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Abstract

EcoP15l is the prototype of the Type 11 restriction enzyme family, comprised of two modification
(Mod) subunits to which two (or one) restriction (Res) subunits are then added. The Mod subunits
are responsible for DNA recognition and methylation, while the Res subunits are responsible for
ATP hydrolysis and cleavage. Despite extensive biochemical and genetic studies, there is still no
structural information on Type |1 restriction enzymes. We present here small angle X-ray
scattering (SAXS) and analytical ultracentrifugation (AU) analysis of the EcoP151 holoenzyme
and the Mod, subcomplex. We show that the Mod, subcomplex has a relatively compact shape
with a radius of gyration (Rg) of ~37.4 A and a maximal dimension of ~ 110A. The holoenzyme
adopts an elongated crescent shape with an Rg of ~65.3A and a maximal dimension of ~ 218A.
From reconstructed SAXS envelopes, we postulate that Mods is likely docked in the middle of the
holoenzyme with a Res subunit at each end. We discuss the implications of our model for EcoP15I
action, whereby the Res subunits may come together and form a “sliding clamp” around the DNA.

Restriction-Modification (R-M) systems play crucial role in protecting bacterial and
archaeal cells against invasion by foreign DNA. Based on their architecture, cofactors, and
DNA recognition sequences, R-M systems can be broadly classified in three categories (I-
111).1:2 Type 111 restriction enzymes are large multimeric complexes that differ from the
more common Type Il enzymes (BamHI and EcoRl, for example) in requiring ATP for
DNA hydrolysis. In addition, the DNA recognition, cleavage, methylation, and ATP
dependent functions of Type 111 enzymes are all encoded within the same complex.3: 4
Despite decades of biochemical and genetic studies, there is still no structural information
on Type Il restriction enzymes.

EcoP15lI is the prototype of the Type 11 restriction enzyme family, considered to contain
two modification (Mod) and two restriction (Res) subunits in a heterotetrameric Mod,Res,
complex with a molecular mass of ~370 kDa.? Interestingly, EcoP15I has also recently been
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suggested to exist as a hetrotrimeric Mod,Res; complex.® The Mod subunits are responsible
for DNA recognition and methylation, while the Res subunits are responsible for ATP
hydrolysis and cleavage. Also, whereas the Res subunit is unstable on its own, the Mod
subunit is stable and can be purified as a Mod, dimer.> Cleavage of the duplex DNA occurs
at 25 or 26 (on one strand) and 27 or 28 bases (on second strand) downstream to 3’end of an
asymmetric recognition sequence, 5’ — CAGCAG — 3°.3: ® Because of its unusual
recognition sequence (two “glutamine codons”), EcoP15I has been used to count the CAG
repeats in the Huntington’s disease gene.” And, since the enzyme cleaves DNA far away
from its recognition sequence, the enzyme is commonly used in serial analysis of gene
expression (SAGE) to quantitate gene expression in human tumors and eukaryotic
pathogens.®

For efficient DNA cleavage, EcoP15I requires two inversely oriented recognition sequences
that can be either head-to-head or tail-to-tail.® The sites can be separated by thousands of
base pairs but ATP hydrolysis is absolutely necessary for cleavage.? Several models have
been proposed for this long-range communication between the sites and the requirement for
ATP, including models based DNA translocation, DNA looping, and DNA sliding.10: 11: 12
To begin to understand the action mechanism by Type 11 restriction enzymes at a more
structural level, we undertook small angle X-ray scattering (SAXS) and analytical
ultracentrifugation (AU) analysis of the EcoP15I holoenzyme and the Mod, subcomplex.
We show here that the EcoP151 holoenzyme has an extended crescent shape, with the Mod
subunits likely occupying the center and the Res subunits on the periphery.

SAXS is an efficient method for investigating the overall size and shape of biological
macromolecules in solution. Since the technique is highly sensitive to sample aggregation,
we extensively purified both EcoP151 and the Mod subunit to achieve >95% purity and
homogeneity (see legend of Figure 1 for details). Final samples were passed through a size
exclusion column before SAXS data measurements. We observed single symmetrical peaks
in the size exclusion profiles of EcoP151 and Mod, in our experiments (Figure S1). We first
measured SAXS data on the EcoP151 holoenzyme, wherein several dilutions in the range of
0.2 — 19.0 mg/ml were subjected to SAXS measurements. The buffer subtracted SAXS data
from these samples were used for Guinier approximation to extrapolate radius of gyration
(Rg). An Rg of ~ 65.3 A and Dmax (maximum diameter of macromolecule) of ~ 218 A
were calculated for EcoP15l1, which were consistent between independent samples of
EcoP15I (Figure 1). Ab initio shape modeling was performed using DAMMIN, which
employs simulated annealing based approach to restore solution structures in forms of
dummy atoms defining overall shape.13 Models from 10 independent DAMMIN runs were
averaged and filtered to yield the final shape. As shown in Figure 3, the averaged envelope
of EcoP15I showed an elongated shaped molecule that is ~ 214 A in length and ~ 85 A in
width. Significantly, although no symmetry was imposed during DAMMIN modeling, the
final SAXS envelope of EcoP15I possessed an approximate two-fold symmetry. SAXS data
were also collected and analyzed for the Mod, subcomplex. Serial dilutions (0.14 to 11 mg/
ml) of three independent samples of the Mod subunit yielded an Rg of ~37.4 A and a Dmax
of ~110 A. The averaged SAXS envelope, with imposed P2 symmetry, suggested a
relatively compact shape for the Mod, dimer that is ~ 114 A in length and ~61 A in width
(Figure 2).

There are no atomic structures for the Res or Mod subunits of Type I11 restriction enzymes.
However, both Res and Mod subunits contain sequence motifs that can be used to derive
partial homology models. The Mod subunit contains motifs characteristic of an adenine
methyltransferase, while the Res subunit contains a helicase motif found commonly in
members of superfamily 2 (SF2) helicases.14 Based on these motifs, we built partial models
for the Mod and Res subunits using the protein modeling servers Phyre2 (http://
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www.shg.bio.ic.ac.uk/~phyre2/), I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-
TASSERY/), and the program Modeller.1> We built a model of the Mod subunit in two steps:
Mod-N (aa34-285) was based on known N-6 methyltranseferase fold, whereas the C-
terminal target recognition domain (TRD) Mod-TRD (aa 332-645) was based on the type
11G enzyme BpusSI (pdb id: 351S).16 The Res subunit model was built with two RecA-like
folds (600 residues) as in SF2 DNA helicases and translocases. The endonuclease portion of
Res subunit could only be built partially because of its low sequence homology to other
proteins.

Next, we assembled these models in the SAXS envelopes by using a global rigid body
modeling based protocol implemented in program SASREF.17 As shown in Figure 2B, two
Mod subunit models, related by P2 symmetry, can be docked in the compact Mod,
subcomplex SAXS envelope with a low chi? value of ~1.0. As docked, the Mod,
subcomplex is dimerized through the N6-methyltransferase fold (and not the TRD),
analogous to that observed in other DNA methyltransferases homodimers, such as MbollA
(pdb id; 1G60)18 and TTHA0409 (pdb id; 2ZIG).19 Interestingly, this Mod, orientation is
maintained when, using SASREF, two substructures of Mod,, and Res subunits were treated
as rigid bodies and allowed to fit in the EcoP151 SAXS envelope with P2 symmetry. The
lowest chi? value (~ 3.3) is obtained with Mod, docked in the middle of the envelope and a
Res subunit on each side. This is consistent with biochemical studies that show that a Res
subunit is unstable on its own and requires interactions with the Mod subunit, whereas the
Mod subunit is stable and purifies as a Mod, dimer. A Ramachandran plot of this best fit
Mod,Res; model shows 87% of the residues in most favored and 8% in the allowed regions.
We also attempted to fit Mod,Res; in the SAXS envelope (Figure 3), but it gave a
significantly poorer fit against the experimental scattering data with a chi? > 20.

To further validate our SAXS models, we subjected the Mod, subcomplex and the EcoP15I
holoenzyme to analytical ultracentrifugation. The sedimentation velocity (SV) experiments
were performed with centrifugation speeds in the range of 40000-48000 rpm. The data were
analyzed by SEDFIT with a continuous sedimentation coefficients distribution (c (S)) Lamm
equation model to retrieve sedimentation coefficients (S) values.2% The sedimentation
velocity (SV) profile of Mod, showed that the majority of protein (>85%) sediments as a
single species (Figure 4) with an experimental sedimentation coefficient Spg \, 0f ~7.3 S. A
c(M) analysis performed in SEDFIT gives a molecular mass of ~140kDa for this species,
which is in good agreement with the calculated molecular mass of a Mod, dimer (~148kDa).
Similarly, the EcoP151 holoenzyme sediments essentially as a single species with an
experimental sedimentation coefficient Syg \, of ~12.8.S (Figure 4). In a recent study5,
EcoP15I was reported with S values ranging between 10.8S and 12.8S, where the 10.8S
peak was characterized as ModyRes; and the 12.8S species was interpreted as an oligomeric
form of this heterotrimeric complex (Mod,Res),. To more accurately estimate the
molecular mass for the 12.8S species in our SV profile of the holoenzyme, we subjected
EcoP15I to dynamic light scattering (DLS) and obtained experimental values of the
translational diffusion coefficient (D) and the hydrodynamic radius (R). The Ry (~ 68 A)
of EcoP15I calculated from DLS measurements is consistent with Rg measured from SAXS
data. A molecular mass of ~340kDa was calculated from the experimental values of the
diffusion coefficient (3.7x1077 cm2sec™1) and the sedimentation coefficient (12.8S). This
suggests that the complex sedimenting at 12.8S in our experiments most likely contains two
Mod and two Res subunits (calculated mass for Mod,Res, is ~376kDa). To extend our
analysis, we calculated theoretical sedimentation coefficients for both the SAXS Mod,
subcomplex and the EcoP15I holoenzyme using the SOMO bead modeling program in
Ultrascanl| software package.?! The theoretical S values of ~7.7 S for the SAXS Mod,
subcomplex and ~13.3 S for the EcoP151 holoenzyme are in close agreement with the
determined values ~7.3 S and ~12.8 S, respectively, and further corroborate the overall
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shapes and stoichiometry of the Mod, subcomplex and the EcoP151 holoenzyme derived
from our SAXS analysis. The sedimentation coefficient value we obtain for EcoP15l is in
reasonable agreement with the values reported previously for a related Type 11 enzyme,
EcoPI,> which suggest that the overall shape is similar for members of the Type 11l R-M
family. However, a recent finding that EcoP151 can assume the Mod,Res; form at low
protein concentration suggests a more dynamic assembly of Mod and Res subunits than
previously considered.® Indeed, the Type 111 enzyme Pstll exists in Mod,Res; and
Mod,Res, forms with differing enzymatic activities, 22 and this may extend to other Type 111
enzymes.

Taken together, we present here the first structural analysis of a Type 11 restriction enzyme
by SAXS. The analysis suggests that the EcoP15I1 enzyme has an elongated, slightly curved
shape, wherein the Mod subunits are located towards the center and the Res subunits are at
the edge. This arrangement of subunits favors the positioning of DNA towards the central
region of the enzyme (Figure S2). Does the model provide any insights into how EcoP15I
communicates between distant DNA sites? Type 11 restriction enzymes differ from most
DNA helicases and translocases in their extremely low consumption of ATP.23: 2425 One
suggestion, based on AFM studies, 28 is that 3D DNA looping shortens the distance between
the recognition sites, and thereby lowers the requirement for ATP for 1D translocation.
Alternatively, based on single molecule and bulk solution cleavage assays, it is has been
suggested that ATP is used primarily to catalyze a conformational switch in EcoP151 from a
DNA recognition mode to a diffusive mode that is thermally driven and ATP
independent.19: 11: 25 Based on the SAXS model, this would likely require the two Res
subunits to come close together and form a “sliding clamp” around the DNA. Interestingly,
an analogous open to closed transition has been proposed for the Mrell nuclease in complex
with Rad50 ATPase (MR complex) during double strand break repair.2” Significantly, the
shape and dimensions of the apo MR complex (210A x 70A x 60A) resemble those of
EcoP15l, including the location of ATPase (Rad50) subunits at the tips of an extended
crescent shape. The Rad50 ATPase subunits in MR are proposed to clamp onto the bound
DNA upon ATP hydrolysis. Whether EcoP151 undergoes a similar clamping motion on ATP
hydrolysis is unknown at present; however, the extended shape of the apo holoenzyme does
raise this intriguing possibility and provides a basis for further experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Small angle x-ray scattering (SAXS) data

SAXS data were measured at beamline X9 of National Synchrotron Light Source at
Brookhaven National Laboratory (BNL). Data processing, including azimuthal averaging
and background subtraction, was performed using the pyXS software developed at beamline
X9 (http://x9.nsls.bnl.gov/software/pyXS.htm). The wavelength of the x-ray beam and
sample-to-detector distance was set to 0.918 A and 2 meters respectively. A) Experimental
SAXS profiles of holo enzyme (black line) and Mod, subcomplex (red line). The two curves
are offset for clarity. B) Corresponding Guinear fits for the experimental data with linear fit
for EcoP15I (blue line) and Mod; subcomplex (red line) in the limit gqRg < 1.5. The radius of
gyration (Rg) was derived by the Guinear approximation /A¢g) = A0)exp(- QZR92/3). C) The
intraparticle distance distribution (p (r)) functions of EcoP15I (black line) and Mods
subcomplex (red line) computed for experimental data. The program GNOM?28 was used to
calculate the p (r) functions and corresponding maximum dimension of protein complexes,
Dmax. The EcoP15I modification and restriction genes were PCR-amplified as a single 5.0
kb fragment from plasmid pSH1180 kindly provided by D.N. Rao (Indian Institute of
Science, Bangalore). The PCR amplified mod-res DNA fragment were cloned in to an
expression vector pRRS.2% The expression construct of EcoP151 (pRRS-ecoP15/RM) was
transformed in to £. coliexpression host NEB Express.Cells were harvested, lysed and the
cleared soluble fraction was loaded onto a Heparin column and protein was eluted with a
linear gradient of NaCl. Peak fractions containing EcoP15I activity were pooled and loaded
onto a ceramic hydroxylapatite column (Bio-Rad) and eluted with a linear gradient of
potassium phosphate. Peak fractions containing EcoP15I activity was pooled and was loaded
onto a Source 15Q column (GE LifeSciences). Peak fractions from a linear gradient were
collected, pooled and loaded on to a Superdex 200 column (GE lifesciences) in a buffer
containing 25mM Tris-Cl, pH 7.5, 0.15M NaCl, 1mM DTT, 5% Glycerol. Mod,
subcomplex was purified similarly to EcoP15I1 holoenzyme.
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Figure 2. SAXS envelope of M odo subcomplex

A) The overall shape of Mod, is shown. Two perpendicular views of envelopes, rotated by
90° around the y-ax/s are shown. The final experimental bead model was converted in to an
EM style surface using the Situs package.3% A correlation based rigid body docking in
program SASREF7 was performed to better-fit partial models of Mod (Mod-N in red; Mod-
TRD in green) in the SAXS envelope. B) A comparison of experimental and computed
scattering (from the best-fit model shown in A) resulted from program CRYSOL3! is shown.
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Figure 3. Experimental SAXS envelops of EcoP15I and model building

A) The upper panel shows overall shape of EcoP151 SAXS envelope in a surface
representation with best-fit models of Mod,Res, and Mod,Res; complexes. Mod, is shown
in red ribbons whereas the helicase and endonuclease domains of Res subunit are shown in
blue and orange ribbons respectively. B) Lower panel shows fitting of the experimental
scattering of EcoP15I against scattering intensities computed from respective best-fit models
in their SAXS envelopes.
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Figure4. Analytical Ultracentrifugation

Sedimentation profiles of both EcoP151 and Mod, from sedimentation velocity (SV)
experiments are shown as a plot of c(s) (continuous sedimentation coefficient) distribution
versus sedimentation coefficient (S). The sedimentation coefficients have been corrected to
standard conditions and are reported in units of Svedbergs, where 1 S =1 x 10713 s, The SV
experiments were carried out in an Optima XL-1 analytical ultracentrifuge (Beckman
Instruments Inc) using an An60Ti rotor. 0.5mg/ml Mod, sample (~400pl) in 20mM Tris-Cl,
pH 8.0, 0.2M NaCl was centrifuged at 40,000 rpm at 20°C. A total of 600 scans were
collected at two wavelengths (270nm and 280nm) with 1 min intervals. For EcoP151, we
performed SV experiments at 48,000rpm at 25°C in 10mM Tris-Cl, pH 7.5, 0.15M NacCl,
1mM DTT. All samples were spun for ~10min at 13200 rpm prior to loading on to
aluminum double sector cell. Sedimentation data were analyzed in SEDFIT2? program
according to the c(s) distribution function of Lamm’s equation, which also yields an
apparent weight-average frictional ratio (#/f;). The sedimentation coefficients from c(s)
models and (#/fy) were then used to calculate the molecular weights for both proteins. In
both cases, data correspond to monodisperse samples and were well fitted by single species
model. SEDNTERP software (http://www.rasmb.bbri.org) was used to calculate the partial
specific volume (v), the density (p) and the viscosity () of the solution.
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