
short communications

nature structural biology • volume 6 number 1 • january 1999 15

Type I DNA restriction and modification
enzymes such as EcoKI are multimeric
enzymes that cleave DNA molecules lack-
ing an appropriate pattern of methylation
on a target sequence, thereby protecting
the host bacterium from invasion by for-
eign DNA1–5. The reaction involves the ini-
tial recognition of an unmethylated DNA

target sequence with the aid of the cofactor
S-adenosyl methionine. Recognition is fol-
lowed by extensive ATP-dependent translo-
cation of the DNA in both directions
toward the enzyme, which remains bound
at the target sequence. Eventually, endonu-
cleolytic cleavage of the DNA occurs6,7.
Recently, protein complexes with nucleic

acids have been imaged successfully using
fluid tapping-mode atomic force
microscopy (AFM)8–11. In this study, we
have used AFM to explore the type I DNA
restriction and modification pathway5, and
specifically to follow the ATP-dependent
translocation and cleavage of a single plas-
mid by the EcoKI enzyme complex under
near-physiological conditions.

EcoKI free in solution is ~437,000 Mr
5 and

has the subunit stoichiometry R2M2S1, where
R, M and S are the restriction endonucle-
ase/helicase, modification methyltransferase
and sequence-specificity subunits, respec-
tively. In isolation, EcoKI appeared as a
homogeneous population of randomly
arranged particles (data not shown).
Analysis of cross sections of the particles
yields a diameter of 21.0 ± 0.6 nm and a
height of 3.1 ± 0.1 nm (n = 19, mean ± stan-
dard error of the mean) Using these dimen-
sions, the molecular volume of the particle
was estimated as described12. The value
obtained, 556 nm3, is close to the volume
derived from the expected molecular weight
(747 nm3), indicating that the enzyme
behaves as a monomeric complex in the
absence of DNA.

Imaging of purified pRH3 plasmid DNA
showed an open circular conformation with
occasional loops (Fig. 1a,b), in agreement
with results from agarose gel electrophore-
sis, which showed a large proportion of
relaxed circular DNA in this preparation
(data not shown). Cross-sectional analysis
of the DNA (Fig. 1b) gave dimensions of 14
nm wide × 2 nm high. Where two (or more)
strands of DNA crossed, there was an inte-
gral increase in the height of the DNA. The
measured height corresponds closely with
the accepted diameter of 2 nm for the DNA
double helix. The overestimation of the
width of the imaged DNA is a result of later-
al convolution due to the finite size of the
atomic force microscope tip13.

Images of samples of pRH3 plasmid,
which has two recognition sites for EcoKI14,
prepared in the presence of the enzyme and
S-adenosyl methionine but in the absence of
ATP, showed large central structures bound
to the plasmid, revealing the location of the
protein complex (Fig. 1c,d). Analysis of the
cross section of the complex (Fig. 1d) yield-
ed a diameter of 50.6 ± 1.2 nm and a height
of 7.6 ± 0.4 nm (n = 19). Significantly, the
diameter of the bound complex is approxi-
mately twice that of the unbound EcoKI par-
ticles. There was also an increase in height
relative to that of the unbound EcoKI, which
is likely to be a result of the presence of the
multiple strands of DNA under the bound
complex. The large bound particles were
seen only in plasmid samples incubated in

Direct observation of DNA
translocation and cleavage by
the EcoKI endonuclease using
atomic force microscopy

Fig. 1 Images of pRH3 plasmids and complexes of EcoKI with pRH3 and pBRSK15. a,b, pRH3 plas-
mids alone. A cross section taken along the axis indicated by the black line is shown in (b). The
DNA has a uniform height, but at points where DNA strands overlap the height appears propor-
tionately greater (indicated by the blue coloration). c,d, EcoKI bound to pRH3, which has two
binding sites for the enzyme. Bound EcoKI can be seen as a large central structure (blue). A cross
section is shown in (d). These structures were seen only in samples prepared in the presence of
EcoKI, and were approximately twice the diameter of EcoKI alone. Note that the binding of pro-
tein in (c) and (d) causes a reduction in the area occupied by the plasmid when compared to (a)
and (b), consistent with the idea that the bound enzymes dimerize. e,f, Free EcoKI and EcoKI
bound to pBRSK15, which has only a single binding site for the enzyme. The cross section in (f)
shows that both free and bound EcoKI molecules have the dimensions expected of single com-
plexes. Scale bar: 200 nm. A color-height scale is shown at the left.
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short communications

the presence of EcoKI, and very few (~ 5%)
of the plasmids were observed with two sep-
arate molecules of enzyme bound. This evi-
dence strongly suggests that two EcoKI
molecules bind to their respective recogni-
tion sites on opposite sides of the pRH3
plasmid and then rapidly dimerize. To con-
firm that dimerization was indeed occur-
ring, we imaged EcoKI bound to the
pBRSK15 plasmid, which has only a single
recognition site for the enzyme. As shown
in Fig. 1e,f, with this plasmid the bound
protein particles appeared substantially
smaller, and cross-sectional analysis indi-
cated a diameter of 22.6 ± 2.3 nm and a
height of 4.2 ± 0.6 nm (n = 18), which is not
significantly different from the size of
unbound EcoKI.

To investigate whether the EcoKI com-
plexes bound to pRH3 were functional, we
tested their activities directly under continu-
ous observation using AFM. Plasmid pRH3
was mixed with EcoKI in the absence of ATP
and then bound to mica. The image
obtained remained stable during repetitive
scanning. ATP (100 µM) was added to the

imaging buffer to initiate translocation at
the start of scanning, and consecutive
images were captured. The images in Fig. 2
show that the pRH3 plasmid DNA under-
goes a period of contraction followed by
DNA cleavage. Initially, a large loop of DNA
(large arrow) is pulled in toward the central
protein complex (time windows 0'00" to
3'34"). The first indication of cleavage
occurs at 7'08", when several ends of DNA
become visible (small arrowheads). These
cut pieces of DNA diffuse away during the
remainder of the time course, until individ-
ual lengths of linearized DNA become visi-
ble (time windows 10'42" to 14'43"). The
central protein structure remains in place
during the reaction, presumably remaining
bound to its original target DNA sequence.
The broad distribution of DNA fragment
sizes that have been observed with agarose
gel electrophoresis after extended assay peri-
ods for all type I enzymes almost certainly
corresponds to the complete degradation of
the DNA at the end of the reaction15–19.

It has been assumed that double-strand
cleavage of DNA by EcoKI, and other type
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I restriction and modification enzymes,
occurs either when two translocating
enzyme complexes have pulled so much
DNA toward themselves that they col-
lide15, or when a circular DNA molecule
with only a single enzyme bound becomes
highly twisted17,20,21. Based on the images
presented here, we propose that dimeriza-
tion occurs rapidly after the binding of
EcoKI to DNA, even in the absence of ATP,
presumably as a result of a change in the
conformation of the protein complex.
Subsequent ATP binding and hydrolysis
allows DNA translocation, and cleavage
occurs once translocation stalls, because
of either excessive DNA supercoiling or
maximal contraction of the DNA loop
between the two bound EcoKI molecules.
This mechanism might also be applied to
type III restriction and modification
enzymes which are similar in complexity
to type I enzymes,22,23. Additionally, BcgI
and related enzymes, which also have
many similarities to type I enzymes, are
only active when dimerized and bound to
two copies of their DNA target sites24,25.

Fig. 2 Translocation and cleavage of pRH3 by EcoKI. The sample was prepared in the absence of ATP, and a plasmid with bound EcoKI was identified by
AFM. While the tip was still engaged, ATP (100 µM) was gently added to the imaging buffer, and successive images were captured. Time was recorded
from the top of the first scan. Initially, the plasmid underwent a period of contraction (time windows 0’00” to 3’34”) through DNA translocation. Note the
progressive disappearance of the loop of DNA indicated (large arrow). At 7’08” cleaved DNA began to appear (small arrowheads). Cleavage then contin-
ued (7’08” to 10’42”), and DNA fragments migrated away from the EcoKI complex (14’43”). Throughout the sequence, EcoKI remained stationary, and at
14’43” was still bound to small fragments of DNA, just visible under the bulk of the protein. Scan box: 720 nm. Height scale (dark–light): 0–15 nm.
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short communications

Methods
Preparation of plasmids and enzyme.
Plasmid pRH3 is a 6.16 kilobase derivative of
plasmid pBR322, which contains two EcoKI
sites at base pairs 3,458 and 5,831. Plasmid
pBRSK15 is a derivative of pBR322, which
has only one EcoKI site at base pair 1,668 (G.
Davies, pers. comm.). Plasmids containing
non-methylated EcoKI sites were prepared
from E. coli NM679 (ref. 26) and purified
using standard techniques27. EcoKI was puri-
fied as described5. Either plasmid alone or
plasmid plus EcoKI, at a stoichiometric ratio
of 1:2, were incubated in 33 mM Tris-
acetate, pH 7.9, 10 mM magnesium acetate,
66 mM potassium acetate and 0.5 mM
dithiothreitol at 37 oC for 10 min. All sam-
ples were supplemented with 50 µM S-
adenosylmethionine. Samples were then
diluted in the same buffer to a final plasmid
concentration of 1 nM, and 50 µl droplets
applied to freshly-cleaved mica. Samples
were bound to mica in the presence of 10
mM magnesium acetate.

Atomic force microscopy imaging.
Imaging was performed using a BioScope
Atomic Force Microscope (Digital Instruments)
equipped with a fluid tip holder. Samples were
imaged using tapping mode with a root mean
square amplitude of ~0.7 V and drive frequen-
cy of ~8.6 kHz. Commercially available, 100
µm long, oxide-sharpened Si3N4 cantilevers
with a force constant of ~0.38 N m-1 were used
(Nanoprobes, Digital Instruments).
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picture story

Ephrin receptors divided
Eph receptor tyrosine kinases are involved in
many cellular processes, including axon
guidance, cell migration and angiogenesis.
Like many other receptor tyrosine kinases,
the Eph receptors are activated by oligomer-
ization. However, the ephrin protein ligands
are unable to induce receptor oligomeriza-
tion directly. Thus, the question is: how does
binding of ephrin lead to activation of the
Eph receptor? To understand the mecha-
nism in detail, it will be necessary to deter-
mine the structures of Eph receptor family
members, in both the presence and absence
of the ligand. But, such a task may be diffi-
cult: Eph receptors are large, multi-domain,
membrane-anchored proteins. The diagram
illustrates a typical Eph receptor, which 
consists of (from top to bottom) a globular
region, a cysteine-rich region, two
fibronectin type III repeats, a membrane-
spanning region, a tyrosine kinase domain
and a SAM (sterile α motif) domain. Two

groups of researchers have recently deter-
mined crystal structures of two isolated Eph
receptor domains — the SAM domain (page
44 of this issue) and the ligand-binding
domain (Himanen, J.-P., Hendemeyer, M. &
Nikolov, D.B. Nature 396, 486–491; 1998).

The globular ligand-binding domain
(top structure) has a jellyroll β-sandwich
topology. Mutational analysis has demon-
strated that the H-I loop (red) participates
in ephrin binding, and this loop is proximal
to residues (magenta) that, when mutated,
lead to signaling defects in the C. elegans
VAB-1 Eph receptor. However, without a
ligand-bound structure, it is difficult to
predict how altering the structure of this
region could activate the receptor. Even less
is known about how the SAM domain may
participate in activation. SAM domains
(bottom structure) form dimers, both in
the crystal and in solution. This dimeriza-
tion could be important for clustering Eph

receptors during activation, or the associa-
tion could keep receptors in a repressed
state. Alternatively, interaction with other
SAM domain-containing proteins could
play a role. The challenge in this system will
be to determine how information about
ephrin binding is transmitted through the
membrane to the tyrosine kinase and SAM
domains and to understand the roles played
by each domain.    Tracy Smith
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