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Computational redesign of endonuclease DNA
binding and cleavage specificity
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The reprogramming of DNA-binding specificity is an important
challenge for computational protein design that tests current
understanding of protein—-DNA recognition, and has considerable
practical relevance for biotechnology and medicine'™. Here we
describe the computational redesign of the cleavage specificity of
the intron-encoded homing endonuclease I-Msol” using a physi-
cally realistic atomic-level forcefield®®. Using an in silico screen,
we identified single base-pair substitutions predicted to disrupt
binding by the wild-type enzyme, and then optimized the iden-
tities and conformations of clusters of amino acids around each of
these unfavourable substitutions using Monte Carlo sampling'®. A
redesigned enzyme that was predicted to display altered target site
specificity, while maintaining wild-type binding affinity, was
experimentally characterized. The redesigned enzyme binds and
cleaves the redesigned recognition site ~10,000 times more
effectively than does the wild-type enzyme, with a level of target
discrimination comparable to the original endonuclease. Determi-
nation of the structure of the redesigned nuclease- recognition site
complex by X-ray crystallography confirms the accuracy of the
computationally predicted interface. These results suggest that
computational protein design methods can have an important
role in the creation of novel highly specific endonucleases for gene
therapy and other applications.

The nucleotide sequence specificity of DNA-binding proteins can
not be deduced directly from amino acid sequence because the
packing, hydrogen-bonding and electrostatic interactions respon-
sible for nucleotide-specific recognition are dependent on the three-
dimensional structure of the protein-DNA complex'"'>. While a
number of canonical amino acid—nucleotide interaction motifs are
observed in protein-DNA interfaces'’, they are not in general
predictable from sequence information alone. Hence, in place of a
simple ‘recognition code’, an atomic-level model of the protein-DNA
interface is likely to be necessary to fully capture the basis of
recognition specificity. To understand the specificity of naturally
occurring DNA-binding proteins, and to design new specificities, we
have developed a computational model that explicitly treats the
packing, hydrogen-bonding, solvation and electrostatic interactions
that underlie protein—-DNA interactions”'*. Here we describe the use
of this model to redesign the specificity of the I-Msol homing
endonuclease.

I-Msol, which belongs to the LAGLIDADG family of homing
endonucleases, is a 170-residue homodimeric enzyme that cleaves
long target sites (20—24 base pairs (bp)) with considerable speci-
ficity”'>'°. The homing endonucleases provide an excellent model
system for understanding protein-DNA interaction specificity, as
well as starting points for engineering of novel specificities for
targeted genomics applications, including gene therapy*’. Crystal

structures of the enzymes bound to their recognition sites reveal a
rich assortment of side-chain—nucleotide contacts within the DNA
major groove, which provide many possibilities for the redesign of
specificity'®"”.

We first tested our model of the DNA—protein interface by
repacking the sidechains at the native I-Msol interface. Nearly all
protein—-DNA contacts and most sidechain dihedral angles in the
crystal structure were reproduced (Supplementary Fig. S1, Sup-
plementary Table S1). To benchmark the sampling and evaluation
of alternative amino acid identities required for protein design,
clusters of amino acids were redesigned around each native base
pair. All direct hydrogen-bonding contacts between protein and
nucleotide bases present in the wild-type complex were preserved,
showing that the model captures the important aspects of the
naturally occurring interface. To redesign I-Msol DNA cleavage
specificity, we began by screening in silico for base changes predicted
to disrupt binding by the wild-type enzyme (Supplementary Figs S2,
S3). The amino acids in the vicinity of each of the base-pair
substitutions predicted to disrupt binding were then redesigned,
and the designs were ranked on the basis of the predicted affinity
of the designed protein for the new site, and the predicted decrease
in affinity of the native enzyme for the new site (Supplementary
Fig. §4).

The design with the largest predicted change in specificity con-
sisted of the base-pair substitution —6C+G to —6G-C in the ‘left’
DNA half-site, and a similar change in the symmetry-related ‘right’
half-site from +6A-T to +6C+G (Supplementary Fig. S5; numbers
are the distance in base pairs from the centre of the recognition site).
At both positions in the wild-type complex, the key interactions of
the base pair are a hydrogen bond of the purine ring with Lys 28 and a
water-mediated contact with Thr 83 (Fig. 1a). Converting either base
pair to a G-C is predicted to disrupt binding (43.2 kcal) by the loss
of the direct hydrogen-bonding interaction and the resulting
desolvation of Lys 28 (Fig. 1b).

Compensation of the base-pair substitution by redesign of the
surrounding amino acids yielded the low energy solution K28L,
T83R (—4.2kcal versus wild type). As shown in Fig. 1d, Arg83 is
predicted to make two hydrogen bonds to the guanine nucleotide of
the introduced G-C base pair, a sidechain—base interaction motif
important in naturally occurring protein—-DNA interfaces'*'®. The
Leu28 mutation decreases the binding energy of the designed
enzyme to wild-type DNA by eliminating a purine-specific hydrogen-
bond. Furthermore, Leu 28 in the designed enzyme makes a favour-
able non-polar packing contact with the C5 of cytosine of the
designed DNA (Fig. 1d). This leucine may also contribute to
specificity against a purine at this position by unfavourably burying
polar surface area of nitrogen N7 (Fig. 1¢). The predicted binding
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Figure 1| Comparison of the predicted interactions in cognate and non-
cognate binding complexes, illustrating the designed specificity switch.
a, Wild-type I-Msol, —6C-G (wild type). A water molecule present in the
original structure'® is shown. b, Wild-type I-Msol, —6G-C. ¢, I-MsoI-K28L/
T83R, —6C-G. d, I-MsoI-K28L/T83R, —6G-C. In parts ¢ and d, the van der

energies of the cognate and non-cognate complexes are given in Table 1.

Competitive in vitro cleavage assays'™'® were performed to assess
the specificity of the wild-type and designed enzymes by directly
comparing the relative activity of the enzyme on each recognition
site. Specific site cleavage, in the presence of both the cognate and
non-cognate sites, in addition to 8.3 kilobases (kb) of non-specific
vector sequence, is independently observed as the conversion of the
linearized plasmid band into two smaller fragments of unique size. As
is evident in the upper panel in Fig. 2, 100 nM wild-type I-Msol
cleaves a substantial fraction of the wild-type target site, but little or
no cleavage of the designed site occurs at concentrations as high as
6.4uM. In contrast, cleavage of the designed site by the designed
enzyme (Fig. 2, lower panel) is observed at an enzyme concentration
of 200 nM, whereas the original site is cleaved only at enzyme
concentrations of 3.2puM and above. To determine the specificity
of binding independent of catalysis, gel electrophoretic mobility shift
assays of cognate and non-cognate DNA—protein complexes were
performed, and a similar switch in specificity was observed (Table 2).
The shift in sequence specificity suggested by these results (at least
4,000-fold by competitive cleavage assay, and ~13,000-fold by gel
shift assay) is considerably greater than that shown to be required for
changes in phenotype in in vivo gene elimination assays using altered
homing endonucleases'>*.

To verify the atomic-level accuracy of the computationally pre-
dicted design, the crystallographic structure of the complex was
determined to 2.0 A resolution (Supplementary Fig. $6). A difference

Table 1 | Predicted binding energies*

Target sites |-Msol I-Msol-K28L-T83R
—6C-G, +6AT 0.0 (0.0) +1.6 (+1.58)
-6G-C, +6C-G +3.2 (+2.34) —42(-1.13)

*Relative binding energies of designed cognate and non-cognate complexes were computed
as (energy of complex)-(energy of isolated DNA + isolated protein), with the value for the
wild-type complex subtracted to facilitate comparison. The corresponding values for the
hydrogen-bonding contribution to the total energy are shown in parentheses.

LETTERS

WT enzyme
DES DNA

DES enzyme
DES DNA

Waals surfaces of Leu 28 and 4-6C are shown in grey. Figures were generated
using the molecular graphics program PyMOL (Delano Scientific). WT, wild
type; DES, designed; blue strands, protein backbone; beige spheres and
sticks, DNA backbone; other spheres, constant nucleotides; dashed lines,
hydrogen bonds.

map showing the electron density around the redesigned amino acids
superimposes well with the predicted structure, confirming the
accuracy of the design (Fig. 3). A water molecule is also evident at
the site, but it does not appear to contribute to nucleotide-binding
specificity.

Our results represent a significant advance in the redesign of
protein—-DNA interaction specificity, and demonstrate the efficacy
of explicit, atomic-level modelling of the protein—-DNA interface for
the re-engineering of specificity. While the subject of this work is a
homing endonuclease, the method should be generalizable to
any protein—-DNA interface redesign problem: for example, the
reprogramming of transcription factor binding specificity. The

Enzyme concentration (nM)
6,400 3,200 1,600 800 400 200 100 50

Designed endonuclease

Figure 2 | Switch in nuclease cleavage specificity. Equimolar amounts of
linearized plasmid DNAs containing wild-type (WT) or designed (DES)
I-Msol cleavage sites were digested by serial dilutions of wild-type or
designed I-Msol endonuclease, and analysed by gel electrophoresis. The
switch in sequence specificity is defined as (wild type vs. DES/wild type vs.
WT) X (designed vs. WT/designed vs. DES), where quantities in
parentheses indicate the lowest enzyme concentration at which significant
cleavage of the site is observed. Here, the wild-type enzyme favours the WT
site by >27-fold, the designed enzyme favours the DES site by ~2°-fold,
and hence the specificity switch is greater than 27 X 2° (>4,000-fold).
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Table 2 | Experimental binding affinities*

Target sites Protein

I-Msol I-Msol-K28L-T83R
—6C-G, +6AT 61 = 15nM 6.1 = 13puM
—6G-C, +6C-G >25pM 192 = 30nM

*Binding affinities for wild-type and designed I-Msol as determined by gel electromobility
shift. Errors represent 67% confidence intervals.

computational approach described here can be improved further by
modelling protein and DNA backbone flexibility and water-mediated
interactions. Remaining inaccuracies in the potential function can
potentially be compensated by focused exploration around promising
computational designs using experimental selection methodologies.

The engineering of artificial gene-specific reagents from naturally
occurring DNA-binding proteins is of great interest for a variety of
targeted genetic applications. Site-specific zinc-finger nucleases
(ZFNs), generated as chimaeras of non-specific endonuclease
domains fused to zinc-finger domains, can stimulate gene-specific
homologous recombination® and have recently been shown to
promote the repair of a disease-associated mutation in cultured
cells®. The homing endonucleases are an alternative molecular system
for the creation of gene-specific DNA cleavage enzymes* that have
also been shown to elicit gene repair by homologous recombination
in murine hepatocytes®'. These proteins are inherently more site-
specific in their DNA cleavage activities than are ZFNs, and have the
added advantage that site binding and cleavage are tightly coupled in
the same protein domain, perhaps minimizing off-target cleavage.
The redesign of existing homing endonuclease proteins to confer
novel DNA target specificities remains challenging using methods of
directed evolution®****, The use and refinement of the compu-
tational modelling and design strategies described here should
facilitate such efforts, and allow us to approach our long-term
goal of designing novel proteins able to recognize and cleave any
desired DNA site with high specificity for targeted genomics
applications.

METHODS

Computational design. Models of every single base-pair substitution in the
I-Msol—target site complex were generated, and a Monte Carlo search pro-
cedure was used to sample alternative conformations and identities of the
surrounding amino acid side chains. Protein positions were repacked or
redesigned if at least one arginine rotamer placed at the position could make
contact to the substituted DNA. Side-chain rotamer conformations were taken
from the Dunbrack library”, and supplemented with extra rotamers generated
by varying x ; and x , independently by plus or minus one standard deviation of the
principal distribution for the rotamer. For still finer sampling of the conformations
of long polar side chains, additional rotamers were generated by similarly
perturbing x; and x; these were retained for the full combinatorial search if
they had favourable hydrogen-bonding energies with the DNA bases. The
physically realistic all atom force field used to guide the Monte Carlo search is
composed of a Lennard—Jones-based treatment of packing, an orientation
dependent hydrogen-bonding potential, a generalized Born-based treatment
of electrostatic solvation energy**, a PDB-derived side-chain torsional potential,
and amino acid dependent reference energies which represent average residue
energies in the unbound and unfolded state. The lowest energy structures
identified in the Monte Carlo search were further optimized by continuous
minimization of side-chain and DNA torsion angles using the Powell
method'**. The in silico protein~DNA complexes produced by sequence design
followed by minimization were ranked on the basis of the predicted affinity of
the designed enzyme for the new site, and the predicted loss in affinity of the
wild-type enzyme for the new site (Supplementary Fig. S4).

Experiments. Full details of the experimental methods are given in Supplemen-
tary Information; a summary is given below.

Expression and purification of I-Msol was performed as previously described'®.
Substrates for competitive cleavage were as follows: oligonucleotide duplexes
corresponding to I-Msolyr (5'-GCAGAACGTCGTGAGACAGTTCCG-3';
bold font indicates positions that were changed in the design) and I-Msolpgs
(5'-GCAGAAGGTCGTGAGACCGTTCCG-3') cleavage sites were incorporated
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Figure 3 | Crystal structure of the designed enzyme-DNA complex. Left,
F,—F. electron-density map of the redesigned region calculated from a
refinement model lacking the redesigned side chains and bases (cyan).
The computational design model (grey) fits well into the unassigned density
(blue mesh, +2.20). Right, superposition of the design model (salmon) and
the refined crystal structure (cyan) confirms the accuracy of the design.

A new coordinated water molecule (red sphere) is also apparent.

into plasmid vectors of sizes 5.4 kb (wild-type site) and 2.9 kb (designed site).
To facilitate product identification, the plasmid substrates were linearized by
restriction-enzyme digestion before use in cleavage assays.

Serial twofold dilutions of wild-type and designed protein were added to
reaction mixtures containing 50 nM of both linearized cleavage constructs in the
presence of magnesium. Reactions proceeded for 1h at 37 °C. Electrophoretic
mobility shift assays to determine binding constants of the cognate and
non-cognate complexes were carried out in the presence of calcium, using
5'-radiolabelled DNA duplexes and non-specific competitor DNA. Crystals
of 1-MsoI-K28L-T83R bound to designed DNA duplex formed in previously
described conditions'. Data were collected at the Advanced Light Source.
The structure was solved by molecular replacement using the original I-Msol
structure, and refined at 2.0 A resolution using CNS*. The final refinement
statistics (Supplementary Table S2) for I-Msol-K28L-T83R were R/
Rree = 0.229/0.271.
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