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Abstract: One of the many challenging tasks of protein design is the introduction of a completely
new function into an existing protein scaffold. In this study, we introduce a new computational
procedure OptGraft for placing a novel binding pocket onto a protein structure so as its geometry
is minimally perturbed. This is accomplished by introducing a two-level procedure where we first
identify where are the most appropriate locations to graft the new binding pocket into the protein
fold by minimizing the departure from a set of geometric restraints using mixed-integer linear
optimization. On identifying the suitable locations that can accommodate the new binding pocket,
CHARMM energy calculations are employed to identify what mutations in the neighboring residues,
if any, are needed to ensure that the minimum energy conformation of the binding pocket
conserves the desired geometry. This computational framework is benchmarked against the
results available in the literature for engineering a copper binding site into thioredoxin protein.
Subsequently, OptGraft is used to guide the transfer of a calcium-binding pocket from thermitase
protein (PDB: 1thm) into the first domain of CD2 protein (PDB:1hng). Experimental characterization
of three de novo redesigned proteins with grafted calcium-binding centers demonstrated that they
all exhibit high affinities for terbium (Kd  22, 38, and 55 lM) and can selectively bind calcium over
magnesium.
Keywords: computational protein design; binding site transfer; calcium-binding pocket; cell
adhesion protein
Introduction and Background
Natural selection has crafted an astounding array of
proteins with a remarkable repertoire of functionalities
ranging from catalysis, signaling, recognition, and regulation to compartmentalization and repair. Despite
this wide range of functionalities, many biotechnological tasks would benefit from individual proteins having
properties not required in nature. A number of success
stories regarding the use of computations to drive proAdditional Supporting Information may be found in the online
version of this article.
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tein design have recently been reported.1–12 These
advances in rational protein design were focused on
redesigning an existing protein structure to introduce
a new function or enhance an existing property, such
as catalytic rate or affinity for a cofactor, substrate, or
ligand. This can be accomplished by modifying an
existing binding pocket or active site (i.e., redesign),7,8,13 or by rationally engineering a completely
new function into target protein scaffold.1–3,11,12 In
both cases, access to detailed structural information is
critical for success. In Ref. 7, we introduced a computational procedure for redesigning an existing protein
for altered specificity by systematically favoring the
binding of a targeted ligand while suppressing the
binding energy of competing molecules. In this article,
we focus instead on the computation-driven introduction of a new binding site onto an existing protein
fold. A number of experimental techniques and
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computational tools have been proposed to aid the
incorporation of new functions into existing protein
scaffolds.5,14–19 Most of the earlier efforts in constructing new protein binding sites focused on the creation
of metal-binding sites into proteins with known structures.14,15,20–24 It is hoped that these efforts will eventually lead to techniques for the ab initio introduction
of more sophisticated functions such as catalytic activity and biosensing onto protein scaffolds.
Earlier efforts relied on visual inspection and local
structural homology between donor and binding site
acceptor proteins to graft simple metal-binding sites.25
Some of the earliest systematic methods include MetalSearch and Dezymer, which are structure-based computational search procedures designed to guide metalloprotein design based on geometric principles.14,15
MetalSearch requires the backbone coordinates as
input and generates lists of four-residue clusters that
should form tetrahedral sites upon replacement with
cysteine or histidine. The only criterion evaluated by
MetalSearch is tetrahedral site formation, which is frequently a required geometry in metal-binding protein
sites.15 Alternatively, Dezymer identifies backbone
positions to introduce new residues to form a new
binding site emulating the geometry of the natural
ligand-binding site without explicit consideration of
binding energies.14 Upon identification of appropriate
residues to create a new binding site, Dezymer predicts whether additional changes in the surrounding
area are necessary to optimize steric hindrance and
reduce potential clashes. Both of these programs have
been used successfully to design tetrahedral metal
binding.15,20 Dezymer was successful in designing
more complex functions such as molecular recognition
and biosensing.2,26 More recently, Zanghellini et al.5
introduced new algorithms for computational enzyme
design that employ hashing techniques to search for
the optimal places for catalytic site residues in the correct orientation in large numbers of protein scaffolds.
Quantum mechanical calculations are employed to
locate transition structures of the substrate in preexisting pockets of protein scaffolds, and in the next step,
the surrounding residues are optimized to further stabilize the transition state. This algorithm has been successfully used to design novel biocatalysts for Kemp
elimination12 as well as new Retro-aldolase enzymes.11
In contrast to protein redesign for improving or
altering existing functions, the de novo design of
new function into existing protein scaffolds is still
in its infancy with relatively few success stories.2,3,11,12,16,20,23,24,26,27 Key challenges include the
ability to computationally explore all potential locations to place the constellation of new residues that
confer the new function and to assess the impact of
the mutated residues on the overall protein stability
and shape retention. In response to these challenges,
in this article, we put forth an integrated computational procedure OptGraft for grafting a new binding
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site onto an existing protein scaffold and ensuring that
the geometry of the transferred binding site is
retained. The proposed algorithmic procedure consists
of two steps (see Fig. 1). In the first step, OptGraft
uses geometric criteria to exhaustively identify and
rank the best possible locations to place the new binding site. In the second step, OptGraft identifies for the
most promising designs whether additional mutations
in the neighboring residues are needed to better
accommodate the imposed structural changes (e.g., alleviate steric clashes or improve favorable interactions). OptGraft is employed to introduce metal-binding sites onto existing protein scaffolds; however, it is
versatile enough to handle the design of binding pockets and active sites for more complex ligands.
In this article, we describe the algorithmic details
of OptGraft and introduce the globally convergent
Mixed-Integer Linear Program that drives residue
redesign. We next benchmark OptGraft against a case
study from the literature14 involving the creation of
new copper-binding site, demonstrating the ability of
the method to efficiently generate multiple designs
with promising geometries. We next use OptGraft to
transfer the calcium-binding pocket found in thermitase protein (PDB: 1thm) onto the first domain of the
non-calcium-binding CD2 (PDB: 1hng) protein. The
creation of a new calcium-binding pocket is tested
experimentally by monitoring the fluorescence
response to binding the calcium analog terbium for
three selected binding pockets, involving mutations at
residues 78, 80, 89, and 91 of the protein scaffold. All
three designed binding pockets exhibit high affinities
for terbium (Kd 22, 38, and 55 lM), and calcium
acts as a strong competitor of terbium binding. The
grafted binding sites also exhibit selectivity toward calcium over magnesium. These results also demonstrate
that the geometry score of the grafted binding pocket
is a reasonable surrogate for the binding constant (i.e.,
design with lower geometry score has higher metal affinity). We conclude by discussing the implications of
our results for introducing new functions onto existing
folds and future plans to design for more complicated
functions such as enzymatic catalysis.

Results
OptGraft predictions
We first benchmarked OptGraft predictions against the
results available in the literature for the blue copper
protein system.14,20 This tested the efficacy of OptGraft
to reproduce existing designs and suggest new ones
with more promising geometries.
De novo design of a copper-binding pocket.
The Dezymer program was employed by Hellinga
and Richards to engineer a blue copper (i.e., type I
copper) site in thioredoxin.14 In the type I copper center, a mononuclear copper ion is coordinated by two
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Figure 1. A schematic presentation of OptGraft. Step 1 identifies where the binding pocket should be grafted on the
acceptor protein. Step 2 determines what residue modifications are required in the surrounding region (shown in yellow) to
ensure that the correct binding pocket geometry is preserved.

histidines (ND), one cysteine (SG), and one methionine (SD) arranged in a distorted tetrahedron and
shielded from solvent by the protein scaffold.28–30
Using the geometry of the copper-binding sites found
in plastocyanin (PDB:1pcy), azurin (PDB:2aza), and
cupredoxin (PDB:1paz), Dezymer was used to insert an
analogous metal center in the hydrophobic core of the
E. coli thioredoxin (PDB:2trx).14,20 After two rounds of
search and refinement, five sites were identified that
could potentially accommodate the appropriate residues to mimic the overall geometry of the natural blue
copper site. The design with the best binding pocket
geometry score contained four coordinating residue
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mutations (L7C, F12H, V16H, and L58M) and was
selected for experimental verification. The redesigned
protein accommodated a CysHis2Met high affinity
CuðIIÞ
HgðIIÞ
metal-binding center (Kd
 0.4 lM; Kd
 0.2 lM;
NiðIIÞ
Kd
 2.3 lM). The engineered variant of thioredoxin
shared similar properties as the wild-type protein, suggesting that the mutations did not cause major structural
perturbations.20
In our computational study, the Azurin copperbinding site was grafted into the hydrophobic core of
the thioredoxin scaffold (see Fig. 2). Cartesian coordinates from the crystal structure of the donor protein
(i.e., Azurin) were used to tabulate the geometric
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Figure 2. The native copper-binding center in Azurin (left). Copper is bound to different atoms of residues H46, H117, C112,
and M121. The structure of the scaffold protein (thioredoxin) is also depicted. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

parameters of the native metal-binding center. The six
pairwise distances between a-carbon atoms and
between copper-contacting atoms of the four amino
acids in the native metal-binding center are listed in
Table I. Each individual pair of copper-binding site
residues was computationally added to the thioredoxin
hydrophobic core, and the relevant distances between
mutated residue pairs (i.e., distances between Ca
atoms and copper contacting atoms) were calculated.
Step 1 of OptGraft was then employed to identify locations that can accommodate the new binding pocket
residues to satisfy the predefined geometrical criteria.

Table I. Geometric Description of the Copper Site
Residues in Azurin
Residues
Distance between Ca atoms
46H
112C
46H
117H
46H
121M
112C
117H
112C
121M
117H
121M
Distance between copper contacting atoms
46H (ND1)
112C (SG)
46H (ND1)
117H (ND1)
46H (ND1)
121M (SD)
112C (SG)
117H (ND1)
112C (SG)
121M (SD)
117H (ND1)
121M (SD)
Letters in parentheses represent atoms.
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Distance (Å)
5.92
8.23
9.20
5.69
5.57
5.68
3.88
3.15
3.39
3.60
4.32
3.81

Solutions are ordered by their corresponding geometry
score values, which reflect the degree of similarity
between the geometry of the grafted binding pocket
and that of the native binding pocket. Lower values
indicate improved preservation of the overall pocket
geometry. For the ideal grafting case, the value of the
geometry score becomes equal to zero.
Results after step 1 (see Table II) suggest that there
exists many possible ways to introduce a copper-binding pocket into the thioredoxin scaffold. Many solutions
are similar in terms of both location within the hydrophobic core and geometry score. In fact, the two solutions with the lowest score have the same four positions
mutated and differ only by two amino acids that have
exchanged positions (see Table II). Notably, for many
solutions, different permutations of the binding site
amino acids populate the same candidate locations.
Although a large fraction of our predicted designs are
similar to those found by Dezymer (e.g., many involve
mutating the same four residue positions 7, 12, 16, and
58), many others were found with substantially lower
geometry scores alluding to the presence of potentially
more promising redesigns. OptGraft identified as many
as 119 solutions with geometry scores less than 85.8
corresponding to the score of the best Dezymer solution
according to our geometric score. Notably, the top 30
predicted designs by OptGraft have scores ranging from
16.1 to 49.0.
We next sought to eliminate designs that may
contain severe steric clashes between the ligand and
protein backbone. Designs were eliminated from
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Table II. OptGraft-Generated Mutations (Step 1) for Constructing the Copper Binding Site in Thioredoxin
Geometry score
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

16.1
20.1
30.1
34.0
35.8
36.4
38.1
38.5
39.3
41.7
42.7
43.2
43.8
44.1
44.2
44.4
44.9
44.9
45.3
45.6
46.1
46.1
46.4
46.6
47.4
48.1
48.6
48.7
48.8
49.0

Distancea (Å)

Mutations
16V!H
16V!H
16V!H
7L!C
7L!H
7L!H
5I!C
7L!M
4I!H
16V!H
4I!H
16V!H
4I!H
5I!M
4I!M
16V!H
4I!M
45I!H
7L!H
7L!H
7L!M
7L!H
7L!H
5I!C
26D!H
5I!M
5I!M
7L!H
16V!C
16V!C

23I!C
23I!C
19A!M
12F!H
25V!H
16V!H
7L!H
25V!H
46A!M
19A!M
42L!M
23I!C
42L!M
7L!H
42L!H
25V!H
26D!H
49Y!M
16V!M
16V!H
16V!H
16V!H
12F!C
7L!H
42L!H
7L!H
23I!H
25V!M
19A!M
19A!H

25V!H
25V!M
23I!C
16V!M
56A!C
56A!C
15D!H
56A!C
55V!C
23I!C
46A!H
54T!M
55V!C
16V!H
46A!H
56A!C
42L!H
53L!C
25V!H
25V!M
25V!H
25V!C
16V!H
16V!H
55V!C
25V!H
54T!C
56A!C
23I!H
23I!H

56A!M
56A!H
25V!H
58L!H
58L!M
58L!M
56A!M
58L!H
57K!H
56A!H
55V!C
56A!H
57K!H
56A!C
55V!C
58L!M
55V!C
55V!H
56A!C
56A!C
56A!C
56A!M
58L!M
56A!M
57K!M
56A!C
56A!H
58L!H
25V!H
56A!M

3.91
3.91
3.80
4.02
3.73
3.71
4.05
3.64
3.62
3.89
3.59
3.71
3.66
3.73
3.59
3.85
3.58
3.53
4.12
4.12
4.12
4.12
3.81
3.99
3.58
3.92
3.67
3.76
3.81
3.61

a

Distance between the copper and the nearest Ca atom in the protein backbone. The vdw radii for copper and carbon are 1.15
and 1.55 Å, respectively.

consideration if the distance between the copper atom
and the closest Ca atom of the protein (listed in Table
II) was lower than the sum of their corresponding Van
der Waals (vdw) radii. No such major atomic clashes
were revealed for this case study.
Step 2 of OptGraft was next used to identify what
mutations in the neighboring residues may be needed
to stabilize the conformation of the grafted binding
pocket for the top five solutions. Excluding the grafted
residues, all residues within a 5Å distance from the

metal were considered as design positions for mutation. The suggested mutations are listed in Table III.
Note that for the fourth solution (i.e., 7C, 12H, 16M,
and 58H), none of the positions considered for redesign are mutated away from the wild-type amino acids.
This result is similar to the Dezymer predictions,
where for the same location, no additional mutations
are necessary in the adjacent amino acids.20 In all
other four cases, the predicted neighboring residue
mutations tend to involve switching to smaller

Table III. OptGraft-Predicted Mutations (Step 2) in Neighboring Residues (Within 5 Å Distance from the Copper
Atom) for the Top Five Redesigned Thioredoxin Variants
Designs

Original geometry score

Mutations in neighboring residues

New geometry score

1

16.1

15.9

2

20.1

3

30.1

4
5

34.1
35.8

5I! V, T
7L! V, T, A
12F, 24L, 54T, and 81F are kept as wild-type
5I! V, T
7L! A, V
12F, 24L, 54T, and 81F are kept as wild-type
7L! A, V, T
12F! L, H, I
81F! L, I
15D, 54T, and 56A are kept as wild-type
8T, 25V, 27F, and 66T are kept as wild-type
81F! L, I
12F, 16V, 26D, 27F, 57K, and 66T are kept as wild-type
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20.0

29.8

34.1
35.7
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residues to reduce steric hindrance and consequently
improve the grafted binding pocket’s geometry score.
This first study demonstrated that OptGraft is capable, with relatively modest computational costs (e.g.,
total execution time for identification of top 30
designs is 118.33 s using a 3.00-GHz Xeon CPU/8GB
RAM) to exhaustively generate a ranked list of promising locations for grafting the candidate binding site
that share the same features and in many cases involve
substantially better geometry scores than the ones
developed and tested by Hellinga et al.14,20 Motivated
by these results, we next deployed OptGraft to drive
the redesign of a new calcium-binding pocket into a
protein with known structure.
De novo design of a calcium-binding pocket. The
objective here is to computationally design a new
calcium-binding pocket into the first domain of noncalcium-binding rat cell adhesion protein CD2 (PDB:
1hng). The computational predictions are tested
experimentally to assess the efficacy of OptGraft. The
crystal structure of the extracellular region of this
protein reveals that it consists of two domains connected by an interdomain flexible linker.31 The D1
domain is a typical immunoglobulin b-sheet protein
that consists of 99 amino acids. This domain has
been extensively used as a platform for different protein design endeavors, and it has been shown that it
can accommodate different configurations of calcium-binding pockets.32–35 Ye et al. employed glycine linkers to fuse calcium-binding loop III from
calmodulin at three different locations in the first
domain of CD2 protein.34 The results indicated that
the redesigned protein gained calcium-binding centers while at the same time the overall conformation
of the host protein was minimally disturbed. Using
the Dezymer algorithm, this domain has also been
subjected to de novo design of calcium-binding
pockets.32,33,35
A calcium-binding pocket is usually located within
a loop of 10–15 contiguous residues, with calcium coordinated by oxygen donors from the side-chain carboxylate and hydroxyl groups as well as peptide
carbonyl oxygen atoms and water molecules.36 In nonEF-hand-type calcium-binding proteins, which include
proteins stabilized by calcium ions, the metal center is
usually located on flexible X-shape surface loops
between protein b-strands. On the other hand, binding
pockets of EF-hand calcium-binding proteins have a
recognizable structural signature which consists of two
helices that flank a highly conserved loop. Reversible
binding of calcium to EF-hand proteins enables
proteins of this group to participate in biological functions such as calcium transduction and signal
modulation.37,38
In this study, we computationally transfer one of
the non-EF-hand calcium-binding pockets found in
thermitase protein (PDB: 1thm). This protein contains
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three calcium-binding sites, and all three contribute to
the protein’s thermal stability.39,40 The second calcium
site was chosen as the subject for computational grafting because of its lowest structural complexity. This
pocket is located near one periphery of the central bsheet in the loop composed of residues 57 to 67. Five
oxygen atoms from the side chains of residues
Asp57(OD2), Asp62(OD1 and OD2), Thr64(O), and
Gln66(OE1) participate in this calcium-binding
site36,39,40 (see Fig. 3). The geometric description of
the pocket defined as carbon–carbon and calcium-contacting atom distances of the residues in the binding
pocket are listed in Table IV. These distances encode
the target geometry required for calcium-binding for
this non-EF-hand site and are employed as input for
OptGraft.
Starting with step 1 of OptGraft, the most suitable
locations to incorporate the new calcium-binding
pocket are identified (Table V). Similar to the pervious
study, OptGraft generated many geometrically plausible solutions, which are ranked according to their geometry scores. The geometry scores are significantly
influenced by small conformational perturbations in
the overall geometry of the predicted pockets. For
example, the best predicted solution lies on two antiparallel b-strands between residues 78 and 91 and has
a score of 18.7. However, different arrangements of
calcium-binding sites occupying the same subset of
positions (i.e., 78, 80, 89, and 91) slightly poorer geometry scores were found with (solutions 9 and 18)
(see Fig. 4). Interestingly, the location of these three
designs shares four positions with the CD2.Ca1 redesigned protein constructed using Dezymer,33 where a
different set of mutations was introduced in a cluster
of five amino acid positions (i.e., 21, 78, 80, 89, and
91) to construct a single calcium-binding center on the
same protein scaffold.
The next step involved the elimination of predicted binding site placements that are inaccessible by
the calcium ion. This was achieved by computationally
constructing the protein structure models of the top
30 binding site placement candidates and subsequently introducing the calcium atom in the designed
metal centers. We found that the shortest distance
between the calcium atom and the nearest Ca atom is
less than the sum of the vdw radii of carbon and calcium atoms (equal to 3.5 Å) for 21 out of 30 redesigns.
The remaining nine solutions were then scrutinized
further under step 2.
All residue positions that are located within 5 Å
distance from the ligand, other than the four residues
participating in the binding site, were considered for
redesign. Interestingly, for solutions 1, 9, 15, 18, 24,
25, and 26, no additional mutations in the design
positions are required. This suggests that for these solutions, new calcium-binding sites can be constructed
with minimal disturbance in the overall protein fold.
On the other hand, for solutions 7 and 23, while many
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Figure 3. The natural calcium-binding pocket in thermitase (left). Different oxygen atoms of the residues D57, D62, T64, and
Q66 form the calcium-binding center. On the right, the structure of the first domain of CD2 protein that was used as a new
scaffold is shown. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

design positions are kept as wild-type, smaller amino
acids are commonly preferred for the rest of the positions (see Table VI). Having a smaller amino acid at
position Phe55 and Asp72 in design 7 and positions
Thr69 and Leu95 in design 23 reduces the magnitude
of steric hindrances caused by introducing the binding
site residues. These additional mutations lowered the
geometry scores for solutions 7 and 23 by 5.2% and
3.1%, respectively.
Out of the retained nine solutions, we selected the
one with lowest geometry score (i.e., solution 1) and
solutions 9 and 18 that correspond to different binding
Table IV. Geometric Description of the Calcium Site
Residues in Thermitase
Residues
Distance between Ca atoms
57D
62D
57D
64T
57D
66Q
62D
64T
62D
66Q
64T
66Q
Distance between calcium contacting atoms
57D(OD2)
62D(OD)a
57D(OD2)
64T(O)
57D(OD2)
66Q(OE1)
62D(OD)
64T(O)
62D(OD)
66Q(OE1)
64T(O)
66Q(OE1)

Distance (Å)
5.24
6.04
7.94
5.64
9.98
5.61
3.55
3.40
3.39
3.70
4.66
2.62

Letters in parentheses represent atoms.
OD represents the average coordination of OD1 and OD2
atoms in Asp62.
a
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site placement orientation in the same location of the
protein scaffold (i.e., residues 78, 80, 89, and 91, Fig.
4) to construct and subsequently experimentally test.
The three mutant proteins are named CD2D1-Ca1,
CD2D1-Ca9, and CD2D1-Ca18. These selections were
constructed to explore the effect of different arrangements of the grafted metal-binding center on calcium
binding.

Experimental testing
Lanthanides are commonly used to probe calciumbinding sites because of their similar ionic radii and
metal coordination chemistry.41–43 Direct binding of
lanthanides can be monitored via FRET interactions
between the metal and aromatic residues. Terbium fluorescence has been shown to serve as a suitable surrogate calcium-binding site probe in CD2 mutants
Ca.CD2,35 CD2.Ca1,33 and DEEEE32 designed for calcium binding. The protein scaffold used in this study
(i.e., the first domain of CD2 protein) contains Trp32
and Tyr81 residues that are located in the proximity of
the grafted binding pockets, and their fluorescence
emissions can excite the bound terbium. The distances
between the metal-binding sites in our designed versions of CD2 and the native Trp and Tyr amino acids
in the protein scaffold are listed in Table VII. Occupancy of the designed binding pockets by terbium can,
therefore, be detected by monitoring the resulting fluorescent emission spectrum.
Figure S1 (in supporting information) depicts the
fluorescence emission spectra for terbium in the
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Table V. OptGraft-predicted Mutations (Step 1) Required for Constructing the Calcium Binding Site into the First
Domain of CD2
Geometry score
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

18.7
27.3
27.7
28.3
30.2
30.4
30.5
31.5
31.8
32.1
32.2
32.8
33.3
33.5
33.8
33.9
34.2
34.3
34.8
34.8
35.4
35.7
36.0
36.2
36.3
36.7
36.8
37.43
37.51
37.55

Distancea (Å)

Mutations
78V!T
54A!D
8G!D
27I!D
54A!D
6V!D
54A!D
15N!D
78V!T
8G!D
6V!Q
28D!T
16L!Q
33E!T
6V!D
6V!D
27I!D
78V!D
50L!D
32W!D
4G!Q
32W!T
8G!D
9A!D
8G!D
29E!D
32W!Q
32W!D
16L!D
9A!T

80V!D
65I!D
9A!T
29E!D
66K!D
76Y!Q
65I!D
16L!D
80V!Q
9A!T
76Y!D
29E!D
58L!D
39V!Q
16L!D
76T!Q
28D!D
80V!Q
51K!D
33E!T
78V!D
39V!Q
68L!T
12H!T
12H!T
31R!Q
38L!D
38L!D
58L!Q
12H!D

89L!D
67N!T
68L!Q
81Y!T
67N!T
93L!T
67N!T
58L!Q
89L!D
12H!Q
93L!D
44R!Q
62D!D
76Y!D
76Y!Q
94D!T
81Y!T
89L!T
52S!T
39V!D
91K!D
76Y!D
72D!Q
14I!Q
14I!D
79T!T
40A!T
40A!T
62D!D
68L!D

91K!Q
69T!Q
97I!D
88I!Q
69T!Q
95L!D
68T!Q
63L!T
91K!D
97I!D
94D!T
81Y!D
63L!T
77N!D
93L!T
95L!D
88I!Q
91K!D
54A!Q
77N!Q
92A!T
77N!D
97I!D
68L!D
68L!Q
81Y!D
49F!D
49F!Q
63L!T
98L!Q

4.00
3.32
2.80
2.60
2.75
2.90
4.06
2.03
4.45
2.67
3.04
2.55
0.77
0.85
3.97
2.85
2.84
4.25
3.22
2.04
1.99
1.79
4.79
3.93
3.61
4.30
2.37
2.10
2.95
2.46

a
Distance between the calcium and the nearest Ca atom in the protein backbone. The vdw radii for calcium and carbon are
1.95 and 1.55 Å, respectively.

presence of increasing concentrations of wild-type or
mutant CD2D1 proteins. Figure S2 shows the increase
in terbium fluorescence peak area as a function of protein concentration. Although the fluorescence change
on the addition of wild-type CD2D1 is relatively low, all
three mutants cause significant increases in terbium
fluorescence, with emission peaks at 544 nm. In general, the fluorescence responses are linear with protein
concentration. Differences in peak intensities for the
different mutants may reflect differences in binding site
proximity to excited aromatic residues (Table VII).
Figure 5 depicts terbium binding curves, presented as the fractional change in fluorescence as a
function of different terbium concentrations in equilibrium with the CD2D1 mutants. These data were fitted
to Eq. (2), and the fitted lines are shown with the data
in Figure 5. R2 values for the fitted equations are given
in parentheses next to each protein. The corresponding terbium Kd values were calculated and listed in Table VIII. Notably, binding pockets with better geometric characteristics (i.e., lower geometry scores) have
lower terbium dissociation constants.
Binding competition between terbium and calcium
or magnesium was next monitored to obtain relative
dissociation constants for calcium and magnesium.
The ability of these metals to displace bound terbium
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on addition to saturated and equilibrated protein–terbium complexes is quantified by the decrease in the
terbium fluorescent emission. The fractional drop in
fluorescence as a function of calcium or magnesium
concentration is shown in Figure 6. The dissociation
constants for the competing metal ions (listed in Table VIII) were determined by fitting the competitive
binding data to Eq. (3) (the fitted lines are shown in
Fig. 6). The calculated Kd values for the competing
metal ions vary over almost two orders of magnitude,
demonstrating the presence of highly selective sites for
calcium over magnesium.

Summary and Discussion
In this article, we introduced OptGraft, a systematic
computational framework for grafting a new binding
pocket into a protein with known structure. OptGraft
uses integer optimization to exhaustively explore every
possible binding pocket placement combination on the
protein scaffold and generates a ranked list of the
designs that most faithfully match the native binding
pocket geometry and orientation. The impact of the
new grafted site on the protein structure is systematically assessed and potential distortions are ameliorated
by allowing for mutations in neighboring residues.
OptGraft was used to redesign a calcium-binding
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Figure 4. The modeled structures of selected redesigns of CD2D1 variants. Different arrangements of calcium-binding
pockets are constructed by permutations of amino acids Asp, Asp, Gln and Thr among residue positions 78, 80, 89, and 91.
The calcium atom is shown in yellow. The adjacent Trp and Tyr residues are also depicted.

center in the first domain of CD2, one of the rat cell
adhesion proteins. All three redesigns predicted by
OptGraft selectively bound terbium or calcium over
magnesium. Notably, the measured affinities exhibited
an increasing trend with improving geometry scores
(see Table VIII).
The calculated dissociation constants show that
the affinities of the redesigned proteins for terbium
are at least two-fold higher than those for calcium.

This has been reported in other studies of calciumbinding pockets and is attributed to the added charge
on terbium.33,44 The calcium dissociation constant for
the Dezymer-redesigned protein CD2.Ca1 was reported
to be 40  10 lM,33 which is similar to the calcium
dissociation constant of 59  2 lM for the bestredesigned OptGraft protein. Despite some position
similarities between our designs and CD2.Ca1, the structural characteristics of these designs are distinctively

Table VI. OptGraft-Predicted Mutations (Step 2) in Neighboring Residues (Within 5 Å Distance from the Calcium
Atom) for Nine Redesigned CD2D1 Variants
Designs

Original geometry score

Mutations in neighboring residues

New geometry score

1
7

18.7
30.5

18.7
29.9

9
15
18
23

31.8
33.7
34.3
36.0

24
25
26

36.2
36.3
36.7

18I, 21F, 30V, 79T, and 90N are kept as wild-type
55F! M. L
72D! T, S, A
66K and 68L are kept as wild-type
18I, 21F, 30V, 79T, and 90N are kept as wild-type
32W, 94D, and 95L are kept as wild-type
18I, 21F, 30V, 79T, and 90N are kept as wild-type
69T! S, A
95L! V, N, T
14I, 65I, 73S, and 76Y are kept as wild-type
8G, 10L, 11G, 13G, and 97I are kept as wild-type
9A, 13G, 65I, 95I, and 97I are kept as wild-type
30V, 41E, and 80V are kept as wild-type
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31.8
33.7
34.3
34.9

36.2
36.3
36.7
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Table VII. The Distances Between Calcium and Native
Trp and Tyr Residues in the Protein Scaffold for
Different Designs

Table VIII. Experimentally Determined Metal Dissociation Constants for the Designed CD2D1 Mutants

Distance (Å)

CD2D1-Ca1
CD2D1-Ca9
CD2D1-Ca18

Trp7

Trp32

Tyr76

Tyr81

23.48
22.97
23.44

6.88
6.61
7.17

15.41
15.14
15.74

9.21
9.76
9.83

different. The Dezymer-designed calcium-binding site
(i.e CD2.Ca1) involves five mutations composed of four
negatively charged amino acids. This site is constructed
on three different sequence regions of the protein scaffold (F strand, G strand, and flexible BC loop). The creation of this calcium-binding pocket requires mutating
the wild-type residues Phe21, Val78, Val80, Ile89, and
Lys91 to Glu, Asn, Glu, Asp, and Asp, respectively. In
contrast, the three calcium-binding pockets designed
using OptGraft are composed of four new amino acids
with a total of two negatively charged amino acids
located on two sequence regions of the protein scaffold
(F strand and G strand). As a positive control, we measured the terbium dissociation constant of Dezymer-redesigned protein Ca.CD2 (PDB: 1t6w).35 Although the Kd
for terbium for this mutant was reported to be 6.6  1.6
lM,35 in our hands the experimentally determined Kd
was 20  1 lM. Variability in experimental procedures
makes accurate quantitative comparisons between proteins difficult, but it is clear that all three OptGraft solutions tested yielded functional grafted calcium-binding
pockets comparable with others reported.
The current implementation of OptGraft can be
used to introduce only binding (not catalytic) pockets
onto existing protein scaffolds as all the geometry optimization/energy minimization steps are performed
only at the ground state. In principle, the OptGraft
framework can be extended to redesign proteins not
just for affinity but also for a desired catalytic function

Figure 5. Fractional change in protein–terbium
fluorescence with increasing concentrations of terbium in
the presence of 4 lM of CD2D1 mutants. Protein–terbium
complexes were excited at 282 nm. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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CD2D1-Ca1
CD2D1-Ca9
CD2D1-Ca18

Dissociation constants (lM)

Geometry
score

Tb(III)

Ca(II)

Mg(II)

18.7
31.8
34.3

22  1
38  2
55  4

59  2
124  6
220  9

3362  194
5979  308
10040  628

by taking into account the structure and energetic barriers of the transition state. Given an accurate model
of the enzyme transition state as well as thorough
knowledge of the mechanism and chemistry of the
chosen reaction, OptGraft could be modified to perform geometry/energy optimization steps at both
ground and transition states. Even though there exists
a few computationally-driven de novo enzyme redesign
success stories,11,12 this remains a formidable and
largely open challenge.

Methods
OptGraft computational procedure
The first step in OptGraft involves the identification of
the most promising locations to graft the new binding

Figure 6. Fractional changes in protein–terbium
fluorescence in the presence of increasing concentrations
of competing metal ions (i.e., calcium and magnesium).
([Tb3þ] ¼ 150 lM, [Protein] ¼ 4 lM). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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pocket into the protein fold. This challenge gives rise
to a high dimensional search problem, which we tackle
using combinatorial optimization. The objective of this
step is to retain the geometry and orientation of the
residues in the binding site by minimizing the sum of
the squared deviations between carbon–carbon and
ligand contacting atom distances of the residues in the
binding pocket before and after placement in the protein scaffold (see Fig. 1). By penalizing departures in
the distances between atoms forming the binding site,
the overall shape and orientation of the binding site is
preserved upon grafting in the new location. The combinatorial optimization formulation for the geometry
matching problem requires the definition of a number
of sets, variables, and parameters needed to describe
and evaluate various design choices.
We first define two sets that label amino acid residues in the binding site and protein backbone, respectively.
Sets
k ¼ 1; . . . ; K Binding site residues
i ¼ 1; . . . ; N Protein scaffold residues

fully specified. Binary variable set Yik encodes the
binding site placement decisions made by solving the
optimization formulation. They assume value of one
only if residue k of the binding site is placed at residue
location i in the protein scaffold.
Binary variable
8
1 if position i is replaced by residue k
>
>
<
Yik ¼
from the binding site
>
>
:
0 otherwise
All residues k forming the binding site must be placed
somewhere in the new scaffold implying the following
equality constraint:
X

Yik ¼ 1;

k ¼ 1; . . . :; K

i

In addition, every position i in the protein scaffold can
receive up to one binding site residue k which is
encoded by using the following set of inequalities:
X

Yik  1;

i ¼ 1; . . . :; N

k

Set k enumerates all residues composing the binding
site, and set i denotes all candidate locations for
placing any of the k residues in the protein scaffold.
Next, a set of parameters is defined to provide a geometric description of the residues in the binding
pocket and target protein scaffold using pair-wise
atom distances.
Parameters
a

RCij ¼ C a  C a distance between residues i; j
in the protein scaffold
a
rCkl

¼ C a  C a distance between residues k; l
in the binding site
Rkl ¼ distance between ligand contacting atoms
of residues k; l in binding site
rikjl ¼ distance between ligand contacting atoms of
residues k; l place at position i; j in the scaffold

Ca
Parameters RCa
ij and rkl store the Ca-Ca carbon distances between backbone locations i, j in the protein and
locations k, l in the binding site, respectively. The next
two parameters Rkl , rikjl quantify the distances
between the atoms contacting the ligand in the original binding site and protein respectively (see also Fig.
1). This collection of distances can be augmented with
various angles or any other metric in response to the
specifics of the design challenge. By imposing a sufficiently large number of pair-wise distances (and bond
angles), the preferred geometry of the binding site and
the one on grafting onto the new protein scaffold is
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The objective function whose minimization drives the
placement of the binding site entails the minimization
of differences between the geometry of the residues in
the protein scaffold and those in the binding pocket.
This minimization step recapitulates the arrangement
of the amino acids in the target protein scaffold and
ensures that the footprint of the constellation of the
residues in the grafted binding site remains the same
as that in the donor protein. The objective function
summation spans over all possible combinations of
placing binding site residues k ! i and l ! j and
cumulatively sums the corresponding Ca-Ca and
ligand contacting atom distance differences. All terms
are multiplied by the product of binary variables Yik.Yjl
that is equal to one only if atom k is placed at location
i and atom l is placed in location j. This product acts
as a ‘‘filter’’ that only allows the summation of the relevant squared distance differences implied by the
choice of Yik.
Minimize

 
2 i
X h a
a 2
RCij  rCkl þ rikjl  Rkl
 Yik  Yjl
i;k;j;l

(1)
The presence of the nonlinear products precludes the
use of efficient mixed-integer linear programming
solvers such as CPLEX45 to solve for the binding site
placement choices encoded using variable Yik that
globally minimize the objective function. Therefore,
the nonlinear products are recast into an equivalent
linear form, as follows, at the expense of introducing
a set of continuous variables Wikjl which are equal to
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one only if both variables Yik and Yjl are equal to
one:
Continuous variable
8
1 if positions i; j are replaced simltaneously
>
>
<
by residues k; l respectively
Wikjl ¼
>
>
:
0 otherwise
The linearly recast objective function along with the
above described constraints give rise to the OptGraft
Mixed Integer Linear Programming (MILP) optimization formulation which is solved by accessing solver
CPLEX through the GAMS programming environment.
Minimize

 
2 i
X h a
a 2
RCij  rCkl þ rikjl  Rkl
 Wijkl
i;k;j;l

Wikjl  Yik
Wikjl  Yjl

9
>
>
>
>
>
>
>
=

>
Wikjl  Yik þ Yjl  1 >
>
>
>
>
>
;
0  Wijkl  1
X
Yik  1;
k
X

Yik ¼ 1;

i; j ¼ 1; . . . :; N; and
k; l ¼ 1; . . . :; K

i ¼ 1; . . . ; N
k ¼ 1; . . . ; K

i

Yik 2 ½0; 1

i ¼ 1; . . . :; N; k ¼ 1; . . . :; K

The versatility of the adopted MILP modeling description enables the incorporation of additional geometrical characteristics such as angles and different distances. By using integer cuts46 and resolving the problem,
all promising locations within a prespecified objective
function cut-off can be exhaustively generated. Specifically, a previously found binding site placement
encoded by Yikiter can be excluded from consideration
and a new one can be identified by resolving the problem for a prespecified number of iterations on the
addition of the following integer cut:
X

Yik  K  1;

ði;kÞjYikiter ¼1

The MILP optimization formulation identifies the optimal placement of the appropriate side chains in the
backbone of the target protein scaffold to mimic the
natural geometry of the binding pocket. However, the
designed pocket may not be accessible for the ligand
because of steric hindrances caused with the protein
backbone or other residues not part of the binding
pocket. Therefore, on the generation of the top N
(where N is typically equal to 30) binding site placements by the MILP formulation, we systematically filter out the ones that introduce severe steric overlaps
between the ligand and protein backbone. This is
achieved by first computationally generating the 3D
structure of the top N predicted designs and placing
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the ligand in the designed pockets. Subsequently, the
distance between the ligand and the nearest Ca atom
of the residues in the protein backbone is measured.
Binding site placements leading to ligand-Ca carbon
distances less than the sum of their corresponding
vdw radii are rejected.
The MILP formulation denoted as step 1 of the
OptGraft procedure assumes that the protein structure
will remain ‘‘rigid’’ on the addition of the new binding
site. However, this structural perturbation may appreciably distort the protein structure and correspondingly the pocket geometry. Step 2 of OptGraft aims to
remedy this by systematically testing through energy
minimization whether for any of the identified binding
site placements the structure is unfavorably perturbed.
The geometric criterion of the sum of differences in
pairwise distances is recalculated after the structure is
relaxed through energy minimization upon the addition of the new residues forming the binding pocket. If
the pocket geometry is adversely affected, we proceed
with the search for mutations in the binding pocket vicinity that restore the correct geometry of the binding
site. In essence, we identify what mutations, if any, are
needed to ensure that the minimum energy conformation of the binding pocket coincides with the configuration desired for function. The modified version of
protein redesign framework IPRO provides the backbone of the computational environment for the second
phase of this study.47 The systematic optimization procedure of IPRO iterates between sequence design and
backbone optimization (see Fig. 7), and it involves five
main steps as follows:
i. Backbone perturbation: Different backbone
conformations are sampled out by iteratively perturbing small regions of the backbone that are randomly
chosen during each cycle along the length of the
sequence.
ii. Rotamer–rotamer/rotamer–backbone energy
tabulations: Given the backbone conformations determined in step i and the rotamers and rotamer combinations permitted at each position, this step involves
the calculation of the interaction energies of all
rotamer–backbone and rotamer–rotamer combinations using CHARMM energy function.48
iii. Side-chain/sequence optimization: This step
optimizes the amino acid choices and conformations
(rotamers) for the given backbone structure over a 10–
15 residue window that includes the perturbation positions and five residue positions flanking it on either
side. Specifically, the design positions within the perturbation region are permitted to change amino acid
type while the flanking residue positions (five residues
on either side) can only change rotamers but not the
residue type. This entails two discrete decisions: (1)
identifying the choice of amino acid at any given position and (2) selecting the rotamer of the chosen amino
acid that minimizes the selected surrogate objective
function. IPRO draws on (MILP) optimization model
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Figure 7. The modified version of protein redesign framework IPRO provides the backbone of the computational environment
for the second phase of this study. During each iteration, a local backbone perturbation window (i.e., 1–5 residues) is
randomly selected, and a perturbation of the backbone is imposed. An optimization step is carried out globally using an MILP
model within a local perturbation window to identify new residues (i.e., mutations) and corresponding rotamers. This
optimization step is followed by backbone relaxation. If the redesign and corresponding structural modifications lead to an
improved energy of the system while maintaining and/or lowering the overall geometry score, then the perturbation is
accepted; otherwise, a simulated annealing step is used to accept or reject the residue redesigns associated with each
backbone perturbation step. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

formulations that use binary variables to mathematically represent these discrete decisions.
iv. Backbone relaxation: The optimization step
described earlier may lead to a number of new residues and/or rotamers for the protein structure. These
new side-chains and/or conformations may no longer
be optimally interacting with the previous backbone.
To remedy this, a backbone relaxation step is included
here allowing for dihedral angles to vary while the
bond lengths and angles are constrained to their original values
v. Accepting/rejecting moves: Following the
relaxation step, the total energy of the system and the
geometrical objective function [relation (1)] are calculated. If the redesign and corresponding structural
modifications lead to an improved energy of the system while maintaining and/or lowering the overall geometry score, then the perturbation is accepted. Otherwise, it is accepted/rejected based on the Metropolis
criterion.49 The procedure is repeated for 1000 iterations in the same fashion until an ensemble of redesigns are generated for different design positions.
On completion, IPRO provides a set of low energy
solutions and associated mutations in the protein
structure that can better accommodate the grafted
binding site. All computational studies listed in this article were performed on a Linux PC cluster using a
3.00-GHz Xeon 3160 CPU/8GB RAM.
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Experimental procedures
Protein mutagenesis, production, and purification. The redesigned proteins (i.e., CD2D1-Ca1,
CD2D1-Ca9, and CD2D1-Ca18) were constructed using
standard site-directed mutagenesis techniques50 using
the first domain of the wild-type CD2 gene cloned into
vector pGEX-PKT, which includes an N-terminal fusion
to a poly-Gly linker and glutathione S-transferase (GST)
protein (plasmid pGEX-PKT was a gift from Dr. H.
Godwin).51 The GST fusion protein were purified from
bacterial lysates by affinity chromatography using immobilized glutathione agarose matrix, which can capture
the GST moiety. Subsequently, the impurities are
removed by washing, and the protein of interest is
cleaved and released using a site-specific protease.
All sequences were verified by DNA sequencing.
Proteins were expressed in E. coli BL21 as follows:
protein expression was induced with 1.0 mM IPTG
from BL21 cells harboring plasmids pPCC441-443 and
grown in LB broth with ampicillin to mid-log phase
(OD600  0.8). Cells were then pelleted by centrifugation at 3200 g for 20 min, resuspended in 5 mL of
ice-cold lysis buffer, lysed in a French press, and centrifuged at 3200 g for 20 min. The recombinant GST
fusion proteins in the supernatant were extracted and
purified using glutathione-Sepharose 4B, and the
cleavable GST tag was subsequently digested by
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PreScission protease (overnight at 4 C with 50 units of
enzyme).52 Protein production and purity were qualitatively assessed by SDS-polyacrylamide gel electrophoresis, and Bradford assay was employed to determine the protein concentration. The proteins of
interest were highly purified with concentrations in a
range of 20–40 lM.
Terbium fluorescence. FRET interactions between protein aromatic residues and terbium were
used to probe calcium binding, as described previously.33,35,41,42 Terbium solutions were freshly prepared
from a 15 mM stock of TbCl3, the concentration of
which was confirmed by EDTA microtitration using Xylenol Orange as indicator.53 All solutions were stored at
4 C to avoid precipitation. The binding of terbium to
the soluble proteins was measured according to the procedure of Yang W et al.35 In a typical binding experiment, one solution contained 4.0 lM protein in 50 mM
Tris-HCl at pH 7.0, 1 mM DTT, and 150 mM NaCl.
Another solution contained the same concentration of
protein with various amounts of TbCl3. These two solutions were mixed and equilibrated for 45 min before
measuring terbium fluorescence. The dissociation constants for calcium and magnesium were calculated in
competition studies with terbium, which were performed in a manner similar as the terbium assays. A

ð½Ptot þ ½Tb3þ tot þ KdTb Þ 
DF
y¼
¼
DFmax

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð½Ptot þ ½Tb3þ tot þ KdTb Þ2  4½Ptot ½Tb3þ 

where y is the fractional change in fluorescence, DF
denotes the observed fluorescence change of the bound
terbium, and DFmax is the maximum observed change in
the fluorescent intensity of the saturated protein-terbium
complex. [P]tot and [Tb]tot are the concentrations of the
total protein and terbium in the solution, respectively.
Dissociation constants for metals (calcium and
magnesium) were determined in terbium-binding
competition studies.33,54,55 In these experiments, the
competing metal ion displaces bound terbium from an
equilibrated, saturated protein–terbium complex
([protein] ¼ 4 lM and [Tb3þ] ¼ 150 lM), resulting in
a decrease in the terbium FRET emission. This can be
modeled by the following equation derived for an independent binding site model54,55:
DF0  DF
¼
DF0

½Mfree


½Tb3þ 
½Mfree þ KdM 1 þ K Tbfree

typical metal competition experiment was performed by
preparing a solution of 4 lM protein and 150 lM TbCl3
(equilibrated for 14 h at 4 C) and then adding a solution
having the same concentrations of protein and terbium
(equilibrated), also containing a known concentration of
CaCl2 or MgCl2.
Fluorescence measurements were recorded on a
Fluorolog 3-21 fluorescence spectrometer (Horiba
Jobin Yvon, Edison NJ) using a quartz cell with a 1.0cm path length at room temperature. Terbium was
excited indirectly by energy transfer from a tryptophan
residue, which was excited at 282 nm. Excitation and
emission slit widths were 8 and 12 nm, respectively. A
cutoff filter (320 nm) in the emission beam was used
to eliminate secondary Raleigh light scattering. For
each sample, the fluoresce assays were performed multiple times (at least twice) and averaged to monitor
the emission spectra of terbium between 530 and 560
nm (maximum intensity at 544 nm), and the extent of
terbium binding was measured by calculating the area
under this emission peak. Background emission spectra of protein plus buffer were subtracted from the
spectra of FRET samples. Following the generation of
terbium-binding curves based on the increase in fluorescence area with increasing terbium concentration,
the following equation was used to calculate the terbium dissociation constant (KTb
d ):

(3)

2½Ptot

tot

(2)

relation (2), and KM
d is the dissociation constant of the
competing metal. [M]free and [Tb3þ]free are the free
concentrations of the competing metals and terbium
in the solution. In these competition experiments the
concentration of protein (4 lM) is significantly lower
than the concentration of either metal ([Tb3þ] ¼ 150
lM, [Ca2þ]  100 lM and [Mg2þ]  5 mM). Therefore, the free concentration of metals can be approximated as their total initial concentrations.33,54,55
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where DF0 and DF are the observed changes in the fluorescent emissions in the absence and presence of
competing metal ions respectively. KTb
d denotes the terbium dissociation constant, which is calculated form

193

PROTEIN SCIENCE VOL 18:180—195

References
1. Dwyer MA, Looger LL, Hellinga HW (2003) Computational design of a Zn2þ receptor that controls bacterial
gene expression. Proc Natl Acad Sci USA 100:
11255–11260.

Fazelinia et al.

2. Allert M, Rizk SS, Looger LL, Hellinga HW (2004) Computational design of receptors for an organophosphate
surrogate of the nerve agent soman. Proc Natl Acad Sci
USA 101:7907–7912.
3. Kaplan J, DeGrado WF (2004) De novo design of catalytic proteins. Proc Natl Acad Sci USA 101:11566–
11570.
4. Korkegian A, Black ME, Baker D, Stoddard BL (2005)
Computational thermostabilization of an enzyme. Science
308:857–860.
5. Zanghellini A, Jiang L, Wollacott AM, Cheng G, Meiler J,
Althoff EA, Rothlisberger D, Baker D (2006) New algorithms and an in silico benchmark for computational
enzyme design. Protein Sci 15:2785–2794.
6. Choi EJ, Mao J, Mayo SL (2007) Computational design
and biochemical characterization of maize nonspecific
lipid transfer protein variants for biosensor applications.
Protein Sci 16:582–588.
7. Fazelinia H, Cirino PC, Maranas CD (2007) Extending
Iterative Protein Redesign and Optimization (IPRO) in
protein library design for ligand specificity. Biophys J 92:
2120–2130.
8. Lengyel CS, Willis LJ, Mann P, Baker D, Kortemme T,
Strong RK, McFarland BJ (2007) Mutations designed to
destabilize the receptor-bound conformation increase
MICA-NKG2D association rate and affinity. J Biol Chem
282:30658–30666.
9. Shah PS, Hom GK, Ross SA, Lassila JK, Crowhurst KA,
Mayo SL (2007) Full-sequence computational design and
solution structure of a thermostable protein variant. J
Mol Biol 372:1–6.
10. Treynor TP, Vizcarra CL, Nedelcu D, Mayo SL (2007)
Computationally designed libraries of fluorescent proteins
evaluated by preservation and diversity of function. Proc
Natl Acad Sci USA 104:48–53.
11. Jiang L, Althoff EA, Clemente FR, Doyle L, Rothlisberger
D, Zanghellini A, Gallaher JL, Betker JL, Tanaka F, Barbas CF, 3rd, Hilvert D, Houk KN, Stoddard BL, Baker D
(2008) De novo computational design of retro-aldol
enzymes. Science 319:1387–1391.
12. Rothlisberger D, Khersonsky O, Wollacott AM, Jiang L,
DeChancie J, Betker J, Gallaher JL, Althoff EA,
Zanghellini A, Dym O, Albeck S, Houk KN, Tawfik DS,
Baker D (2008) Kemp elimination catalysts by computational enzyme design. Nature 453:190–195.
13. Ashworth J, Havranek JJ, Duarte CM, Sussman D, Monnat RJ, Jr., Stoddard BL, Baker D (2006) Computational
redesign of endonuclease DNA binding and cleavage specificity. Nature 441:656–659.
14. Hellinga HW, Richards FM (1991) Construction of new
ligand binding sites in proteins of known structure. I.
Computer-aided modeling of sites with predefined geometry. J Mol Biol 222:763–785.
15. Clarke ND, Yuan SM (1995) Metal search: a computer
program that helps design tetrahedral metal-binding sites.
Proteins 23:256–263.
16. Dahiyat BI, Mayo SL (1997) De novo protein design: fully
automated sequence selection. Science 278:82–87.
17. Cesaro-Tadic S, Lagos D, Honegger A, Rickard JH, Partridge
LJ, Blackburn GM, Pluckthun A (2003) Turnover-based in
vitro selection and evolution of biocatalysts from a fully synthetic antibody library. Nat Biotechnol 21:679–685.
18. Varadarajan N, Gam J, Olsen MJ, Georgiou G, Iverson
BL (2005) Engineering of protease variants exhibiting
high catalytic activity and exquisite substrate selectivity.
Proc Natl Acad Sci USA 102:6855–6860.
19. Seelig B, Szostak JW (2007) Selection and evolution of
enzymes from a partially randomized non-catalytic scaffold. Nature 448:828–831.

Grafting a Novel Binding Pocket

20. Hellinga HW, Caradonna JP, Richards FM (1991) Construction of new ligand binding sites in proteins of
known structure. II. Grafting of a buried transition metal
binding site into Escherichia coli thioredoxin. J Mol Biol
222:787–803.
21. Klemba M, Gardner KH, Marino S, Clarke ND, Regan L
(1995) Novel metal-binding proteins by design. Nat Struct
Biol 2:368–373.
22. Wisz MS, Garrett CZ, Hellinga HW (1998) Construction
of a family of Cys2His2 zinc binding sites in the hydrophobic core of thioredoxin by structure-based design.
Biochemistry 37:8269–8277.
23. Benson DE, Wisz MS, Hellinga HW (2000) Rational
design of nascent metalloenzymes. Proc Natl Acad Sci
USA 97:6292–6297.
24. Yang W, Lee HW, Hellinga H, Yang JJ (2002) Structural
analysis, identification, and design of calcium-binding
sites in proteins. Proteins 47:344–356.
25. Roberts VA, Iverson BL, Iverson SA, Benkovic SJ, Lerner
RA, Getzoff ED, Tainer JA (1990) Antibody remodeling: a
general solution to the design of a metal-coordination
site in an antibody binding pocket. Proc Natl Acad Sci
USA 87:6654–6658.
26. Looger LL, Dwyer MA, Smith JJ, Hellinga HW (2003)
Computational design of receptor and sensor proteins
with novel functions. Nature 423:185–190.
27. Benson DE, Haddy AE, Hellinga HW (2002) Converting
a maltose receptor into a nascent binuclear copper oxygenase by computational design. Biochemistry 41:
3262–3269.
28. Baker EN (1988) Structure of azurin from Alcaligenes
denitrificans refinement at 1.8 A resolution and comparison of the two crystallographically independent molecules. J Mol Biol 203:1071–1095.
29. Petratos K, Dauter Z, Wilson KS (1988) Refinement of
the structure of pseudoazurin from Alcaligenes faecalis S6 at 1.55 A resolution. Acta crystallographica 44(Pt 6):
628–636.
30. Redinbo MR, Cascio D, Choukair MK, Rice D, Merchant
S, Yeates TO (1993) The 1.5-A crystal structure of plastocyanin from the green alga Chlamydomonas reinhardtii.
Biochemistry 32:10560–10567.
31. Jones EY, Davis SJ, Williams AF, Harlos K, Stuart DI
(1992) Crystal structure at 2.8 A resolution of a soluble
form of the cell adhesion molecule CD2. Nature 360:
232–239.
32. Wilkins AL, Ye Y, Yang W, Lee HW, Liu ZR, Yang JJ
(2002) Metal-binding studies for a de novo designed calcium-binding protein. Protein Eng 15:571–574.
33. Yang W, Jones LM, Isley L, Ye Y, Lee HW, Wilkins A,
Liu ZR, Hellinga HW, Malchow R, Ghazi M, Yang JJ
(2003) Rational design of a calcium-binding protein. J
Am Chem Soc 125:6165–6171.
34. Ye Y, Shealy S, Lee HW, Torshin I, Harrison R, Yang JJ
(2003) A grafting approach to obtain site-specific metalbinding properties of EF-hand proteins. Protein Eng 16:
429–434.
35. Yang W, Wilkins AL, Ye Y, Liu ZR, Li SY, Urbauer JL,
Hellinga HW, Kearney A, van der Merwe PA, Yang JJ
(2005) Design of a calcium-binding protein with desired
structure in a cell adhesion molecule. J Am Chem Soc
127:2085–2093.
36. Yang W, Lee HW, Hellinga H, Yang JJ (2002) Structural
analysis, identification, and design of calcium-binding
sites in proteins. Proteins 47:344–356.
37. Capozzi F, Luchinat C, Micheletti C, Pontiggia F (2007)
Essential dynamics of helices provide a functional classification of EF-hand proteins. Journal of proteome research
6:4245–4255.

PROTEINSCIENCE.ORG

194

38. Aravind P, Chandra K, Reddy PP, Jeromin A, Chary KV,
Sharma Y (2008) Regulatory and structural EF-hand motifs
of neuronal calcium sensor-1: Mg 2þ modulates Ca 2þ binding, Ca 2þ-induced conformational changes, and equilibrium
unfolding transitions. J Mol Biol 376:1100–1115.
39. Teplyakov AV, Kuranova IP, Harutyunyan EH, Vainshtein
BK, Frommel C, Hohne WE, Wilson KS (1990) Crystal
structure of thermitase at 1.4 A resolution. J Mol Biol
214:261–279.
40. Gros P, Kalk KH, Hol WG (1991) Calcium binding to
thermitase. Crystallographic studies of thermitase at 0, 5,
and 100 mM calcium. J Biol Chem 266:2953–2961.
41. Sudnick DR, Horrocks WD, Jr (1979) Lanthanide ion
probes of structure in biology. Environmentally sensitive
fine structure in laser-induced terbium(III) luminescence.
Biochimica et biophysica acta 578:135–144.
42. Chaudhuri D, Horrocks WD, Jr., Amburgey JC, Weber
DJ (1997) Characterization of lanthanide ion binding to
the EF-hand protein S100 beta by luminescence spectroscopy. Biochemistry 36:9674–9680.
43. Markowitz J, Rustandi RR, Varney KM, Wilder PT, Udan
R, Wu SL, Horrocks WD, Weber DJ (2005) Calciumbinding properties of wild-type and EF-hand mutants of
S100B in the presence and absence of a peptide derived
from the C-terminal negative regulatory domain of p53.
Biochemistry 44:7305–7314.
44. Horrocks WD, Jr (1993) Luminescence spectroscopy.
Methods Enzymol 226:495–538.
45. ILOG (2006) ILOG CPLEX 10.1 User’s Manual. Sunnyvale, CA, USA: ILOG S.A. and ILOG, Inc.
46. Floudas CA (2000) Deterministic global optimization:
theory, methods, and applications. Dordrecht: Kluwer Academic Publishers, p. xvii.

195

PROTEIN SCIENCE VOL 18:180—195

47. Saraf MC, Moore GL, Goodey NM, Cao VY, Benkovic SJ,
Maranas CD (2006) IPRO: an iterative computational
protein library redesign and optimization procedure. Biophys J 90:4167–4180.
48. MacKerell AD, Brooks B, Brooks CL, Nilsson L, Roux B,
Won Y, Karplus M (1998) CHARMM: the energy function
and its parameterization with an overview of the program.
In: Schleyer R, editor. The encyclopedia of computational
chemistry. Chichester, West Sussex, England: Wiley, pp.
271–277.
49. Jiang X, Farid H, Pistor E, Farid RS (2000) A new
approach to the design of uniquely folded thermally stable proteins. Protein Sci 9:403–416.
50. Arnold FH, Georgiou G (2003) Directed evolution library
craetion. New York, NY, USA: Humana Press.
51. Sehgal BU, Dunn R, Hicke L, Godwin HA (2000) Highyield expression and purification of recombinant proteins
in bacteria: a versatile vector for glutathione S-transferase
fusion proteins containing two protease cleavage sites.
Anal Biochem 281:232–234.
52. Amersham-Biosciences (2002) GST gene fusion system
handbook. Piscataway, NJ, USA: Amersham-Biosciences.
53. Barela TD, Sherry AD (1976) A simple, one-step fluorometric method for determination of nanomolar concentrations of terbium. Anal Biochem 71:351–357.
54. Falke JJ, Snyder EE, Thatcher KC, Voertler CS (1991)
Quantitating and engineering the ion specificity of an
EF-hand-like Ca2þ binding. Biochemistry 30:8690–
8697.
55. Drake SK, Lee KL, Falke JJ (1996) Tuning the equilibrium ion affinity and selectivity of the EF-hand calcium
binding motif: substitutions at the gateway position. Biochemistry 35:6697–6705.

Fazelinia et al.

