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Abstract: Computational protein design relies on a number of approximations to efficiently search

the huge sequence space available to proteins. The fixed backbone and rotamer approximations in
particular are important for formulating protein design as a discrete combinatorial optimization

problem. However, the resulting coarse-grained sampling of possible side-chain terminal positions

is problematic for the design of protein function, which depends on precise positioning of side-
chain atoms. Although backbone flexibility can greatly increase the conformation freedom of side-

chain functional groups, it is not obvious which backbone movements will generate the critical

constellation of atoms responsible for protein function. Here, we report an automated method for
identifying protein backbone movements that can give rise to any specified set of desired side-

chain atomic placements and interactions, using protein–DNA interfaces as a model system. We

use a library of previously observed protein–DNA interactions (motifs) and a rotamer-based
description of side-chain conformation freedom to identify placements for the protein backbone

that can give rise to a favorable side-chain interaction with DNA. We describe a tree-search

algorithm for identifying those combinations of interactions from the library that can be realized
with minimal perturbation of the protein backbone. We compare the efficiency of this method with

the alternative approach of building and screening alternate backbone conformations.
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Introduction

The successes of computational protein design have

been enabled by a set of algorithmic and representa-

tional choices that have rendered tractable the prob-

lem of selecting amino acid sequences that will fold to

a stable conformation and carry out a desired function.

It was recognized early on that the most general for-

mulation of protein design presupposes a solution to

the folding problem: to assess a given amino acid

sequence, the structure must be first predicted and

then screened for proper function in silico. To avoid

this hopelessly unrealistic prescription, Pabo1 sug-

gested instead that protein design should address the

‘‘inverse folding’’ problem. In this approach, the struc-

ture of the protein backbone is taken as a starting

point, and an optimal amino acid sequence is deter-

mined to stabilize the assumed backbone conforma-

tion. This ‘‘fixed backbone’’ approximation was first

used in practice by Ponder and Richards2 to identify

amino acid combinations compatible with efficient

packing of protein cores. Their computations required

a further conformational simplification: amino acid

side chains were restricted to a discrete set of rota-

tional states that are frequently observed in experi-

mentally determined protein structures and predicted

to be energetically favorable based on small molecule

analogs (the rotamer approximation). Despite numer-

ous improvements in scoring functions and

Additional Supporting Information may be found in the online
version of this article.

The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Center for Research Resources or the National Institutes of
Health.

Grant sponsor: National Center for Research Resources; Grant
number: K99RR024107.

*Correspondence to: James J. Havranek, Department of
Genetics, Washington University in St. Louis, St. Louis, MO
63110. E-mail: havranek@genetics.wustl.edu or David Baker,
Department of Biochemistry, University of Washington, Seattle,
WA 98195. E-mail: dabaker@u.washington.edu

Published by Wiley-Blackwell. VC 2009 The Protein Society PROTEIN SCIENCE 2009 VOL 18:1293—1305 1293



optimization techniques, this general protocol of pro-

tein design with a fixed backbone and a discrete pal-

ette of side-chain conformational options remains a

core subtask in almost all computational design algo-

rithms, and is typically the step at which sequence var-

iation is introduced.

The simplifications due to the fixed backbone

approximation extend beyond the computations

involved in design. With a few notable exceptions,3,4 the

assumed backbone conformation is taken from an

experimentally determined structure. This ensures that

the backbone is ‘‘designable,’’ because at least one

sequence is capable of achieving the conformation. Fur-

thermore, assuming the constancy of the backbone

allows one to neglect the energetics of protein backbone

movement when evaluating amino acid sequences. Over-

all, the fixed backbone approximation allows for the

simplified recasting of protein design in its inverted

form, ensures a reasonable end-state fold for the pro-

tein, and excludes the difficult balance between side-

chain energetics and compensatory backbone motion

from the scoring calculus. The ability of this approach

to redesign native proteins, often with enhanced stabil-

ity, has been demonstrated multiple times.5–8

Although the fixed backbone approximation is

well-suited for designing stable proteins, it can hinder

the design of proteins that perform specific functions.

Protein function is usually mediated by side-chain

atoms, and the combination of a rigid backbone and a

discrete set of rotamers implies a limited ability to

locate side-chain groups where they are required for

function. The effect is most pronounced for amino

acids with longer side chains, where the limitations of

discretization in torsional space are amplified by a ‘‘le-

ver arm’’ effect. Unfortunately, the charged and polar

amino acids that typically serve as catalytic groups and

mediate molecular recognition (e.g., of DNA) tend to

fall within this group. This difficulty in sampling can

be reduced (but not eliminated) by the use of larger

rotamer libraries, with a corresponding increase in

computational burden.

The design of the Top7 protein involved an un-

precedented backbone topology, and as a result could

not rely on the guarantees of designability conferred

by the use of previously observed fixed backbones.4 In

this case, backbone flexibility was included by coupling

techniques from protein design and structure predic-

tion: protein models were subjected to iterative rounds

of sequence optimization followed by structural relaxa-

tion. However, no specific interactions were required,

only that the final sequence-structure combination had

very low energy. Because the design of functional pro-

teins requires satisfaction of specific functional

restraints in addition to energy optimization, the itera-

tive design/relaxation model would require significant

modification to address these restraints.

Although even subtle backbone motions can

greatly expand the conformational freedom of side-

chain functional groups, those motions which result in

optimal placements of side-chain atoms for a given

task cannot in general be determined until they have

been tried and evaluated. In previous work, research-

ers have transplanted functional motifs from wild-type

proteins onto redesigned scaffolds to confer these scaf-

folds with the analogous function. Typically, this

involves finding a set of backbone locations on the

scaffold whose mutual orientation approximates the

wild-type context for the functional motif to be trans-

planted. For example, Pabo and coworkers9,10 identi-

fied two positions in the DNA-binding domain of

lambda repressor suitably oriented to form a disulfide

bond. Hellinga and coworkers11–16 have transplanted a

number of metal-binding sites into protein scaffolds

using chelating amino acid arrangements found in

wild-type proteins. Finally, our group has developed

efficient methods for placing sets of catalytic amino

acids into arbitrary protein scaffolds, generating novel

enzymatic activities.17,18 In each of these cases, the

scaffold backbone is treated as fixed, and the func-

tional residues are specified before hand.

In this report, we describe a new and general

method for directing backbone movement in such a

way as to incorporate functional amino acids into a

scaffold protein. The method can be used to design

any desired set of functional interactions; in this arti-

cle, we use the recognition of specific DNA sequences

as a concrete example. The functional interactions

between protein and DNA are not specified, but are

selected automatically from a library of previously

observed possibilities as the algorithm proceeds. The

algorithm is implemented in the Rosetta molecular

modeling program, which provides efficient methods

for backbone movement and includes a full accounting

of side chain and backbone energetics. We also con-

sider a ‘‘null model’’ method in which alternate back-

bones are generated using peptide fragment assembly

and screened for the ability to incorporate functional

motifs from the same library. We find that the motif-

directed method is more efficient at generating mini-

mally altered backbones incorporating one or more

functional motifs than screening ensembles of rebuilt

backbone conformations. Finally, we demonstrate that

a motif-directed strategy for backbone relaxation can

generate conformations suitable for homology model-

ing of DNA-binding proteins.

Results

Inverse rotamers for protein–DNA interactions

We constructed a library of interactions (termed

‘‘motifs’’) between amino acids and bases in duplex

DNA (see Fig. 1). The interactions were drawn from

several sources. Interactions implicated in conferring

binding specificity have been previously reported,20

and databases containing exhaustive sets of polar

interactions have been compiled.21 We augmented
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these with hydrophobic (packing) interactions culled

from protein–DNA complexes in the protein data-

bank.22 The vast majority of the motifs come from the

AANT database of polar interactions.21 Although many

interactions in this database are redundant, we erred

on the side of completeness and did not attempt to

eliminate similar interactions. Two coordinate systems

were defined for the base and the amino acid atoms

involved in the interaction (denoted by the expanded

atoms in Figure 1, in many cases hydrogen bond

donors and acceptors), and the geometric relationship

between the two coordinate systems was expressed as

a translation vector and a set of Euler angles.

The motif library was used to build inverse

rotamers,23,24 which are free-floating residues in the

correct orientation to make the interaction described

by the motif. As in the more common use of rotamers

to describe side chain conformational freedom given a

fixed backbone, the inverse rotamers generated for a

single motif comprise a discrete set of conformational

possibilities, and differ in the values of their side chain

bond torsions. They are ‘‘inverted’’ in the sense that

the residues are superimposed on the three atoms that

define the coordinate system for the amino acid func-

tional group, rather than on the backbone atoms (see

Fig. 2). As a result, a set of inverse rotamers describes

the main chain spatial locations that can give rise to

the interaction described by the motif.

Computational model system for protein–DNA

interfaces

We choose for our test case the I-AniI homing endo-

nuclease. Homing endonucleases recognize extended

DNA sequences, and are commonly composed of two

domains.25 We focus here on the N-terminal domain

of I-AniI. The wild-type recognition site for I-AniI dif-

fers by five base pairs from a site in the IL-2Rc gene

in a mouse model of severe combined immunodefi-

ciency disease (SCID) [Fig. 3(A)]. The IL-2Rc locus is

frequently mutated in human patients with X-linked

Figure 1. Examples of interaction motifs. Each panel depicts a single interaction motif. The three coordinate system-defining

atoms in both the base (or bases) and the amino acid used to describe the motif are rendered as larger spheres. The sticks

representing the amino acid backbone atoms are rendered with a decreased radius. A: A bidentate hydrogen-bond

interaction between an arginine and a guanine. B: An interaction between an asparagine and two adjacent stacked bases.

The noninteracting bases paired with the stacked bases are colored in solid grey. In this motif, the coordinate system on the

DNA side of the interface is defined using atoms from both of the interacting bases. C: An interaction between a lysine and

two bases that are diagonally related—the bases are on opposite strands but in adjacent base pairs. The noninteracting

bases paired with the stacked bases are colored in solid grey. D: A hydrophobic interaction between a phenylalanine ring and

a thymine methyl group. This and all other figures were generated using PyMOL.19

Havranek and Baker PROTEIN SCIENCE VOL 18:1293—1305 1295



SCID,26 and repair of this gene by homologous recom-

bination from an exogenous DNA template stimulated

by endonuclease-targeted double-strand breaks is a

possible therapeutic strategy. We modeled the central

three base pair mutations from the mouse SCID site

into the experimentally determined structure of the I-

AniI-DNA complex.27 Inverse rotamers were con-

structed for a stretch of four base pairs in the DNA

(positions �9 through �6 in the recognition site),

spanning the three mutated base pairs and one wild-

type base pair that was retained but falls within the

mutated region. A 14-residue region of the protein

backbone (positions 19–32) was allowed to move in an

attempt to incorporate interaction motifs into the pro-

tein [shown in magenta in Fig. 3(B)]. When all appli-

cable motifs are used to generate inverse rotamer

libraries for the eight selected bases, 37,924 inverse

rotamers are found which do not clash with the DNA

or the fixed elements of the protein. These are further

filtered to exclude those whose backbone atoms are

sufficiently far from any backbone position that incor-

poration is impossible. This results in 19,208 inverse

rotamers to consider.

Motif-directed backbone relaxation

As described in detail in the methods, we have devel-

oped a computational protocol that uses inverse

rotamers to constrain backbone conformational sam-

pling in an automated way (see Fig. 4). The coordinate

rmsds between the Cb, Ca, and C atoms of each inverse

rotamer and the closest position in the protein are

evaluated. Those within a cutoff value (1.2 Å was used

for this study) are selected for incorporation [Fig.

4(A)], which is attempted in two steps. First, harmonic

constraints are introduced between the Cb, Ca, and C

atoms of the inverse rotamer and the closest position

in the backbone. The flexible region of the protein

backbone is subjected to backrub conformational sam-

pling28,29 under the Rosetta energy function aug-

mented by the harmonic constraints. If the constraint

score after conformational sampling is below a thresh-

old, the inverse rotamer is placed onto the protein

backbone position, otherwise the incorporation

attempt is aborted [Fig. 4(B)]. However, after the

backbone movement the constrained atoms will not

overlay perfectly with the corresponding atoms in the

Figure 2. Backbone positions for interaction motifs. For an

example A-T base pair, inverse rotamers are shown for two

interaction motifs: a commonly observed bidentate

hydrogen bond interaction between a glutamine and an

adenine base, and a packing interaction between a

phenylalanine side chain and a thymine methyl group.

Although the coordinates for the terminal atoms contacting

the DNA are specified by the motif geometry, the location

of possible backbone atoms are determined by building the

amino acid backward from side chain to main chain using

torsional values taken from a rotamer library. A full set of

inverse rotamers for this base pair would include more

motifs, each with multiple amino acid conformations

capable of realizing the interaction encoded in the motif.

Figure 3. Test case for motif-directed relaxation. A: The

wild-type recognition sequence for the homing endonuclease

I-AniI is similar to a site found in exon six of the IL-2Rc gene

of a mouse model for SCID (severe combined

immunodeficiency disease). To evaluate our algorithm, we

used motif-directed relaxation to generate altered backbone

conformations that could make interactions from our library

with a target site incorporating three of the mutations

required to change the I-AniI target site to the mouse SCID

target site. B: The N-terminal domain of I-AniI and its DNA

target half-site are shown with the three base pair changes

mutated in silico. Inverse rotamers were built for the mutated

base pairs and the intervening wild-type base pair (rendered

in space-fill). The protein backbone region that was allowed

to move to incorporate interaction motifs is colored

magenta, with fixed regions of the protein colored cyan. C:

The result of a three-motif loop relaxation (shown in green,

with the incorporated motif side chains Arg20, Ser24, and

Arg29 rendered as sticks) is overlaid on the native backbone

conformation (in magenta).
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inverse rotamer. As a result, the side chain atoms

directly involved in the interaction will differ between

the original inverse rotamer and the copy superim-

posed on the protein backbone [Fig. 4(C)]. A second

round of conformational sampling is then performed

in which the backbone constraints are removed, and

side-chain constraints are imposed between the posi-

tions of the three motif-defining side-chain atoms

before and after transfer onto the protein backbone. In

essence, the constraints ‘‘pull’’ the side-chain atoms to

their original, interacting locations [Fig. 4(D)]. Confor-

mational optimization is again performed, and if the

constraint score is below a threshold, the incorpora-

tion is considered successful.

Successful incorporation of an interaction motif

yields a structure with an altered backbone in the flex-

ible region of the protein, and a mutated amino acid

making a contact with the DNA. This structure is then

used as the starting point for a further round of motif

incorporation (see Fig. 5). Because the backbone has

been altered, the set of inverse rotamers that will be

considered for incorporation will be different from

Figure 4. Single motif incorporation. A: An inverse rotamer (shown in yellow) is selected for incorporation if a subset of its

backbone atoms (see Methods section) are approximately super imposable with any residue in the protein (starting

conformation shown in magenta). B: Backbone conformational relaxation under a potential augmented with constraints to force

the coincidence of inverse rotamer and protein backbone atoms yields an altered protein backbone (shown in green). The

incorporation attempt is terminated if the final rmsd between the two sets of backbone atoms is above a threshold value. C:

The inverse rotamer is superimposed onto the protein backbone (shown in green). Small differences in backbone atom positions

(amplified by a lever arm effect along the side chain) result in the displacement of the side chain functional atoms from the

original interacting positions. D: A second round of relaxation is performed with constraints between the functional atoms of the

original and superimposed inverse rotamers to restore the desired interaction (final conformation show in cyan).
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that used during previous relaxation attempts. The

number of motifs to incorporate is typically limited to

three, as the calculation time required to explore all

combinations of rotamers increases significantly with

the number of desired motifs.

Relative efficiencies of motif-directed relaxation

and undirected backbone rebuilding

The relaxation procedure used to move the protein

backbone to coincide with the inverse rotamers

involves a nontrivial amount of computation. To

ensure that such effort was warranted, we compared

motif-directed backbone relaxation with three alterna-

tive methods for generating a diverse set of backbone

conformations that are not motif-directed. First, we

constructed models of the I-AniI homing endonuclease

with the flexible backbone region (positions 19–32)

replaced with the structurally homologous regions

from other homing endonuclease structures. The ho-

mologous positions were: 151–167 Z from I-AniI (pdb

code: 2qoj27), 25–41 A from I-CreI (pdb code: 1g9y30),

71–87 A from I-CeuI (pdb code: 2ex531), 24–38 A

from I-DmoI (pdb code: 2vs732), and 27–44 A from I-

MsoI (pdb code: 1m5x33). Second, we created models

where the flexible region was replaced with extended

fragments of similar length taken from the protein

database with start and end residues that could be ori-

ented to overlay simultaneously on the original

Figure 5. Incorporation of multiple motifs. The starting (wild-type) backbone conformation is shown throughout in magenta,

and altered backbones and incorporated motifs are shown in green. Unincorporated motifs that are identified as close to the

current backbone are shown with yellow carbon atoms. The number of motifs incorporated at each level is indicated on the

left side of the figure. Each round of incorporation begins by identifying those inverse rotamers whose backbone atoms may

be made to coincide with corresponding atoms in the flexible protein region with small perturbations of the protein backbone.

For each of these inverse rotamers, the backbone relaxation protocol is applied in an attempt to ‘‘thread’’ the protein

backbone through the main chain atoms of the inverse rotamer. If successful, the rotamer is transplanted onto the protein

backbone (and that position disallowed from downstream incorporation), and the altered conformation serves as a starting

point for the next round of incorporation. As the algorithm proceeds, inverse rotamers considered too far from the initial

conformation may be identified as close enough to altered backbones to attempt incorporation in later rounds. The procedure

takes the form of a tree, in which the starting conformation is the root, and each successful incorporation of an inverse

rotamer begins a new branch. Along each branch of the tree, the procedure terminates when no inverse rotamers are found

to attempt another round (first right-hand branch), or when a specified number of motifs have been incorporated (final branch

with three motifs).
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residues. Because these methods generated a relatively

small number of alternate backbones and were rarely

compatible with the motifs in our library, we also used

an algorithm for rebuilding backbone segments from

peptide fragments to generate a much larger set of

backbone conformations.34 All of these methods result

in reasonable backbone conformations that have not

undergone any selection for the ability to make favor-

able interactions with DNA. As a result, performance for

all three approaches was similar, and we present only

the data for the rebuilt backbone conformations, for

which we have by far the largest test set.

The same backbone region subjected to motif-

directed relaxation above was rebuilt 2000 times using

peptide fragments and energy-minimized using the all-

atom potential.35 A comparison of the number of

motifs found to be compatible with each of these loops

is shown in Table I. The number of single motifs

found to be compatible with the rebuilt loops gives an

estimate of how often loops selected or constructed

without regard for the inverse rotamers will be suitable

for incorporating a motif. Approximately one in every

six loops can accommodate a motif from our library. If

only one motif is required, the directed approach is

marginally more efficient: more motifs are found per

unit time than for undirected loop rebuilding. How-

ever, the chance of simultaneously accommodating

two motifs in a rebuilt loop drops off sharply—this

occurs only once every 286 loops. Per unit time, the

directed approach generates �48 times as many two-

motif loop conformations as the undirected approach.

We did not observe any rebuilt backbones incorporat-

ing three interactions. Although exploring all possible

three-motif combinations is more time consuming

(taking four times as long as exploring all two-motif

combinations), our method readily identifies 134 triple

motif-incorporating backbones.

The motif-directed approach also yields backbones

with smaller Ca rmsd to the starting structure (data

not shown) which could prove advantageous for fur-

ther modeling or design applications, as it minimizes

the impact of the introduced perturbation on the rest

of the protein structure. The Ca rmsd values between

the starting and ending conformations range from

0.66 to 2.6 Å (average of 1.34 Å). Although some of

the more perturbed loops may be initially incompati-

ble with the scaffold protein, we anticipate that down-

stream steps in design protocols will entail further

rounds of iterative relaxation and design, and we pre-

fer not to filter candidate backbones before further

refinements and corrections may be applied. In all the

altered loops, motifs were incorporated into eight dif-

ferent positions, with a total of 20 distinct amino acid-

position combinations found.

Motif-directed modeling of homologous loop

regions

To assess the motif-based protocol’s suitability for

homology modeling, we modeled the structural

response of the I-CeuI protein–DNA complex31 when

the þ5 to þ12 base pairs and the residues in positions

69–89 A were mutated to the corresponding bases and

amino acids in the I-CreI protein–DNA complex30

(base pairs þ5 to þ12 and amino acid positions 23–

43A; the base pairs differ at four of eight positions in

this range). These structures were chosen because they

have the same length throughout the flexible region

and have similar conformations in the turn between

the beta strands. Thus, even though significant lateral

movement is required to superimpose one on the

other (the Ca rmsd between the two is 2.6 Å over the

21 residues, with some corresponding Ca atoms differ-

ing by �3.2 Å), the I-CeuI loop serves as a reasonable

starting template for comparative modeling. Further-

more, the I-CreI protein makes several commonly

occurring direct interactions to DNA that, if recog-

nized, can guide conformational relaxation [Fig. 6(A)].

We assumed that the sequence alignment of the I-

Ceul protein into the I-Crel protein and the I-Ceul

binding site onto the I-Crel binding site are both

known. Thus, although inverse rotamers for all appro-

priate motifs were constructed at each base of the

binding, backbone relaxation and motif incorporation

were only attempted when the amino acid identity of

the motif matched the I-CreI sequence at the corre-

sponding closest backbone position. To prevent the re-

mainder of the I-CeuI template from limiting back-

bone conformational freedom, the helical secondary

structure elements that pack against the flexible region

(positions 129–211A) were omitted from energy calcu-

lations during the relaxation protocol. Shown in Figure

6(B) is a resulting altered loop that has incorporated

three inverse rotamers that make I-CreI-like interac-

tions with the DNA (in green) overlaid with the analo-

gous interactions and backbone from the I-CreI crystal

structure (in blue). All three incorporated motifs are

derived from the AANT database. A closer view of the

two sets of interactions is shown in Figure 6(C). The

movement of the backbone is substantial: the Ca rmsd

Table I. Comparison of Backbone Rebuilding and
Motif-Directed Backbone Relaxation for Incorporating
Inverse Rotamers

No. of motifs
incorporated

Method for generating
backbone diversity

Motif-directed
Backbone
rebuilding

1 10 (4.5 h)a 341
2 58 (45 h)a 7
3 134 0
Run time 173 h 260 h

a Times in parentheses show the runtimes if the motif-
directed search is terminated at less than three motifs. Thus,
all single motifs are found in 4.5 h.
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between the I-CeuI and I-CreI backbones [shown in

magenta and blue, respectively, in Fig. 6(D)] is 2.6 Å,

whereas the rmsd between the altered loop [shown in

green in Fig. 6(D)] and the I-CreI backbone is 1.5 Å.

However, the protocol generates many loop conforma-

tions and incorporates some inverse rotamers that

make contacts unlike those found in I-CreI. To become

a practical tool for homology modeling, it will be nec-

essary not only to generate native-like backbone orien-

tations, but also to identify them with our scoring

function. This will involve predicting and evaluating

the conformations of the remaining side chains in the

flexible region as well as reintroducing the surround-

ing secondary structural elements computationally

removed to maximize the conformational freedom of

the loop region. The construction of a more complete

homology modeling computational pipeline is cur-

rently under development.

Figure 6. Transition between homologous loop conformations. A: The N-terminal half-site of the I-CeuI crystal structure31 was

used as the starting point for a test of loop homology modeling. The flexible protein backbone region is shown in magenta.

The sequence of DNA was computationally altered to match the recognition sequence for the I-CreI homing endonuclease30

(rendered in grey spheres). When the I-CeuI and I-CreI structures are structurally aligned using only the atoms of the

phosphate backbone and deoxyribose rings, it is seen that the strand-turn-strand regions for the two enzymes adopt different

orientations (Ca rmsd of 2.6 Å over the 21 residue loop region) with respect to the major groove (I-CreI loop shown in blue).

Three direct contacts between the I-CreI homing endonuclease and the DNA are rendered as sticks (Lys 28A, Asn 30A, and

Gln 38A). B: After motif-driven backbone relaxation was performed using the I-CeuI backbone conformation as the starting

point and the I-CreI recognition sequence as the target, a number of altered backbone loops incorporating motifs consistent

with the I-CreI protein sequence were generated. The loop with the smallest Ca rmsd to the I-CreI backbone (1.5 Å) is shown

in green. Three inverse rotamers were incorporated during the process, shown in blue sticks for comparison with the

experimentally determined I-CreI side chains. C: Close-up view with the native I-CreI and incorporated motif interactions

shown in blue and green, respectively. D: Backbone traces for the I-CeuI (magenta), I-CreI (blue), and the altered loop regions

(green) are shown for comparison.
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Discussion

Motif-based interactions for protein–DNA
modeling and design

Interactions between specific amino acids and bases

were predicted even before atomic resolution struc-

tures of protein–DNA complexes were available.36 This

led to hope that a purely sequence-based recognition

code for protein–DNA interactions might be possible.

However, structural work has demonstrated that each

of the bases in DNA may be recognized by different

amino acids, and furthermore may interact in more

than one mode with the same amino acid.37 Pabo and

Nekludova38 analyzed the geometric relationship

between bases and the backbone atoms of amino acid

residues to determine which DNA bases may be pro-

ductively contacted by a given position in a protein,

given the relative orientation of the backbone to the

DNA. The interaction motif description we utilize here

specifies instead the relative orientation between the

base and the side-chain atoms with which it interacts.

The backbone positions capable of making these inter-

actions are determined by assuming that the amino

acid conformations are consistent with a rotamer

library. Because our method retains the precise orien-

tation between directly interacting residues but allows

for multiple main chain locations consistent with the

interaction, it can be viewed as generalization of the

geometric description of interactions developed by

Pabo and Nekludova.

Comparison with other approaches to backbone
diversity

When redesigning a protein–DNA interface, an experi-

mentally determined structure of a protein–DNA com-

plex is used as a template to model a different DNA

sequence, and mutations on the protein side of the

interface are introduced to recover complementarity

across the interface. Unfortunately, the interactions

that provide this complementarity require geometric

precision not achievable with a fixed protein backbone.

As a result, backbone flexibility is required to realize

favorable interactions. When the only optimization

goal is to minimize the system energy, high-resolution

refinement using the energy function as a guide is an

excellent choice, and efficient methods may be appro-

priated from structure prediction protocols. When

additional functional constraints are present, beneficial

changes in backbone conformation are in general

unknown until evaluated for some desired quality.

In the case of protein–DNA interactions, the abil-

ity to make one or more interactions previously

observed in native complexes can serve as a metric for

whether a backbone conformation is useful for recog-

nizing a given DNA sequence. We have found that the

geometric precision involved in the exquisite interac-

tions between proteins and DNA is such that simply

screening large ensembles of backbone conformations

is inefficient when a single interaction is required, and

becomes more so for multiple interactions. In contrast,

utilizing high-resolution structural relaxation techni-

ques to adapt a starting backbone conformation to

incorporate a library of interaction motifs can generate

minimally perturbed backbones capable of realizing

several interactions with DNA.

Of course, there is no guarantee that a given start-

ing backbone conformation can be adapted to bind

specifically to arbitrary DNA sequences. Our method

can be extended by diversifying the starting backbones

available for a given protein scaffold. In the case of the

I-AniI homing endonuclease, structurally homologous

regions from other homing endonucleases can be

grafted on the protein. Because different homing endo-

nucleases recognize different DNA sequences, using

the conformation of a homologous region from a dif-

ferent homing endonuclease may permit the transfer

of its sequence preferences. By judiciously selecting

recognition elements most similar to a desired target

site, the amount of perturbation required for a protein

conformation to conform to a new DNA sequence can

be minimized.

Although we intentionally selected a search algo-

rithm (backrub relaxation29) that samples backbone

conformations relatively close to the starting confor-

mation, we note that the amount of backbone flexibil-

ity can be increased by other algorithms for generating

diversity. The alternate loop conformations generated

by the de novo fragment-based construction algorithm

can be used as starting points for the inverse rotamer

selection and optimization protocol described in the

Methods section, biasing the resulting loop regions to-

ward non-native conformations. Alternatively, the con-

straints that are specified by the inverse rotamer con-

struction can be incorporated into the fragment-based

loop generation algorithm itself, providing for another

route toward non-native but motif-incorporating back-

bone conformations.

Applications beyond protein–DNA design
In many respects, the design of DNA-binding proteins

is an ideal application for a strategy involving a library

of previously observed interactions. Nucleic acid

duplexes present the atoms in their bases in a rela-

tively uniform context, suggesting that modes of inter-

action may be transferable. Furthermore, bases are

observed to interact with different amino acids in

different interfaces. This makes an approach based

on a library of interactions desirable, as multiple inter-

actions and combinations of interactions can be

evaluated as potential solutions to a design problem.

Also important is the availability of numerous inter-

action motifs in structural databases and previous

literature.20,21

Another application for this method is the homol-

ogy modeling of protein–DNA complexes. Even subtle

differences between homologous structures can be
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problematic when attempting to use one as a template

for generating models of the other.39,40 Relaxation of

structural models is often necessary to improve on

models generated from a homologous template alone.

Our results demonstrate that motif-directed relaxation

can generate alternate backbones from a starting tem-

plate that incorporate plausible interactions with

altered DNA. This ability to identify potential interac-

tions made by residues that differ between the tem-

plate and target structures by analogy to previously

observed motifs can greatly improve the efficiency of

these methods by providing a constraint on the con-

formational degrees of freedom and effectively reduc-

ing the search space.

A third application that could benefit from this

approach is enzyme and protein–protein interaction

specificity redesign and optimization. In these applica-

tions, the analogs to previously observed protein–DNA

interactions are either interactions between catalytic

residues and substrates or amino acid-amino acid

interactions between interacting proteins. Given a

starting complex of an enzyme or protein–protein

interface, specific side-chain interactions can be made

with a disembodied inverse rotamer library on the tar-

get substrate or protein, and the approach developed

here used to mold the backbone of the enzyme or pro-

tein partner to realize the desired functional side-chain

interactions.

Our algorithm generates altered backbones that

can incorporate interactions taken from a predefined

library. An implicit assumption in this method is that

any interaction is assumed to be as desirable as

another. However, in certain design problems, a par-

ticular interaction may be required. A complementary

algorithm that devotes its computational resources

towards the focused incorporation of a required inter-

action has recently been developed in our group (P.M.

Murphy, J.M. Bolduc, J.L. Gallagher, B.L. Stoddard,

and D. Baker, in press).

Future work
We anticipate that, similar to rotamer-based side chain

placement, motif-directed backbone placement will be

an important subtask of more complex protocols. We

are currently working to improve the efficiency our

method by assembling a more compact and nonredun-

dant motif library from a fresh analysis of currently

available protein–DNA complexes, and extending the

scope of interactions to include those mediated by

water. We are also developing and evaluating different

protocols for incorporating motif-directed loop place-

ment into protein–DNA homology modeling and

design.

Our algorithm produces multiple alternate back-

bone conformations with a small number of incorpo-

rated interactions. Each of these represents the start-

ing point for a complete design calculation. We are

currently exploring design protocols in which each of

these starting structures is subjected to multiple (�10)

rounds of redesign and refinement, during which the

amino acid identities of the incorporated motifs are

held fixed. In most cases, this will yield too many final

protein sequences to test experimentally. One resolu-

tion to this problem is to select a small number of

sequences to evaluate based on our scoring function

(ranking by predicted affinity perhaps in combination

with predicted specificity). Another approach under

investigation is to use the full set of designed sequen-

ces to generate an initial library for directed evolution.

Methods

Assembly of motif library

Interactions between amino acid side chains and the

bases of nucleic acids in the major groove were col-

lected from several sources. First, bidentate interac-

tions involving two hydrogen bonds between an amino

acid and one or two bases were taken from the set

identified by Thornton and coworkers.20 Second, polar

interactions between single amino acids and bases

were taken from the AANT database.21 Finally, hydro-

phobic interactions were identified by visual inspection

of all protein–DNA complexes involving regulatory

and enzymatic proteins. For each interaction, three

atoms on both the amino acid and the base were

selected to define a coordinate system. The translation

vector and Euler angles relating the coordinate sys-

tems were determined. Each interaction motif is

defined by the identities of the amino acid and the

base(s), the coordinate system defining atoms from

the amino acid and base(s), the components of the

translation vector, and the Euler angles. For some

motifs involving rotatable hydroxyl groups, the polar

hydrogen is included as one of the coordinate system

defining atoms, and in these cases, the hydrogen are

placed using the Rosetta molecular modeling program

before the geometric parameters are calculated. The

complete set of motifs used is given in the Supporting

Information data.

Construction of an inverse rotamer library

To determine whether a protein backbone in a com-

plex with DNA is capable of realizing a given interac-

tion between a base and an amino acid described in

the motif library, all possible torsional states of the

amino acid must be constructed and properly oriented

relative to the base, and the resulting backbone frag-

ments compared with the backbone of the protein. For

a specified subset of base pairs in a protein–DNA

complex, we construct a set of isolated amino acids for

which the side-chain atoms realize an interaction in

the motif library and the main chain atoms are colo-

calized with corresponding atoms in the pre-existing

protein backbone. For simplicity and efficiency, we

assume that the possible conformations of the amino

acids involved in the motif interaction are well
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described by a rotamer library. In most applications,

rotamer libraries are used to describe the side chain

conformations that are possible given a fixed backbone

location. Here, we ‘‘invert’’ the library such that all

members are superimposed on the three atoms that

define the motif interaction. When this set of structur-

ally aligned singleton residues is placed opposite the

corresponding motif-defining atoms of a nucleic acid

base, the backbone atoms of the members of the set

describe (within the rotamer approximation) the possi-

ble backbone locations capable of realizing the interac-

tion. For each specified base pair in the complex,

inverse rotamer libraries are constructed for each ap-

plicable motif. Inverse rotamers that clash with the

DNA or the fixed regions of the protein (outside the

designated flexible loop), or that have main chain

atoms too far from any protein residue (rmsd > 3.6 Å

over the Cb, Ca, and C atoms for all protein positions)

are discarded.

Backbone assembly from fragments

Alternate backbone conformations were generated by

rebuilding specified backbone segments using protein

fragment insertion.41 The protocol was developed for

high-resolution refinement of protein models for struc-

ture prediction, and has been described in detail else-

where.34 Before full-atom backbone rebuilding, all res-

idues in the rebuilt region were mutated to alanine,

except positions occupied by glycine and proline,

which were retained. Fragments for the native I-AniI

sequence were selected as for protein structure predic-

tion, and random 9-mer, 5-mer, or 1-mer fragments

were inserted into the specified backbone segment.

The integrity of the protein backbone was enforced

using a cyclic coordinate descent loop closure algo-

rithm.42 Acceptance of each attempted insertion was

determined using the Metropolis criterion.43 Fragment

insertion proceeded through 10 rounds, with the pen-

alty for chain breaks in the backbone gradually

increasing with subsequent rounds.

Motif-directed backbone movement

Backbone segments were modified to overlap with the

backbone atoms of target motifs in the inverse rotamer

library in two steps. First, the backbone conformation

was optimized to minimize the Rosetta energy func-

tion with additional harmonic constraints between the

Cb, Ca, and C atoms of a target motif and the corre-

sponding atoms in the residue in the protein backbone

region initially closest to the target motif. A spring

constant of 20.0 kcal/(mol Å2) was used for the con-

straint energy term. If no backbone position in the

flexible region had an initial rmsd below a cutoff value

for a given inverse rotamer (1.2 Å for the calculations

summarized in Table I), incorporation was not

attempted. Monte Carlo minimization using ‘‘backrub’’

moves was used to sample backbone conformations.29

If the final value for the constraint energy is above a

given cut-off, corresponding to an rmsd of 0.5 Å over

the three atoms, incorporation of the inverse rotamer

is abandoned. Otherwise, a copy of the inverse

rotamer is superimposed onto the backbone atoms at

the position, and the protein is modified to adopt the

chemical identity and conformation of the inverse

rotamer at that position [see Fig. 4(C)]. Because the

match between the backbone atoms of the protein and

the motif will not be exact, a second round of minimi-

zation is performed to overlay the side chain atoms

that define the interaction with the DNA for the motif.

For this second round, the constraints on the back-

bone atoms are removed, and harmonic constraints

are applied between the motif-defining side chain

atoms in the motif and on the newly placed residue in

the protein. If, after this second round of backrub

minimization, the rmsd between the side chain atoms

are below the cut-off, structural data for the complex,

including the mutated position and the perturbed

backbone coordinates are written to a file for further

modeling or design.

The structure that results from incorporation of a

motif into a protein structure also serves as an initial

structure for further attempts to incorporate more

motifs. When used in this way, the possible combina-

tions of motifs that may be incorporated into an exist-

ing protein backbone takes the form of a tree (see Fig.

5), with each node of the tree corresponding to either

the starting structure or a structure with one or more

incorporated motifs. Edges branch off from these

nodes for each additional motif that may be incorpo-

rated. This tree is searched in a depth-first manner,

and branches in the tree that correspond to motifs

that cannot be incorporated are pruned. Typically the

depth of the tree structure that is explored (corre-

sponding to the maximum number of motifs to be

incorporated) is limited, as the number of combina-

tions increases rapidly at each level.

Retrieval of I-CreI loop conformation in
I-CeuI scaffold

Chain A from the I-CeuI crystal structure (pdb code:

2ex531) was used as the starting point for this calcula-

tion. The DNA sequence from bases þ5 to þ12 in the

I-CreI structure (pdb code: 1g9y)30 was modeled into

the corresponding positions in the I-CeuI structure. To

remove any steric hindrance from surrounding resi-

dues, positions 129–211A were removed from the

model during the calculation. Inverse rotamers were

constructed, and loop relaxation and motif incorpora-

tion were performed as above with two modifications.

First, because the displacements between correspond-

ing Ca atoms in the I-CeuI and I-CreI structures are

know to be large [�3.0 Å in some cases; see Fig.

6(A)], the rmsd cutoff beyond which inverse rotamer

incorporation is not attempted was increased to 3.5 Å.

Second, motif incorporation was only attempted when
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the amino acid in the motif matched that of I-CreI at

the corresponding position.

Conclusions
The fixed backbone approximation used to facilitate

side chain repacking and protein design calculations

carries with it certain limitations. The combination of

a fixed backbone with a limited set of rotamers for

describing side chain conformational freedom does not

provide adequate sampling for applications where geo-

metrically precise interactions such as hydrogen bond-

ing dominate. This is the case for modeling protein–

DNA interfaces, where slight errors in backbone posi-

tions can be amplified through long side chains, mak-

ing the identification of correct contacts or the selec-

tion of optimal amino acids for altered target bases

very difficult. We have presented a method for identi-

fying potential interactions between protein and DNA

by analogy to observed interactions, and for generating

minimally altered protein backbones capable of mak-

ing these interactions. The method is more efficient at

generating modified backbones capable of realizing

multiple interactions than the alternative of generating

ensembles of backbones from peptide fragments and

screening these for close matches to motifs. We expect

that this approach of automated enforcement of con-

straints by analogy to pre-existing systems will find

broad use beyond protein–DNA modeling alone.

The algorithm described has been implemented in

the Cþþ language as part of the Rosettaþþ molecular

modeling suite (version 2.3.0). The source code is

available free of charge to academic users.
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