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Side chain and backbone grafting – an overview
288

   ERα is a steroid hormone-activated transcription factor that 
recruits coactivators to a target gene [ 8 ]. The ERα-coactivator 
interaction is established through a helical motif that bears the sig-
nature sequence LXXLL (where L is leucine and X is any amino 
acid), with the leucine residues (hot spots) binding a hydrophobic 
cleft on the ERα surface (Fig.  2b ) [ 7 ]. In the following sections, 
we show how to graft the helical motif into a new protein scaffold. 
The assumptions guiding this design strategy are: (1) stabilization 
of the bound conformation of the LXXLL motif by embedding it 
within a stable scaffold reduces the entropic penalty of binding a 
fl exible peptide, and (2) expanding the interfacial contact area can 
create new favorable interactions with the target. If successful, a 
design that combines these two factors can achieve an interaction 
with enhanced  affi nity   and specifi city. 

 First, the PDB of the protein–peptide complex is formatted for 
compatibility with ROSETTA and the structure is minimized ( see  

  Fig. 1    Workfl ow for seeded interface design. In the  inset panels , the target pro-
tein surface is colored in  green , the motif to be grafted in  orange , and scaffolds 
are shown in  grey        

 

D. Silva et al.

1

1Silva, D., Correia, B.E., and Procko, E. (2016) Motif-driven Design of Protein-Protein Interactions. Methods
Mol. Biol. 1414:285-304
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The Functional Binding Motif

289

 Note 1  at the end for a detailed description on preparing input 
PDB fi les). Next, the structure is divided into two new PDB fi les, 
referred to as the “context” and “motif.” The “context” fi le con-
tains the target structure (i.e., ERα; only chain A of PDB ID 
1GWQ), while the “motif” fi le contains the LXXLL peptide (chain 
C of PDB ID 1GWQ). In different scenarios, the motif could also 
be a small segment of a much larger protein, for example, an inter-
acting loop extracted from an antibody–antigen structure.  

   To prepare an inclusive scaffold database that can be searched for a 
variety of structural motifs, we downloaded 1519 structures from the 
PDB (  www.rcsb.org    ) based on the following four criteria: (1) crystal 
structures with high-resolution x-ray diffraction data (<2.5 Å), (2) 
the proteins had been reported to be expressable in  E. coli  (this sim-
plifi es later experimental characterization), (3) a single protein chain 
in the asymmetric unit (MotifGraft only works with monomeric scaf-
folds as grafting targets), and (4) no bound ligands or modifi ed resi-
dues. The scaffold PDB fi les were formatted for ROSETTA and 
subjected to an energy minimization step ( see   Note 2 ). 

 In some circumstances, a focused scaffold library may produce 
more useful matches. For our particular example, the peptide that 
seeds  interface design   has an α-helical conformation. Therefore, 
we also prepared a small focused scaffold library of 28 helical 
proteins.  

3.2  Preparing 
a Scaffold Database

  Fig. 2    The ERα-LXXLL peptide complex. ( a ) The crystal structure of the ligand-binding domain of ERα (a dimer; 
two chains are shown in  light  and  dark green ) bound to the aroylbenzothiophene core of raloxifene ( grey 
spheres ) and a peptide ( orange ) spanning the helical LXXLL motif from the transcriptional coactivator TIF2 
(PDB 1GWQ). PDB fi les of the motif (chain C) and target (chain A) are prepared. ( b ) The three conserved leu-
cines of the LXXLL motif interact with a hydrophobic cavity on the ERα surface, while glu-542 of ERα caps the 
peptide’s N-terminus       

 

Design of Protein-Protein Binding 

1

1Silva, D., Correia, B.E., and Procko, E. (2016) Motif-driven Design of Protein-Protein Interactions. Methods
Mol. Biol. 1414:285-304
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Requirements for Preparing a Scaffold Database

High-resolution diffraction data ( < 2.5 Å)
Protein has been reported to be expressed in E. coli
Single protein chain as an asymmetric unit
No bound ligand or modified residues
Scaffold proteins must be energy minimized using Rosetta

For future reference
A motif-focused library may be more useful, e.g. only including α
helical scaffolds.
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Matching putative scaffolds with Side Chain Grafting

1 Choose motif and scaffold backbones that superimpose with
very low RMSD (< 0.5 Å)

2 Transplant side chains from functional motif onto scaffold
3 Design surrounding residues on the scaffold surface

Possible Considerations
Pros Cons
Minimal number of changes Often motif and scaffold
to the scaffold structures are too dissimilar,

limiting availability of scaffolds
Increase chances of correctly
folded designs
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Side Chain Grafting XML

<MotifGraft name=”motif_grafting”
context_structure=”context.pdb”
motif_structure=”motif.pdb”
RMSD_tolerance=”0.3”
NC_points_RMSD_tolerance=”0.5”
clash_score_cutoff=”5”
clash_test_residue=”GLY”
hotspots=”3:7”
combinatory_fragment_size_delta=”2:2”
full_motif_bb_alignment=”1”
graft_only_hotspots_by_replace-
ment=”1”
revert_graft_to_native_sequence=”1”/>
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Design of Protein-Protein Binding 

1

Figure: Peptide structure contains
LXXLL motif that is necessary for
interaction.

1Silva, D., Correia, B.E., and Procko, E. (2016) Motif-driven Design of Protein-Protein Interactions. Methods
Mol. Biol. 1414:285-304
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Selecting accurate models

1

1Silva, D., Correia, B.E., and Procko, E. (2016) Motif-driven Design of Protein-Protein Interactions. Methods
Mol. Biol. 1414:285-304
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Backbone Grafting Overview

showed a Kd of 2.3 μM, corresponding to 36-fold
and 564-fold lower affinity than the full-length
epitope peptide, respectively. Decreases in kon and
increases in koff contributed to the reduction in
affinity. Based on the crystal structure of the 2F5–
gp41 epitope complex (PDB ID: 1tji),21 the shorter
peptides make two fewer hydrogen bonds (Gln658O
to GlnL27N2 of 2F5; Glu659O2 to Ala1LN of 2F5) and
bury less surface area than the full-length epitope
peptide when interacting with 2F5. Indeed,
662ELDKWA667 and 661LELDKWA667 peptides pre-
sent 62% and 74% of the total binding surface of the
657EQELLELDKWASLW670 peptide, respectively.21
Determination of 2F5 binding parameters for

epitope scaffolds was done as for the peptides
above. Epitope scaffolds bound 2F5 with higher
affinity than corresponding epitope peptides, con-
sistent with the assumption that epitope stabiliza-
tion in the antibody-bound state results in better 2F5
binding. SC_1vr9 (Kd=71.3 nM) and SC_1zs7
(Kd=75.2 nM), both of which present the ELDKWA
portion of the epitope, have a 30-fold higher affinity
for 2F5 than the 662ELDKWA667 peptide. SC_2cx5
(Kd=38.3 nM), which presents the LELDKWA
portion of the epitope, binds 2F5 fourfold tighter
than the 661LELDKWA667 peptide (Fig. 3). With one
exception (SC_1vr9a), the binding improvements
of epitope scaffolds over corresponding epitope
peptides were due to slower dissociation rates (koff).

Computational design of epitope scaffolds by
backbone grafting

Backbone grafting (Fig. 5) was employed to
transplant the 2F5 epitope onto three parent proteins
used for side-chain grafting. Two of the side-chain
grafting designs bound to 2F5 with a Kd lower than
100 nM (SC_2cx5, SC_1wnu), while one (SC_1zko)
bound 2F5 weakly, with a Kd N2 μM (Table 1). In the
matching stage for backbone grafting, all possible
alignments were tested for the N or C terminus of
the epitope over the whole structure of the three
parent scaffolds (PDB IDs: 2cx5, 1wnu, and 1zko). In
this alignment procedure, backbone atoms on one

end of the epitope were superimposed onto the
scaffold backbone, and RMSD values were mea-
sured between the other end of the epitope and
proximal positions on the scaffold. Epitope align-
ments were selected if the non-superimposed end
was closer than 3 Å from a scaffold backbone
residue and if the alignments satisfied additional
filters that assessed potential clashes between the
epitope and the scaffold and between the antibody
and the epitope presented in the scaffold context.
The resultingmatches were restricted further, for the
purpose of comparing backbone grafting scaffolds
directly with side-chain grafting scaffolds. Only
backbone matches that placed the epitope at the
same scaffold position as in the side-chain grafting
designs were chosen for subsequent computational
design. The native scaffold backbone corresponding
to the epitope was removed and replaced by the
epitope itself per the alignment, resulting in scaf-
folds anchoring the epitope at one end and leaving
an open gap at the opposing end (Fig. 5). Backbone
steric clash filters were then assessed to check the
suitability of the scaffold to accommodate the
epitope shape.
To close the gap, we employed multiple cycles of a

loop closure procedure utilizing a low-resolution
scoring function, fragment insertion,28 cyclic coor-
dinate descent (CCD),29 and Monte Carlo sampling
(Fig. 5). In this stage, the amino acid identity of the
scaffold and epitope–antibody complex was chan-
ged to alanine for efficient sampling and scoring.
During loop closure, the values for the dihedral
angles of four scaffold residues and one epitope
residue were allowed to vary on each side of the
grafted epitope while the backbone of the remaining
residues was held fixed. Thus, the conformation of
the epitope itself was held fixed except for the ϕ and
ψ angles for single residues at the epitope termini.
Throughout the process, the antibody was kept in
fixed rigid-body orientation relative to the epitope.
Once a satisfactory closure was achieved, a back-
bone refinement step was employed to correct
problematic backbone conformations modeled in
the previous stage. The full sequence information

Fig. 5. Stages of epitope backbone grafting. (I) The epitope is aligned on the target scaffold. (II) The native scaffold
backbone corresponding to the epitope is deleted, resulting in a disconnected polypeptide chain. (III) To integrate the
epitope with the scaffold, novel backbone regions are modeled between the epitope termini and the scaffold (red stars).
(IV) Final closure of the chain sets the rigid-body orientation of the epitope and the antibody relative to the scaffold;
sequence design ensures the stabilization of the epitope conformation and the productive interaction of the antibody with
the resulting epitope scaffold.

181Epitope Backbone Grafting by Computational Design

1

Figure:
1 Align to target scaffold
2 Remove native scaffold backbone
3 Model new epitope between termini
4 Rigid-body orientation of new epitope and antibody relative to

scaffold

1Azoitei, M.L., Ban, Y.A., Julien, J., Bryson, S., Schroeter, A., Kalyuzhniy, O., Porter, J.R., Adachi, Y., Baker,
D., Pai, E.F., and Schief, W.R. (2012) Computational Design of High-Affinity Epitope Scaffolds by Backbone
Grafting of a Linear Epitope. J. Mol. Biol. 415:175-192
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Backbone Grafting

1 Search for segments of scaffolds that align closely to the
termini of the motif (both N- and C- terminal sides)

2 The scaffold segment between these alignment points is
replaced by the motif

Possible Considerations
Pros Cons
Extremely versatile – a loop Can disrupt the overall fold
in the scaffold can be replaced in the scaffold
by a different secondary
structure or even with a Redesign of the hydrophobic core
different amino acid length and interface introduces unfavorable

mutations to the scaffold

Careful filtering of designs
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Backbone Grafting XML

<MotifGraft name=”motif_grafting” context_structure=”context.pdb”
motif_structure=”motif.pdb” RMSD_tolerance=”1.0”
NC_points_RMSD_tolerance=”1.0” clash_score_cutoff=”5”
clash_test_residue=”GLY” hotspots=”3:7” combinatory_fragment_size_delta=”2:2”
max_fragment_replacement_size_delta=”-8:8” full_motif_bb_alignment=”0”
graft_only_hotspots_by_replacement=”0”/>

<PackRotamersMover name=”design_core”
task_operations=”hotspot_repack, pido_far, core”/>

<PackRotamersMover name=”design_boundary”
task_operations=”hotspot_repack, pido_med, core_and_boundary”/>
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Backbone Grafting Examples

297

interface. Since the grafted motif is potentially very different from 
the scaffold segment it replaced, design of the core is necessary to 
stabilize the new structure. Two task operations defi ne which resi-
dues can be designed: (1) the ProteinInterfaceDesign task opera-
tion permits design to chain 2 (the scaffold) within a distance 
threshold of the interface, and (2) the SelectBySASA task opera-
tion defi nes core, boundary, and surface residues based on solvent-
accessible surface area and turns their design on or off. The second 
design step is restricted to 12 Å from the interface but now allows 
the design of core and “boundary” (i.e., partially buried) amino 
acids. Again, task operations defi ne the residues for design. The 
third design step is now focused on optimizing all scaffold residues 
8 Å from the target surface. A task operation prevents the grafted 
hot spot leucine residues from mutating at any stage. The fi nal 
mover is a side chain minimization. 

 The protocol fi nishes with three fi lters to report on interface 
quality: the calculated binding energy, number of buried unsatis-
fi ed hydrogen-bonding atoms, and shape complementarity. Within 
3 h on a laptop computer, over 200 scaffolds in the library were 
scanned for potential graft sites, and nearly as many designs were 
generated. In many of the designed proteins, helical segments of 
the scaffolds were swapped with the helical motif. However, in 
other designs, a non-helical scaffold segment was replaced; some 
examples are shown in Fig.  4 .

  Fig. 4    Examples of designs generated by backbone grafting. ( a – d ) In the  upper  images, the target ERα is 
shown in  green , the scaffold in  grey , and the grafted motif in  orange . The scaffold PDB is labeled. In the  lower  
images, the designed proteins (scaffold and motif regions are in  grey  and  orange , respectively) are superim-
posed with the original scaffold PDBs in  magenta . Notice that scaffold loops of very different lengths and 
conformations were replaced with the helical motif       

 

Design of Protein-Protein Binding 

grafted
motif

ERα
(context.pdf)

original motif
(motif.pdb) scaffold

1

1Silva, D., Correia, B.E., and Procko, E. (2016) Motif-driven Design of Protein-Protein Interactions. Methods
Mol. Biol. 1414:285-304
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Selection of Designs and Optimization

Results to Keep
Favorable binding energy (∆∆G)
High shape complementarity
Low number of buried unsatisfied H-bonding atoms

Results to Cull
Buried charged residues
Under-packed interfaces dominated by Ala residues
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Selection of Designs and Optimization Continued

Insert as few mutations as possible because probability of a
designed sequence to properly fold is inversely correlated with
the number of mutations imposed on the scaffold during the
design process
Check if the design is “stable” by comparing the score to the
RMSD from the native model
You may have to manually adjust designs
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Rosetta Remodel

1

1Huang, P.H., Ban, Y.A., Richter, F., Andre, I., Vernon, R., Schief, W.R., and Baker, D. (2011)
RosettaRemodel: A generalized framework for flexible backbone protein design. PLoS One 6(8):e24109.
doi:10.1371/journal.pone.0024109.g001
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The blueprint file

Rosetta Remodel has 3 required inputs: the input PDB(s) – and
also specify the chain to be remodeled, database location, and
blueprint file.
An example blueprint file for motif insertion

1 V .
2 L .
3 E .
4 I .
5 L L PIKAA L
0 x I NATAA
0 x I NATAA
0 x I NATAA
0 x I NATAA
6 N L PIKAA L
7 G .
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Motif grafting v. motif design

Figure: Today’s Rosetta Remodel tutorial: Optimization of the ER binding site to the
LxxLL motif

Motif Grafting Motif Design
Requires two structures, the motif and scaffold Requires one structure
May require docking to graft motif Often requires presence of ligand

or small molecule
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Fold From Loops (FFL)

Improvements in design capability
Design motif scaffolds in the presence of a binder/ligand.
Multi-segment or discontinous motif can be put into a scaffold
using a multi-loop file.
Motif does not have to be the same length as the segment
being replaced.

Available now!
FFL2.0 is currently available in Rosetta 3.9
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Questions?

All material for this tutorial can be found in
∼/rosetta_workshop/tutorials/scaffolding/

Contact: marion.f.sauer@vanderbilt.edu
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