), but excess enzyme over DNA leads to
separate (inactive) tetramers of the enzyme at each site
rather than a single (active) tetramer spanning two sites.
The activities of wt Sfil and both the D79A and the
DI100A mutants were tested under these optimal condi-
tions using as a substrate a 7.6 kb linear DNA with two

(a) Sfil (b) Bgll

T T A A

Ca22+ P /
Ca12+ éa1z+
o K144
ESS K102
E87
D116 D142
D79 D100

Figure 1. Active sites of (a) Sfil and (b) Bgll. The crystal structures of
Sfil and Bgll, in their complexes with cognate DNA and Ca®", both
contain three carboxylates and a lysine: in Sfil (a), ESS, D79, D100 and
K102; in Bgll (b), E87, D116, D142 and K144. Also shown in both (a)
and (b) is the tri-nucleotide sequence centred on the scissile phosphate
(marked with an arrow indicating the direction of the attacking nucleo-
phile). The nucleotides and the side chains of the key amino acids are in
‘stick’ format (the DNA in green; the amino acids in yellow), with
functional groups coloured as follows: red, oxygen; blue, nitrogen;
purple, phosphorous. The sections of peptide main-chain included
here are in ‘ribbon’ format: in brown for the residues noted above;
in green for the remainder. The Ca®>" ions are shown as non-bonded
grey spheres: water molecules have been omitted. Data from the RCSB
Protein Data Bank; accession codes 2EZV for Sfil and IDMU for Bgll.

(a) WT (b) D79A

Sfil sites separated by 1kb (Figure 2). Linear rather than
circular DNA was used so that the only products detected
were those with double-strand breaks at one or both Sfil
sites: products with single-strand breaks, of the sort made
by non-specific nuclease contaminants, are not detected.
Under these conditions, wt Sfil converted the entire DNA
into the final product cut at both sites within 0.5 min,
as expected (40). In contrast, neither the D79A nor the
DI100A mutants gave any detectable cleavage, even after
overnight incubations. Hence, Asp79 and Asp100 are both
essential for catalysis by Sfil, and substituting these resi-
dues with alanine destroys activity.

Molecular weights for the D79A and D100A proteins
were determined, in parallel with the wt enzyme, by sedi-
mentation equilibrium in the analytical ultracentrifuge.
MW values of 117, 116 and 112kDa were obtained for
the wt, the D79A and the D100A proteins, respectively
(data not shown). The subunit MW for Sfil is 31kDa
so both the D79A and DI100A proteins are, like the wt,
tetramers. The D79A and D100A variants thus seem to be
suitable systems with which to explore the effects of Ca®*
and Mg”>" on DNA binding by Sfil.

Association by gel shifts in Ca®*

DNA binding by wt and mutant Sfil proteins was initially
examined by the gel shift method. Two substrates of dif-
ferent lengths were used: HEX-35 and HEX-21 (Table 1),
35 and 21 bp long, respectively. Both contained the recog-
nition sequence for Sfil and carried at the 5" end of one
strand a hexachlorofluorescein (HEX) moiety, so that
after electrophoresis the labelled DNA could be detected
by fluorescence imaging. Previous gel shift studies with
wt Sfil had revealed DNA—protein complexes only with
cognate duplexes and only in the presence of Ca® " (18,39).
Under these conditions, the addition of wt Sfil to HEX-
21, or to HEX-35, gave in each case a single retarded com-
plex; the 21 bp complex was retarded less than the 35bp
complex (Figure 3). However, when wt Sfil was added to
mixtures of HEX-21 and HEX-35, it yielded—as before
(18,39)—three complexes: one with the mobility of
the 21 bp complex, another equivalent to the 35bp com-
plex and a third with intermediate mobility (Figure 3).

(c) D100A

KPQ

«S P1
¥

10 20 30 0

[DNA] (nM)
o = N W H
o = N W~ O

0 05 1

100 200 300 1400 O

o = N w b O

100 200 300 1400

Time (minutes)

Figure 2. Enzyme activities. The reactions contained, in reaction buffer at 50°C, 5nM [*H]-labelled DNA (the linear form of pGBI, a plasmid with
two Sfil sites), and 5nM enzyme: (a), wt Sfil; (b), D79A; (¢), D100A. Aliquots were taken at various times after adding the enzyme to the DNA and
quenched immediately. The quenched samples analysed by electrophoresis through agarose and the amounts of each form of the DNA were
determined as in the ‘Materials and Methods’ section. For wt Sfil (a), the following are shown: linear DNA substrate (marked S), filled circles;
DNA cut at one Sfil site (marked P1), open triangles; the mean of two products after cutting both Sfil sites (marked P2), open squares. For D79A
(b) and D100A (c), the following are shown: linear DNA substrate (marked S), filled circles; the sum of all cleaved products (P1 + P2), open inverted
triangles. All three panels employ discontinuous time scales.



Table 1. Oligoduplexes

Duplex  Sequence

HEX-35 5-HEX-TCGATCCATGTGGCCAACAAGGCCTATTTGTCGAT-3’
3/- AGCTAGGTACACCGGTTGTTCCGGATAAACAGCTA-5'

C-21 5'-ATGTGGCCAACAAGGCCTATT-3’

3/-TACACCGGTTGTTCCGGATAA-5'

HEX-35 is a 35bp duplex that carries the recognition sequence for Sfil
(underlined) and a hexachlorofluorescein (HEX) moiety attached
through a Cq linker to the 5 end of the top strand. C-21 is a 21bp
duplex that has the same sequence as HEX-35 over the innermost 21 bp
of HEX-35, which includes the Sfil recognition sequence. HEX-21 and
Alexa-21 (not shown) are derivatives of C-21 that carry at the 5 end of
the top strand either HEX or Alexa Fluor 350, respectively.

The yields of the three complexes varied with the ratio
of the two duplexes in a binomial manner. The most
retarded complex must therefore be the Sfil tetramer
bound to two 35bp duplexes and the least retarded the
tetramer with two 21 bp duplexes, while the intermediate
carries one of each: these will be noted as EA,, EB, and
EAB respectively.

Under the same conditions with Ca®* present, the addi-
tion of the D100A mutant of Sfil to either HEX-21 or
HEX-35, or to mixtures of the two, gave the same series
of retarded complexes as the native enzyme, as did also
the D79A mutant (Figure 3). Hence, like wt Sfil, both
mutants exist as tetramers that can bind two DNA mole-
cules at the same time. Moreover, the concentration of
tetrameric protein required to bind essentially the entire
DNA preparations in the mixtures of HEX-21 and HEX-
35 was one-half of the total DNA concentration (10 nM).
Hence, in the presence of Ca®*, both mutant and wt pro-
teins bind the duplexes with high affinities (Kp << 10 nM).

Dissociation by gel shifts in Ca**

To measure the dissociation of DNA bound to Sfil in
the presence of Ca®" ions, the enzyme—either wt Sfil or
D100A—was first incubated with a labelled DNA that
contained the recognition sequence (HEX-35): the labelled
DNA was at a lower concentration than DNA-binding
sites in the Sfil tetramer, to ensure almost all of it was
bound. A 10-fold excess of an unlabelled DNA, that
also had the recognition site (C-21: Table 1), was then
added. The samples were analysed by electrophoresis
through polyacrylamide to separate the various forms of
the labelled DNA: the enzyme carrying two molecules of
HEX-35, or one HEX-35 and one C-21, or free HEX-35
after its dissociation from the enzyme (Figure 4a).
The additions of the unlabelled DNA to the samples of
the labelled DNA-Sfil mix were made at various times
before loading the samples onto the gel, and the amounts
of each form of HEX-35 evaluated at each time point
tested (Figure 4b).

When C-21 was added to wt Sfil bound to HEX-35,
a small fraction (<10%) of the doubly-bound complex
(Figure 4a) was converted in <30 min to the hybrid com-
plex, with one HEX-35 and one C-21, and to free HEX-35.
However, virtually no further dissociation of the HEX-35
occurred over the following 24 h. This behaviour contrasts
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WT D100A
Hex-21 |10(10|7 (5|3 |0 |10({7|5|3|0|10{7|5|3|0| O
Hex-35 |0|0|3 (5|7 |10/0(3|5|7(10f0 (3 |5|7 (10|10

E:\.‘
E_f -8
o

Hex-35 9

Hex-21 9 4

Figure 3. DNA binding. Samples were prepared by adding Sfil enzyme
(in the lanes marked +), or a buffer blank (lanes marked —), to the
following preparations of DNA in Ca®" binding buffer: HEX-21 alone;
mixtures of HEX-21 and HEX-35; HEX-35 alone. The Sfil protein,
either wt, DIO0OA or D79A, as indicated above the panel (in red,
blue and fuscia, respectively), was at a final concentration of 5nM.
The DNA was at a total concentration of 10nM: the individual con-
centrations of HEX-21 and HEX-35 in each sample are as indicated
above the corresponding lane. After 30 min at room temperature, the
samples were subjected to electrophoresis through polyacrylamide and
the gels analysed in a PhosphorImager to record the HEX fluorescence.
The electrophoretic mobilities of free HEX-21 and HEX-35 are
indicated by arrows on the left of the gel. The mobilities of three
DNA-protein complexes are also marked by the cartoons on the left:
in order of increasing mobility, the Sfil tetramer bound to two mole-
cules of HEX-35, to one HEX-35 and one HEX-21, and to two mole-
cules of HEX-21.

steeply with that observed after the addition of wt Sfil to a
mixture of 21 and 35 bp DNA molecules, which gave close
to a binomial distribution between the bound species
(Figure 3), which in turn shows that the enzyme must
have approximately equal affinities for the 21 and the
35bp duplexes. Hence, the inability of the 21 bp DNA to
displace the 35 bp duplex from wt Sfil cannot be due to too
low an affinity. The binding of C-21 must instead be limited
kinetically by the prior dissociation of HEX-35, which for
wt Sil with Ca>" must have a half-time (t.,) of >>24h.

Conversely, the addition of C-21 to the complex of
DI100A with HEX-35 led eventually to the displacement
of about 90% of the HEX-35 from the mutant, the level
expected given the 10-fold excess of C-21. However, the
decline in the concentration of the species carrying two
molecules of HEX-35 showed biphasic kinetics (the best
fit to a single exponential decay deviated substantially
from the data: Figure 4b): about 33% of the decline
occurred at a relatively rapid rate (1.4x1073s™ !
Ty, = 8min) and the remaining 67% about 10 times
more slowly (1.7 x 107*s~!, ©,, = 68 min). If the dissocia-
tion rate is limited by a single step, for example

EA;, — EA +A,

then the decline in the concentration of EA, will follow
a single exponential (Supplementary Figure 1). The sim-
plest scheme to account for the biphasic decline is that it is
governed by a slow equilibration between two forms of the
EA, complex,

E*AQ <:) EA2 —EA + A,
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(a) WT
01 2 4 6 24

D100A
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Figure 4. Dissociation in Ca®": gel shifts. (a) Each sample contained,
in Ca®" binding buffer, 7.5nM enzyme (wt Sfil, left-hand lanes;
DI100A, right-hand lanes) and 10nM HEX-35. After 30 min at room
temperature, C-21 was added to a final concentration of 100nM and
the incubation at room temperature continued until the sample was
loaded onto a polyacrylamide gel. The interval (in h) between the
time of addition of C-21 to each sample and the time when all the
samples were loaded onto the gel is recorded above each lane: for wt
Sfil, 0-24 h; for D100A, 0-3h. After electrophoresis, the gel was ana-
lysed in a Phosphorimager to record the HEX fluorescence. The elec-
trophoretic mobilities of Sfil bound to two molecules of HEX-35 (EA,),
to one HEX-35 and one C-21 (EAB) and that of the free HEX-35 (A)
are marked on the right of the gels. (b) The fluorescence intensity from
each band in the gel with D100A was measured to assess the amounts
of HEX-35 in the following species: D100A bound to two HEX-35
molecules, open circles; DI00A bound to one HEX-35 and one C-21,
closed triangles; free HEX-35, open squares. The decline in the concen-
tration of the species with two HEX-35 molecules with time was fitted
to a single and to a double exponential decline to an end-point of
1.0nM (to account for the 10-fold excess of C-21 over HEX-35). The
best fit to a single exponential (red line) gave a rate constant of
2.2(+£0.2) x 10735~ and the best fit to a double exponential (blue
line) the following parameters: fast phase, 3.8nM at 1.4(£0.2) x
1073s7!; slow phase, 5.2nM at 1.7(+0.1) x 10~#s7".

so that one fraction of the decline in the concentration
of the species with two HEX-35 molecules occurs at the
relatively fast rate of the EA, — EA step while the remain-
der is limited by the slower E*A,— EA, transition
(Supplementary Figure 1). The partition between the fast
and slow phases can then be assigned to the initial ratio
of [EA,] to [E*A,].

This scheme implies that, for D100A bound to HEX-35
in the presence of Ca® ", ~33% of the DNA-protein com-
plex is in the EA, state, from which the DNA dissociates
with a 1, of 8 min, while ~67% starts from the E*A,
state, from which the rate of dissociation of the DNA
is limited by the E*A, — EA, transition, which occurs
with 1., at 68 min. Moreover, the same scheme can

accommodate the behaviour of wt Sl with Ca®". With
the wt enzyme, only a small fraction (~10%) of the DNA-—
protein complex appears to be in its EA, state, from which
the DNA can dissociate within 30 min, while the remain-
der is trapped in an E*A, state. For wt Sfil in Ca®", the
E*A, — EA, step fixes the half-time for DNA dissociation
at >>24h.

Ca’" jons thus cause wt Sfil to bind almost irreversibly
to its recognition sequence (Figure 4a). However, Ca’"
has a less severe effect on DNA binding by the D100A
mutant of Sfil, as the dissociation from the DNA from the
mutant proceeds to completion over a finite—albeit
extended—time scale, the complete process taking ~3 h.

FRET in Ca?*

As in previous studies with EcoRV (17), the dynamics of
the interactions of the D100A and D79A proteins with
DNA were characterized by FRET. The dye Alexa
Fluor 350 was attached to the 5 end of a 21 bp DNA
via a Cg linker (Alexa-21: Table 1). Each subunit in the
Sfil tetramer contains three Trp residues (45) and the flu-
orescence emission from tryptophan overlaps the excita-
tion spectrum of Alexa Fluor 350. Following excitation of
the Trps, the emission from the Alexa Fluor 350 will be
enhanced whenever the dye on the DNA is located close to
the Trp residues in the protein. A 21bp substrate was
used, rather than the 35bp duplex, so that when the
DNA is bound to the protein, the label is within energy
transfer distance of the Trp residues in the adjacent sub-
unit of the protein; it will be 25-40 A away. However, an
Alexa Fluor moiety attached to one end of the 21 bp DNA
will be within 65A of the Trps in all four subunits, still
inside the distance for at least some transfer, so the FRET
signal will not necessarily vary linearly with the extent of
binding. For example, the FRET signal from one bound
Alexa-21 may be >50% of that from two, as a single dye
may be able to capture >50% of the total energy transfer
from all 12 Trp residues. Consequently, no attempt was
made here to evaluate donor-acceptor distances from the
amplitudes of the FRET changes and instead this signal
was used solely to monitor the kinetics of DNA binding.

The FRET method was tested by first applying it to a
reaction that had been characterized previously by gel
retardation, the displacement of labelled DNA from
D100A with an unlabelled competitor in the presence of
Ca’" (Figure 5a). The labelled DNA was Alexa-21 while
C-21 was again employed as the competitor. The addition
of the competitor resulted in a decrease in the emission
from the Alexa-21 over a ~3h time period. The decrease
followed similar kinetics to those for the decline in the
concentration of the complexes with two labelled duplexes
that had been measured by gel retardation (Figure 4).
Both gave biphasic curves that could be fitted to double
(but deviated from single) exponentials, with virtually the
same parameters for both fast and slow phases: in both
cases, ~40% of the decline occurred at a relatively rapid
rate (1.4 x 1072 to 1.9 x 10> s~ ") and ~60% at a ~10-fold
slower rate (1.6 x 107* to 1.7 x 10~*s™1). However, since
the FRET signal may not be related linearly to the degree
of saturation of the Sfil tetramer with Alexa-21, the
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Figure 5. Dissociation in Ca®>": FRET. Reactions were conducted by
first incubating, in a cuvette in the spectrofluorimeter, S0 nM Alexa-21
and 25nM Sfil protein [in (a) D100A; in (b) D79A] in Ca®" fluorescence
buffer at 25°C before adding C-21 to a final concentration of 500 nM.
Fluorescence excitation was at 290 nm and emission observed at 438 nm:
values cited are relative to that directly after the addition of C-21. In both
panels, the decrease in emission with time was fitted to a single exponen-
tial decline (red line) and to a double-exponential (blue line), both with
offsets. For D100A (a), the best fits were with the following parameters:
single exponential, AF (change in relative fluorescence) = —0.17(£0.01),
k (rate constant) = 5.4(£0.5) x 10~*s™"; double exponential fast phase,
AF; = —-0.10(£0.01), k; = 1.9(£0.3) x10~3s~"; double exponential slow
phase, AF, = —0.13(£0.01), k, = 1.6(£ 0.6) x 10~*s~". For D79A (b),
the best fits were as follows: single exponential, AF = —0.11(£0.004),
k=49(£ 0.5)x 107*s7!; double exponential fast phase, AF, = -0.03
(£0.01), k; =7.8(£3.4)x 10>s™"; double exponential slow phase,
AF, = —0.10(£0.004), k> = 3.8(£0.5) x 10™*s~".

biphasic decline in the fluorescence emission cannot be
correlated to a reaction mechanism. Consequently, in all
of the following, the changes in the FRET signal with time
are related to a single rate constant, to indicate the overall
time scale. For the dissociation of Alexa-21 from D100A
in Ca®", the best fit to a single constant gave a value of
5.4 % 10~*s™! (Figure 5a).

When the complex of the D79A variant of Sfil with
Alexa-21 formed in the presence of Ca’>* was challenged
with excess C-21 (Figure 5b), the FRET signal decreased
over the same time scale, again taking ~3 h to reach com-
pletion. In this case, unlike D100A, the double expo-
nential fit was no significant improvement over the
single-exponential scheme. The dissociation of DNA
from D79A fitted best to a single rate constant, whose
value (4.9 x 107*s™") was similar to the single constant
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for the dissociation from DI100A (5.4 x 10~*s~"). Hence,
while DNA bound to wt Sfil in the presence of Ca®"
remains more or less glued to the protein forever, DNA
bound to the D79A and DI100A mutants can under
these conditions dissociate from the protein, though the
dissociation is slow: both mutant take ~3h to reach
completion.

FRET in Mg**

When tested for DNA cleavage in the presence of Mg” ™",
neither the D79A nor the D100A mutants showed any
detectable level of activity (Figure 2). Provided their lack
of activity is not due to an inability to bind DNA in
buffers containing Mg” ", these variants might allow for
an analysis of the effect of Mg® " on DNA binding by Sfil.
To determine whether these proteins could bind DNA
when Mg®" was present, varied concentrations of either
mutant were mixed with Alexa-21 in the stopped-flow
fluorimeter. Upon excitation of the Trp residues, any
binding of the duplex to the protein should lead to
enhanced emission from the Alexa-21. In all cases, an
enhanced emission was observed. Both the rate and the
amplitude of the increase varied with the protein concen-
tration, higher concentrations leading to faster rates and
larger amplitudes (Figure 6). However, the amplitude
reached its maximal value, when all of the Alexa-21 was
bound, at a lower concentration of DI100A (Figure 6a)
than of D79A (Figure 6b). Hence, in Mg®"-buffer, the
D100A protein has a higher affinity than D79A for cog-
nate DNA. In addition, the rate of association at each
concentration tested was faster with D100A than D79A.
The variations in the rate with protein concentration indi-
cate that, under these conditions, the bimolecular rate
constant for DNA binding by D100A is of the order
of 6x10°M~'s™" while that for D79A is about
2x 108M s

The effect of Mg”>" on the dissociation of DNA from
the DI100A and the D79A proteins was examined by the
same method as used for the dissociation in Ca’"
(Figure 5), by using the FRET signal to monitor the dis-
placement of Alexa-21 from the protein after adding an
excess of an unlabelled competitor DNA, C-21 (Figure 7).
For the DI00A protein in Mg* " -buffer, the decrease in
fluorescence again occurred over a 3h time scale
(Figure 7a), similar to that in Ca’"-buffer (Figure 5a).
In marked contrast, the displacement of Alexa-21 from
D79A in Mg> " -buffer occurred too rapidly to measure
by manual mixing in a standard spectrofluorimeter.
The decrease in fluorescence was monitored instead by
using a stopped-flow device to add the competitor to the
DNA-protein complex (Figure 7b): the displacement was
complete in <1 min.

The rate constant for dissociation from the D79A pro-
tein is thus very much faster in Mg " (0.16s~': Figure 7b)
than in Ca>" (4.9 x 10~*s™": Figure 5b), while the disso-
ciation from DI00A occurs at similar rates in Mg?"
(4.1x107*s™": Figure 7a) and Ca’" (5.4x107*s7").
While D79A and D100A behave similarly in solutions
containing Ca’", they differ markedly in buffers with
Mg?*. Under the latter conditions, D79A binds the
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Figure 6. Association in Mg>*. Equal volumes of Alexa-21 and a vari-
ant of the Sfil endonuclease, D79A (a) or D100A (b), were mixed in the
stopped-flow fluorimeter to give reactions in Mg " fluorescence buffer
at 25°C that contained 20nM Alexa-21 and one of the following con-
centrations of Sfil protein (as indicated on the right): 12.5nM, in red;
50nM, in blue; 125nM in fuchsia; 250nM, in green. The increase in
emission from Alexa-21, following Trp excitation was monitored with
time and is shown in arbitrary units.

cognate sequence with a lower affinity than D100A, due in
part to a slower association rate but in the main to a much
faster dissociation rate.

FRET in EDTA

In several restriction enzymes, mutations at the active site
carboxylates enhance the affinity of the protein for DNA
and allow for sequence-specific binding in the absence of
divalent metal ions (13,16,23,29). To investigate whether
this might also apply to Sfil, DNA binding and displace-
ment experiments were carried in a buffer containing
EDTA, to remove divalent metal ions. The DNA used
here was Alexa-21 so that the existence—or otherwise—
of a DNA-protein complex could again be detected
by FRET.

When the D79A mutant of Sfil was mixed with Alexa-21
in EDTA-buffer, an increase in FRET was noted
(Figure 8a). Both the rate and the amplitude of the
increase were similar to those in comparable reactions in
Mg? " -buffer (Figure 6b): they again gave an association
rate constant of ~2 x 10°M~'s™!. The D79A protein must
therefore be able to bind DNA in the absence of divalent
metal ions. However, when the complex formed between
D79A and Alexa-21 in EDTA was challenged with excess
C-21, the FRET signal declined rapidly (Figure 8b),
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Figure 7. Dissociation in Mg>". Reactions, in Mg?" fluorescence
buffer at 25°C, were carried out by first incubating together Alexa-21
and Sfil protein and then adding C-21: after the addition, the final
concentrations were 50nM Alexa-21, 25nM protein and 500nM
C-21. In (a), the Sfil protein was DI00A and the C-21 was added by
pipette to a cuvette containing the other components: the subsequent
change in fluorescence was recorded in a spectrofluorimeter over a 3-h
period. In (b), the protein was D79A and the C-21 was added by using
the stopped-flow fluorimeter: the subsequent change in fluorescence was
recorded over a 1 min period. The red lines in both panels indicate the
best fits to single exponentials, which gave rate constants of 4.1(£0.4) x
107*s™! for the dissociation from D100A (a) and 0.16(+0.1) s~' for
that from D79A (b). Fluorescence readings are cited relative to that
directly after the addition of the C-21.

to give a fast rate constant for the dissociation step
(1.35s7"). The half-time for the release of Alexa-21 from
D79A thus changes from 0.5s in EDTA (Figure 8b) to 4s
in Mg>* (Figure 7b) to 1400s in Ca*>" (Figure 5b). Hence,
even though D79A can bind DNA in the absence of metal
ions, its affinity for DNA is lower than with either Mg> " or
Ca’>" present, as the faster dissociation rate creates
a higher Kp.

When added to Alexa-21 in EDTA, the DI00A mutant
of Sfil caused only a small increase in FRET, while wt Sfil
gave no detectable change (Figure 8a). Hence, at the con-
centrations tested, only a small amount of complex was
generated with D100A, and seemingly none with wt Sfil.
The DI100A protein thus binds DNA very much more
readily in the presence of divalent metal ions than in
their absence while DNA binding by wt Sfil is undetect-
able without divalent metal ions. The latter concurs
with previous gel-shift studies (18), in which wt Sfil
had bound specifically to its recognition sequence in the
presence of Ca”* but showed no binding without divalent
metals.
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Figure 8. Binding and dissociation in EDTA. (a) Reactions to examine
the binding of Sfil to DNA were carried out by mixing in the stopped
flow fluorimeter equal volumes of Alexa-21 and Sfil protein, to give
reactions at 25°C that contained 50 nM Alexa-21 and 25nM protein in
EDTA fluorescence buffer. The changes in fluorescence observed during
the reactions with each protein are shown as follows: wt Sfil, red trace;
DI00A, green trace; D79A, blue trace. (b) The dissociation of DNA
from the D79A protein was examined by mixing in the stopped flow
fluorimeter one solution of Alexa-21 and D79A in EDTA fluorescence
buffer with an equal volume of C-21 (also in EDTA fluorescence buffer),
to give a reaction at 25°C that contained 25nM D79A, 50 nM Alexa-21
(initially bound to the protein) and 500nM C-21. The change in flu-
orescence was monitored: the red line indicates the best fit to a single
exponential, to give a rate constant of 1.35(x0.01)s™". In (a) and (b),
fluorescence intensities are cited in arbitrary units.

DISCUSSION

Enzymes that act on nucleic acids often need Mg®>* or a
similar metal ion for their catalytic reactions (1-3,7-9),
though they generally (but not always: 10) have no activity
with Ca?" in place of Mg”>". In many instances, Mg>"
also plays a role in binding the enzyme to the nucleic acid
(29). Ca®" ions have been widely used as mimics of Mg? "
in equilibrium binding studies, to promote DNA binding
without catalysis (13,18-24) and in structural studies,
to give an inactive enzyme—Ca®>"~DNA complex whose
structure can be determined and which may reflect the
structure of the transient enzyme—substrate complex with
Mg®>" (1-3,45,46). The structures of nucleases bound to
a nucleic acid and Ca®" often show two Ca’" ions at
the active site, in appropriate positions to catalyse the
hydrolysis of the target phosphodiester bond by a two-
metal-ion mechanism (1,25), though some contain
the Ca’>" ion(s) in inappropriate positions (45,49,50).
In binding studies, Ca®" generally acts as a faithful
mimic of Mg®" (13,21,22). For example, with EcoRV,
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different duplexes with various base analogues and differ-
ent mutant enzymes yielded a wide range of binding con-
stants but in all cases the AAG® values were the same with
Ca’" as with Mg>" (24).

Under the reaction conditions used for the binding stu-
dies reported here but with Mg®" present (40,48), the Sfil
endonuclease binds rapidly to two recognition sites and
proceeds to cleave the DNA at both sites within 30s, to
generate the enzyme-—product complex. At 25°C, the
enzyme—product complex dissociates slowly and this
limits the turnover rate of the enzyme to about 1mol
(two-site) DNA per mol enzyme tetramer per hour. [Sfil
has a much higher turnover rate at 50°C (40), the standard
temperature for its reactions (42).] As in previous studies
(18), the native enzyme failed to bind to its recognition site
in the absence of divalent metals (Figure 8) but bound
avidly to its cognate sequence in the presence of Ca’”"
(Figure 3). Hence, as with many other restriction enzymes,
DNA binding by wt Sfil requires divalent metal ions.
However, when the Ca?" complex was challenged with
excess competitor DNA, the majority of the DNA already
bound to the enzyme was still bound 24 h later (Figure 4a).
Even though the enzyme—product complex generated by
cleaving the DNA in the presence of Mg> " has a remark-
ably long lifetime, about 1h at 25°C, the lifetime of the
enzyme-substrate complex in Ca®", >>24h, is very much
longer than that for any intermediate in the reaction path-
way with Mg” ™.

The Sfil restriction enzyme thus binds DNA in the pres-
ence of Ca’" to give an aberrant complex that bears no
resemblance, at least in kinetic terms, to any complex from
its reaction pathway with Mg”". It is tempting to specu-
late that the crystal structure of the Sil-DNA complex
formed with Ca®" reflects this aberrant complex as the
metal ion and/or the DNA in that structure is out of posi-
tion for catalysis (45). Still, the indefinite stability of this
enzyme—Ca’ " ~DNA complex accounts for why Ca®*
blocked the native enzyme from releasing the loops it
traps on plasmids with two Sfil sites, even after 7h (44).
This behaviour contrasts with that of another tetrameric
restriction enzyme, Cfr101: in the presence of Ca’>", DNA
loops trapped on a plasmid with two Cfr10I sites were
released in <2min (44). In the following paper (48),
a single molecule assay reveals that wt Sfil can form
a loop on DNA with two cognate sites but that, in the
presence of Ca®", loop breakage is never observed.

For wt Sfil, in contrast to many other Mg " -dependent
enzymes acting on DNA, Ca®" is clearly an invalid ana-
logue of Mg®>". Ca®>* may promote DNA binding by Sfil
but the SAl-Ca?"~DNA complex is not a facsimile of the
Sfil-Mg? " ~DNA complex that just lacks catalytic activ-
ity. On the other hand, the D100A mutant of Sfil also
binds to DNA more readily in the presence of divalent
metal ions (Figure 6a) than in their absence (Figure 8a)
but in this case the lifetime of the DNA—protein complex
formed in Ca®>" (Figures 5a) is similar to that with Mg "
(Figure 7a). Hence, with DI100A, Ca?" duplicates the
behaviour of Mg®" and so is a faithful mimic of Mg?"
for this particular protein. However, with either metal,
DI100A takes >3h to dissociate from specific DNA,
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though this rate is still much faster than that for wt Sfil
with Ca®".

In the wt enzyme, Asp79 and Asp100 are the second and
third carboxylates in the (E/D)...PD...(D/E)XK motif
(Figure la). Of the Sfil proteins tested here, only D79A
bound DNA readily in the absence of divalent metal ions
(Figure 8a). Any electrostatic repulsion that might exist in
the absence of metal ions between the active-site carbox-
ylates and the DNA phosphates, of the type seen with
BamHI and Munl (13,22), must therefore stem mainly
from Asp79 rather than Aspl100. Though the rate con-
stants for the association of D79A with the Sfil recogni-
tion sequence were approximately the same in either the
absence of divalent ions or in the presence of Mg>"
(~2 x 105M~'s7"in both cases: Figures 8a and 6b, respec-
tively), it dissociated from the specific DNA much more
rapidly in EDTA (t,, = 0.5s: Figure 8b) than in either
Mg** (1, =4s: Figure 7b) or Ca’" (1, = 1400s:
Figure 5b).

While both Mg?" and Ca®" enhance the binding of
D79A to DNA, the D79A protein behaves like wt Sfil in
forming a more stable complex with Ca?" than with
Mg?*. Even so, the fact that Ca®>" is not equivalent to
Mg " for DNA binding by D79A is largely immaterial as
the inactivity of this mutant (Figure 2) means that its equi-
librium binding to DNA can be analysed in the presence
of the natural cofactor for Sfil, Mg?". The D79A protein
dissociates from its recognition site in the presence of
Mg®" over a relatively rapid time scale, ~10s, so with
D79A and Mg>" the DNA-binding process will reach
equilibrium within an accessible time period. In contrast,
for wt Sil with Ca?" or for D100A with either Ca®" or
Mg?*, the equilibration between free and bound DNA
occurs over highly extended time scales, too slow for prac-
ticable measurements.

The Sfil restriction endonuclease is now well established
as a paradigm for DNA looping (31) but, for the wt
enzyme with Mg>", any loop that the enzyme might
form on a DNA with two Sfil sites will be followed by
DNA cleavage and the subsequent loss of the loop. In the
presence of Ca’", wt Sfil forms stable loops but never
releases the loop (44,48), doubtless due to its infinitely
slow dissociation from DNA (Figure 4). Consequently,
wt Sfil with Ca®" cannot be used to examine the dynamics
of DNA loop formation and breakdown. The catalytically-
inactive mutants tested here, D79A and DI00A, also
displayed slow dissociation rates from DNA in the
presence of Ca®" (Figures 4 and 5), so neither of these
systems make suitable tests for DNA looping. However,
the association and dissociation of the inactive mutants
to/from the recognition sequence could be studied in the
presence of Mg? " (Figures 6 and 7). One of the inactive
mutants, D100A, gave the same slow dissociation kinetics
in Mg?" as it had in Ca®", so the DI00A protein with
Mg?" remains inappropriate for looping dynamics. In
contrast, Mg> " resulted in a relatively rapid dissociation
of D79A from its recognition sequence, so D79A with
Mg>" appears to be uniquely well-suited to the analysis
of DNA loop formation and breakage by the Sfil restric-
tion enzyme. The following paper (48) utilizes this system
to explore the fundamental dynamics of DNA looping

processes. Moreover, it is shown there (48) that, in the
presence of Mg> ", the rate of loop formation by D79A is
similar to that by wt Sfil, which shows that D79A is indeed
a valid surrogate for the native enzyme in its DNA looping
reactions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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