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Abstract

Fokl is a Type IIS restriction endonuclease that recognizes the 5'-GGATG-3' sequence and cleaves
non-specifically at 9 and 13 base pairs away on the top and bottom strands respectively to produce
a 5’ overhang. Fokl is a bipartite endonuclease with separate recognition and cleavage domains.
Because of its bipartite nature, Fokl has received considerable interest in generating chimeric
nucleases for use in biotechnology, and recently as possible therapeutic agents in gene therapy by
initiating homologous gene recombination and repair. Here we show, using single-particle electron
microscopic studies, that the Fokl active complex prefers a single conformation in which the subunits
are arranged in a doughnut shape complex with protein-protein and possibly protein-DNA
interactions stabilizing the cleavage complex. Our EM model provides new insights into the
activation mechanism of Fokl and how non-specific cleavage is avoided.
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The Type IIS restriction endonuclease Fokl cleaves DNA non-specifically at a fixed distance
of 9 and 13 nucleotides downstream of a non-palindromic recognition sequence 5’-GGATG-3'.
The enzyme is monomeric (~66 kDa) in solution and has a modular structure consisting of an
N-terminal DNA recognition domain and a C-terminal cleavage domain®. The bipartite nature
of Fokl has made it an excellent candidate for the design of hybrid endonucleases with novel
sequence specificities, by attaching the cleavage domain of Fokl to the DNA binding domains
of transcription factors such as zinc fingers and homeodomainsZ=4. In particular, the chimeric
zinc finger nucleases (ZFNs) have shown potential as therapeutic agents in gene targeting by
initiating homologous gene recombination and repair of damaged DNA%9,

Despite the considerable interest in generating novel nucleases and therapeutics using Fokl, a
picture of the mechanism of cleavage of the native enzyme has not been fully achieved. An

important step toward this goal was the determination of the crystal structure of enzyme bound
to its cognate DNAZ0. The structure determined with a 20-mer oligonucleotide in the absence
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of divalent metals, showed that the cleavage domain was packed alongside the recognition
domain and hence was positioned away from the site of cleavage. Although the structure helped
to explain how Fokl avoids the “accidental” cleavage of non-cognate DNA sites in the genome,
it raised the question of how a monomeric Fokl molecule containing a single active site
manages to cleave both DNA strands. A partial answer to this question came from the crystal
structure of the Fokl apoenzyme that revealed a dimerll, aswell as kinetic studies that showed
a cooperative second-order cleavage mechanism12. Together, these studies suggested that two
Fokl molecules dimerize on the DNA via their cleavage domains, in a manner similar to the
BamHI endonuclease, with which the Fokl cleavage domain shares considerable structural
homologylo. Subsequent biochemical and biophysical studies suggested that a second DNA
site was required for successful cleavage 13,14 The second DNA site acted as an allosteric
activator and served to bind the recognition domain of the second Fokl molecule. Based on
these data, we have proposed two models for the synaptic 2Fokl:2DNA complex (Figure 1)
13 In the first model, the two DNA sites (DNAL and DNAZ2) are in parallel and in the second
model, the two DNA sites are arranged anti-parallel. In both cases, the first Fokl molecule is
bound to DNAL and its cleavage domain (CD1) is positioned by a simple rotation to cleave
the anti-sense strand 13 base pairs away from the recognition site. To allow proper positioning,
the linker connecting the recognition and cleavage domains may become o helical, possibly
acting as a measuring rod. The second Fokl molecule is bound to DNA2 and its cleavage
domain (CD2) is positioned to cleave the sense strand of DNAL, 9 base pairs away from its
recognition site (Figure 1). The cleavage domains are modeled as a dimer (CD1/CD2) based
on the BamHI dimerl®. In terms of overall shape, the two models differ in the position of the
recognition domain of the second Fokl molecule, RD2. In model 1, RD2 is juxtaposed close
to RD1, while in model 2, RD1 and RD2 are on opposite sides of the cleavage domains (Figure
1).

To see which of these two models is correct, we used electron microscopy (EM) and single
particle analysis. Although, the Fokl synaptic complex (~130 kDa without DNA) is considered
small for such analysis, the very different shapes of the proposed models made it a candidate
for negative stain experiments. We were also encouraged by studies demonstrating that
macromolecules with molecular weights <100 kDa can be visualized by EM, and that
individual domains as small as 10 kDa can be distinguished by negative stain experimentsle.

For EM studies, we incubated Fok| with an excess of 30-mer oligonucleotide containing a Fokl
binding site. The incubation was carried out in the presence Ca2*, which we have shown
previouslf/ to promote the formation of the Fokl synaptic complex and to inhibit DNA
cleavage 3 The complex (ata final concentration of ~3 uM) was then applied to carbon-coated
and glow-discharged Cu grids, stained by 2% uranyl acetate, and viewed on a Tecnai F20
electron microscope at 200 keV using a 2 um defocus. The raw images of the negatively stained
complex showed particles uniform in shape and size, suitable for low-resolution analysis
(Figure 2a). Dozens of images were then taken with a 4k x 4k charge-coupled device (CCD)
camera (at 50,000 x magnification), and the particle selected and analyzed with the program
EMANL’. A total of 2,316 particles were initially selected from 12 images using a box size of
104 pixels large enough to accommodate both possible models of the Fokl synaptic complex.
An initial reference-free classification provided images with recognizable features of model 1
(Figure 2¢). Next, we used the two models (Figure 1) to generate 2D projections at a 9° interval
that were then matched against the 2D projections of the imaged particles. The resolution of
the atomic models was lowered to 5 A and a low-pass filter of 40 was also applied to better
match the low-resolution EM data. The DNA is not observed directly in our experiments as it
is often invisible in EM images prepared by uranyl acetate stainingl ~21 For this reason, the
coordinates of the DNA were left out in generating the theoretical projections. The projection
matching results showed that only particles corresponding to model 1 are present (Figure 3a),
whereas the projection matches generated from model 2 are indistinguishable from noise
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(Figure 3b). However, not all of the projections generated from model 1 are evenly populated
with particles, indicating the presence of a few preferred orientations. In all, we observe six
clusters of views that are populated with a significant number of particles. Preferred
orientations are expected for particles prepared by negative staininglG. As the stain solution
dries to a thin layer, any suspended molecular complexes are left stranded on the carbon surface
and are found in their more probable orientations. Glow discharging the grids also contributes
to preferred orientations. Finally, the axes of the DNA would also contribute towards an in-
plane alignment of the Fokl complexes onto the carbon of the grids.

We conclude from the single particle analysis that Fokl prefers a single active conformation,
wherein two Fokl monomers adopt a compact “doughnut” shape. Although, we cannot see the
DNA in the EM experiment, our earlier analytical ultracentrifugation results as well as a pull-
down assay have shown the presence of two DNA molecules in the active complex13. Cleavage
studies with a DNA binding deficient N13Y Fokl mutant 12522 have also shown that DNA
bound Fokl is a more efficient allosteric activator of DNA cleavage than the unbound form.
Thus, under the experimental conditions used to prepare the EM grids, most of the Fokl
molecules are not only expected to be bound to DNA, but from all previous biophysical and
biochemical data they are expected be in a 2Fokl:2DNA synaptic complex. Indeed, when we
examine negative stain images of Fokl in the absence of DNA, the particles are much smaller
in size, corresponding to Fokl monomers with no sign of dimer formation (Figure 2b).

Importantly, our EM model of the Fokl active complex permits intermolecular protein-protein
interactions between the two recognition domains (RD1 and RD2). At the same time, there are
possible intermolecular protein-DNA interactions that could further stabilize the synaptic
complex. Interestingly, there is a loop region (255-259) positioned at the intermolecular
interface that is disordered in the Fokl apoenzyme structure as well as in the structure of Fokl
monomer bound to DNALO: 11 anditis possible that this region only becomes ordered upon
the formation of the dimeric active complex stabilized by intermolecular interactions.

The EM derived Fokl active complex has implications for how the enzyme cleaves its DNA
target and avoids accidental cleavage at non-specific sites. First, a Fokl monomer binds and
scans the DNA in a closed conformation, wherein the cleavage domain is packed alongside
the recognition domain. Upon reaching a cognate site, the cleavage domain is released and it
dimerizes with the cleavage domain of a second Fokl monomer bound to another specific DNA
site. From our EM model, this dimerization may be assisted by the intermolecular interactions
between the two closely juxtaposed recognition domains that stabilize the Fokl active complex.
These results have implications for the design of zinc finger nucleases (ZFNs), in which the
cleavage domain of Fokl is tethered to DNA binding zinc finger domains?: 4. Although, ZFNs
have generated much interest as possible therapeutics5‘9, a persistent problem has been
toxicity, which presumably is partially due to the lack of a “FokI-like” built-in safety
mechanism to avoid cleavage at non-specific sites. Based on our model, it would be very
challenging to design an intramolecular surface between the zinc fingers and the Fokl cleavage
domain (for a sequestered state), and then to build-in intermolecular interactions between the
zinc-fingers for the release of the cleavage domain. Another strategy would be to modify the
Fokl recognition domain to target other (or extended) DNA sites, but this is also less than
straightforward, as restriction enzymes have proven resilient to alteration in DNA binding
specificities10; 23-

Fokl is not the only restriction endonuclease that requires two DNA sites for successful
cleavage. A number of other restriction enzymes have now been shown to bind to two DNA
sites simultaneously 14; 3133 ynlike monomeric Fokl that dimerizes transiently to cleave
its target site, the Type IIE enzymes such as EcoRIl and Nael are dimeric. Despite these
differences, Fokl, EcoRlII, and Nael function similarly cleaving only one site during a single
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turnover requiring the second DNA site for allosteric activation 34,35 The Type IIF enzymes
such as Sfil 31, NgoMIV 36 and Cfr101 32 are tetrameric and cleave both DNA sites
concertedly. Altogether, these unique restriction endonucleases show similarities to various
enzymes that bring distant DNA sites together. For example, a Fokl-like fold has been
identified in TnsA, one of the two proteins of the Tn7 transposase that mediates the release of
the transposon 37 EcoRII shows sequence homology to the integrase family of recombinases
38 while Nael has been shown to possess topoisomerase and recombinase activities 35, sfil
and NgoMIV like recombinases catalyze a four-strand DNA breakage 39, The structures of
NgoMIV?’6 and Sfil 13 in complex with their cognate DNA sites have revealed in both
complexes two DNA molecules that are arranged at a 60° (or 120°) angle with respect to each
other. Interestingly, junctions in supercoiled DNA are preferentially arranged at a 60° (or 120°)
angle 40, and thus it seems that at least some restriction enzymes that require two DNA sites
for activity, might have evolved to take advantage of these naturally occurring junctions in
supercoiled DNA, as opposed to binding to one DNA site and then waiting for the capture of
a second distant DNA site for cleavage to occur. Fokl, which is monomeric in solution, could
use such junctions as templates to assemble the 2Fokl:2DNA cleavage complex. Thus, it will
be interesting to test by EM (or other methods) whether Fokl prefers to bind such junctions on
supercoiled DNA.
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Figure 1.

Fokl cleavage complexes modeled with both parallel (left) and anti-parallel (right) recognition
sites. The models were generated based on the crystal structures of the Fokl-20-merl0 and the
BamHI-DNA complexesl5. The DNAs were extended. Both recognition domains (RD1 and
RD2) are bound to their respective recognition sites and the cleavage domains (CD1 and CD2)
form a BamHI-like dimer on DNA1. The arrows indicate the direction of the recognition
sequence in each DNA. The parallel model provides for protein-protein and possibly protein-
DNA interactions, not seen in the anti-parallel model, that could further stabilize the cleavage
complex. (Reproduced by permission from Vanamee et al.13)
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Figure 2.

Close-up view of a raw CCD image showing uniform particles of a) the Fokl/DNA complex
and b) the Fokl monomer. a) Fokl was mixed with an excess of double stranded oligonucleotide
(2:1.2) to ensure that all protein was in complex with DNA. The mixture was diluted to a final
concentration of ~3 uM for the electron microscopic studies. 4 pl of such prepared complex
was added to carbon-coated 400 mesh square Cu grids. The samples were negatively stained
by 2% uranyl acetate. Excess solution was blotted away, and the grids were air-dried prior to
loading them into the microscope. Data were collected on a Tecnai F20 electron microscope
equipped with a field emission gun (FEG) and operated at 200 keV in low-dose mode.
Specimens were imaged at room temperature in a Gatan specimen holder. Dozens of images
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were taken with a 4k x 4k charge-coupled device (CCD) camera (F415 from Tietz Video and
Imaging Processing GmbH, Gauting, Germany) at 50,000 x magnification. b) the Foki
monomer was prepared and imaged at identical conditions but in the absence of DNA. c)
Reference-free class averages of the Fokl/DNA complex on top and the corresponding high-
resolution surface models below. In the models, the second recognition domain (RD2) is
colored in red. The three class averages from left to right were created from 108, 86, and 75
particles respectively.
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Figure 3.

2D projection matches generated a) from model 1 and b) from model 2. The left panels show
representative projections generated from the models at 9° intervals and the right panels show
the matched classified particles. The numbers in the right panels indicate the number of
particles in each projection. The atomic models used to generate the 2D projections are also
shown on the sides respectively. Model 2 is crossed out indicating that it is not supported by
the EM data. The coordinates of the DNAs were omitted as DNA positively stains with uranyl
acetate and cannot be visualized in these experiments. The program EMAN (v.1.7)17 was used
for particle selection and data analysis. A total of 2,316 initial particles were selected with a
window size of 104 pixels.
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