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Abstract: De novo protein design offers templates for engineering tailor-made protein functions

and orthogonal protein interaction networks for synthetic biology research. Various computational

methods have been developed to introduce functional sites in known protein structures. De novo
designed protein scaffolds provide further opportunities for functional protein design. Here we

demonstrate the rational design of novel tumor necrosis factor alpha (TNFa) binding proteins using

a home-made grafting program AutoMatch. We grafted three key residues from a virus 2L protein
to a de novo designed small protein, DS119, with consideration of backbone flexibility. The

designed proteins bind to TNFa with micromolar affinities. We further optimized the interface

residues with RosettaDesign and significantly improved the binding capacity of one protein
Tbab1-4. These designed proteins inhibit the activity of TNFa in cellular luciferase assays.

Our work illustrates the potential application of the de novo designed protein DS119 in protein

engineering, biomedical research, and protein sequence-structure-function studies.
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INTRODUCTION

Rational design of protein-protein interactions is a pow-

erful tool for creating novel protein drugs, diagnostic

probes or modulating the cellular signaling path-

ways.1–4 The small modular scaffolds such as SH3 and

PDZ domains play central roles in mediating protein-

protein interactions, and thus the applications of these

domains in protein design have been extensively stud-

ied.5 To create novel protein binding interfaces and

increase the structural diversity of protein engineering

toolkit, de novo designed protein scaffolds can be incor-

porated into various computational design methods.6

This procedure offers a possibility of optimizing the

overall shape of binding scaffolds while matching them

to different targets.7–9 By far a diverse range of protein

folds has been designed from scratch, including Top7

(an a/b protein), four helix bundles and DS119 (a bab

motif).10–12 Top7 has been engineered to display

conformation-specific HIV-1 epitopes;13 four helix bun-

dles and DS119 have been designed to incorporate

metal-binding sites,14,15 which indicates their versatility

for protein engineering purpose. Importantly, de novo
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designed scaffolds usually exhibit high thermal sta-

bility, making them suitable for anchoring functional

residues.7,11

De novo designed protein scaffolds can be

viewed as “prototype structures” in the protein evo-

lution process.16,17 They provide a valuable platform

for testing our knowledge about protein-protein

interactions if we can design binding partners using

these novel folds. Previous studies have illustrated

descriptive models for protein interfaces, including

the “hot spot” residues dominating the binding event

and the “o-ring” of polar interactions surrounding

the central interacting residues.9,18,19 These princi-

ples have been proved useful in protein design. For

example, Liu et al. grafted “hot spot” resides from

human erythropoietin to the rat PLCd1-PH domain

and generated a strong EPOR binding protein.20

Karanicolas et al. combined computational design

and directed evolution to create a protein binding

pair (Prb and Pdar) with nanomolar binding affinity

based on the “o-ring” model.9 In the current study,

we aim to test this knowledge on the de novo

designed protein, DS119, using computational meth-

ods. We chose DS119 because it has high stability

and a singular bab motif which does not exist in

natural proteins.11 Specifically, we want to first graft

key interaction residues from a natural protein com-

plex onto DS119 and look for hints of binding capaci-

ty. Then we will optimize the surrounding residues

to enhance the interactions. With these procedures

we can simultaneously test current models on a

“prototype structure” and develop a comprehensive

method for rational design of protein interactions.

We chose tumor necrosis factor alpha (TNFa) as

our design target. TNFa is a proinflammatory cyto-

kine that interacts with membrane receptors (TNFR1

and TNFR2) to initiate the downstream NF-jB, JNK

or caspase3 pathways.21,22 The primary role of TNFa

is the regulation of immune reactions. Its malfunction

contributes to autoimmune disorders such as asthma

and rheumatoid arthritis.23,24 Hence, TNFa binding

proteins and inhibitors are potential drugs for the

treatment of autoimmune diseases.25 We engineered

DS119 to bind TNFa using key residue grafting com-

bined with interface optimization methods. We applied

a range of biophysical characterization and found sev-

eral candidates with micromolar binding affinity. We

also verified the activity of designed proteins in cell-

based assays, demonstrating the potential usage of

these proteins as TNFa inhibitors.

RESULTS

General flow of the computational design

methods

We first searched for all natural binding partners of

TNFa with known complex structures and found the

poxvirus 2L protein with the highest binding affinity

(KD 5 43 pM).26 2L also shows high binding specific-

ity to TNFa as it does not bind to TNFb or other

TNF family members in contrast to the membrane

receptor TNFRs. TNFa is a homotrimer and each 2L

binds at the interface of two monomers [Fig. 1(A)].

The 2L binding site is composed of a shallow groove

between two adjacent chains of TNFa monomers

and this groove is also crucial for TNFa binding to

TNFRs. We then analyzed the binding interface

between TNFa and 2L within the complex structural

model (PDB ID: 3IT8, 2.8 Å resolution) to identify

key interacting residues. Because there is no alanine

scan data available, we applied a simple rule of

buried area to quickly estimate which 2L residues

contribute the most to the binding.27 We calculated

the buried surface area of all residues in 2L and

identified E99, Y160, and M161 as the ones that

contact tightly with TNFa and have the largest

change in solvent accessibility [Fig. 1(A), Supporting

Information Fig. S1]. We chose these three residues

as the hot spot residues for the initial grafting step.

Second, we used the native conformation of each

key residue (E99, Y160, and M161) in 2L and the

solution structure of DS119 (PDB ID: 2KI0) as

inputs for our grafting method. We have previously

developed an efficient program, AutoMatch, for

transplanting functional residues onto any protein

scaffolds.28 With the constraints to keep the grafted

residues in native conformations, AutoMatch

searched for the best combination of mutagenesis

sites to accommodate E, Y and M on DS119. We

considered the backbone flexibility with a backrub

motion algorithm in AutoMatch. Furthermore, the

intrinsic backbone flexibility of DS119 was evaluated

in our calculation by incorporating the 20 NMR

structural models of DS119 as input scaffolds.11

When the searching finished, AutoMatch automati-

cally ranked its solutions according to their binding

energy score and active site conformation score.

In this case we obtained 73 solutions and the

top-ranking ones are illustrated in Supporting

Information Table SI. We named the designed pro-

teins as Tbab1 (TNFa binding proteins with bab

motif) and used numbers to indicate their rankings

(Tbab1-1 is the model with the highest score in the

first round of design and so forth).

We superimposed the key residues from top-

ranking designs to the template structure (TNFa-2L

complex) and found their conformations matched

well [Fig. 1(C)]. The root-mean-square deviation

(RMSD) between these residues are in the range of

0.91 Å to 1.20 Å. Based on the location of key resi-

dues on DS119, the designed models were classified

into three types: (1) E, Y and M locate at the N-cap

region; (2) at the head of the helix; (3) at the tail of

the helix (Supporting Information Fig. S2). We

chose the representative ones from each type for

experimental validation.
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In a further design step of binding interface

optimization, we applied RosettaDesign to mutate

the residues that are within 6.0 Å to both TNFa and

the key residues in Tbab1 proteins. RosettaDesign

iteratively optimizes the conformations of main

chain and side chains using Monte Carlo sampling

and searches for mutants that have lower free ener-

gies.29 The resulting sequences are named as Tbab2

(Table I).

Characterization of binding affinities and

structures for Tbab1 proteins
We first explored whether the grafting procedure

can generate TNFa-binding affinities among the

Tbab1 proteins. In the top ranking list we excluded

the ones with mutations at the hydrophobic core. We

also kept G11, K21 and R30 intact in the chosen

models because they are important for keeping

DS119 stable and monomeric, as suggested by pro-

tein folding experiments.30 We purified the resulting

nine proteins (Supporting Information Table SI) as

GST-fusion proteins and then removed the GST tag.

The mass spectra indicate all the proteins have high

purities (>99%, Supporting Information Fig. S8).

We then applied surface plasmon resonance

(SPR) to estimate their binding capacity as well as the

interaction rates (kon and koff). TNFa was immobilized

on a dextran coated flow cell through lysine ligation

and Tbab1 proteins were loaded onto the surface for

the detection of interactions. We found five out of nine

Tbab1 proteins exhibited binding capacities to TNFa

(KD 5 0.85 lM–62 lM) with dose response curves

Figure 1. Key residue grafting generated Tbab1 design models that resemble the binding mode between TNFa and 2L protein. (A)

Structural model of TNFa and 2L protein complex (PDB ID: 3IT8). (B) Design model of TNFa and Tbab1-4 complex. (C) Comparison of

key residue conformations between 2L protein and Tbab1-4. (D) Comparison of key residue conformations among Tbab1 proteins.

Table I. Sequences of Tbab2 proteins in comparison to their Tbab1 partners

Tbab1-1 GSG QVRTIWV GG TPEELEKLKEEAKMY NIRVTFWGD
Tbab2-1 GSN TVRTIWV GG TPDELEELKAEAKMY NIRVTFWGD
Tbab1-4 GSG QVRTIWV GG YPEMLKKLKEEAKKA NIRVTFWGD
Tbab2-4 GSG SVRTIWV GG YEEMLKHLKERAKKA NIRVTFWGD
Tbab1-9 GSG QVRTIWV GY MPEELEKLKEEAKKA NIRVTFWGD
Tbab2-9 GSG QVRTIYV GY MPEELEKLKEEAKKA NIRVTFWGM

The mutation sites suggested by RosettaDesign are colored in blue and the mutation sites suggested by AutoMatch are
colored in red. The residues identified by the 6.0Å criteria are indicated with the underline.
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(Table II, Supporting Information Fig. S3). As a con-

trol, DS119 exhibited no affinity to the immobilized

TNFa. The rate constants further indicate that

Tbab1-1 and Tbab1-4 have “fast bind, fast dissociate”

kinetics in comparison to the others (Supporting

Information Table SII).

We verified the binding affinities of the five Tbab

proteins with isothermal titration calorimetry (ITC,

Fig. 3, Supporting Information Fig. S4). The ITC

results suggested that four proteins feature weak

binding affinity to TNFa (Table II, KD 521.2–39.2

lM). Furthermore, for Tbab1-7 and Tbab1-9 the stoi-

chiometry of the Tbab-TNFa interaction was not 1:1,

probably due to their aggregation states (Supporting

Information Table SIII).

We performed circular dichroism (CD) and size

exclusion chromatography to determine whether

Tbab1 proteins retained the monomeric bab struc-

ture. Eight out of nine proteins have good secondary

structures and their far-UV CD spectra are similar

to that of DS119 [Fig. 2(A), Supporting Information

Fig. S5]. Using the CD signal of DS119 at 222 nm as

a reference, we also estimated the secondary struc-

ture content of each designed protein (Table II).

Interestingly, the ones with the highest structural

contents (Tbab1-1, 3, 4, 5, and 6) have either fast

dissociation kinetics or no binding affinity. In con-

trast, Tbab1-7, 8, and 9, which feature higher bind-

ing affinity to TNFa, all possess relatively lower

structural content, indicating their backbone have

higher flexibility. We further demonstrated through

size exclusion chromatography that Tbab1-1, 4 and

8 are monomers in solution, while Tbab1-7 and

Tbab1-9 exhibit fast exchange of monomeric and

dimeric states (Fig. 2B, Supporting Information Fig.

S6, Table III).

Improvement of binding affinity through

interface optimization

With further mutations around the key residues, we

aim to increase the binding capacities of Tbab1 pro-

teins through the formation of additional polar inter-

actions. We selected Tbab1-1, Tbab1-4, and Tbab1-9

for further design based on their binding capacity

and stoichiometry, secondary structure content, and

aggregation states. The calculations on Tbab1-1,

Tbab1-4, and Tbab1-9 returned reasonable results

with a significant decrease of the binding free ener-

gies (Table I). We have successfully purified Tbab2-4

Table II. Biophysical characterizations of Tbab proteins

% Secondary Structures Aggregation State
Binding Affinity

(ITC KD/lM)
Binding Affinity

(SPR KD/lM)

Tbab1-1 90 0.89 n. a. 62.7 6 6.5
Tbab1-2 0 n. a. n. a. n. a.
Tbab1-3 100 1.15 n. a. n. a.
Tbab1-4 84 1.02 21.2 6 1.1 3.2 6 0.9
Tbab1-5 97 2.15 n. a. n. a.
Tbab1-6 100 2.06 n. a. n. a.
Tbab1-7 55 1.14, 0.91 39.2 6 2.8 0.85 6 0.08
Tbab1-8 69 0.94 25.8 6 3.5 0.96 6 0.06
Tbab1-9 49 1.14, 0.91 32.9 6 3.8 3.8 6 0.6
Tbab2-4 54 1.01 7.2 6 0.8 0.36 6 0.05

The secondary structural content was measured with CD using the CD signal of DS119 as the reference (100%). The aggre-
gation state was determined by analytical size exclusion chromatography. The binding affinity was determined by SPR. n.
a., not available

Figure 2. Tbab proteins with binding affinities to TNFa have

good secondary structure and are mostly monomeric. (A) CD

spectra of Tbab proteins indicate they have similar bab

structural component as DS119. (B) Size exclusion chroma-

tography of Tbab proteins indicates they are monomers

except for Tbab1-7 and Tbab1-9.
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and Tbab2-9, corresponding to the optimization of

Tbab1-4 and Tbab1-9, respectively. CD spectra sug-

gested Tbab2-9 is unstructured (Supporting Infor-

mation Fig. S5). Hence, we only tested Tbab2-4 for

its binding affinity and stability.

We found Tbab2-4 had significantly elevated

binding capacity in comparison with Tbab1-4 (Table

II). The KD measured by SPR is 0.36 lM, which is

ten times smaller than that of Tbab1-4 (3.2 lM).

SPR also suggested Tbab2-4 features slow dissocia-

tion kinetics when it interacts with TNFa ( Support-

ing Information Fig. S3) and the corresponding koff

decreased seven times compared to that of Tbab1-4

(Supporting Information Table SII). To further vali-

date this improvement, we applied ITC to determine

the KD between TNFa and the two proteins. By fit-

ting the titration curves to a one-site binding model

(one Tbab protein binds to one TNFa monomer), we

obtained the corresponding KD, which shows the

binding affinity of Tbab2-4 has increased three times

[Fig. 3, KD (Tbab1-4) 5 21.2 lM, KD (Tbab2-4) 5 7.2

lM]. The ITC measurements are in concert with the

SPR results and demonstrate that the interface

redesign improves the binding affinity.

We further confirmed that Tbab2-4 has similar

secondary structure to DS110, but with decreased

thermodynamic stability in comparison to Tbab1-4

(Fig. 2). Thermal denaturation experiments indicat-

ed the melting temperatures of Tbab1-4 and Tbab2-

4 are 858C and 558C, respectively (Supporting Infor-

mation Fig. S7). Thus the additional mutations on

Tbab2-4 led to a decrease of 308C in the melting

temperature, which implies the limitation of a small

protein scaffold like DS119 (34 residues). Overall,

Tbab2-4 exhibits cooperative folding and thermal

stability comparable to natural proteins.

Cellular activity of Tbab1-4 and Tbab2-4
As TNFa binding proteins, Tbab1-4 and Tbab2-4 can

potentially block the interactions between TNFa and

its receptors, leading to the inhibition of TNFa

signaling pathway.31 To validate their bioactivity we

performed a luciferase assay with HEK293T

cells transected with NF-jB and other signaling

elements.31 The stimulation of NF-jB pathway

with TNFa leads to the expression of luciferase,

which can be detected through luciferin luminance

reaction. When we incubated TNFa with the

designed proteins, we found the luminescence signal

decreased in a dose dependent manner (Fig. 4). By

fitting the signal-concentration curve with the Hill

model, we estimated the half maximal inhibitory

concentration (IC50) values for Tbab1-4 and Tbab2-4

as 12.5 lM and 8.9 lM, respectively. As a control,

DS119 did not show inhibition effect. We also

observed a high Hill coefficient (n 5 5-6) in both

cases, indicating a cooperative inhibition interaction.

We think it may be due to the known phenomena of

TNFa receptors clustering on the cell membrane, so

that the inhibition of downstream signals may

require the blocking of several TNFa molecules

simultaneously.22,32

Figure 3. Binding affinities of Tbab1-4 and Tbab2-4 to TNFa measured by ITC. ITC titration curves are fitted to a one site bind-

ing model and the resulting KD for Tbab1-4 (A) and Tbab2-4 (B) are 21.2 lM and 7.2 lM, respectively.
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DISCUSSION

The two elements for a successful hot spot grafting

are a suitable scaffold and the key residues.20,33 In

the current study, the scaffold was fixed as the de

novo designed protein DS119 and the key residues

were identified through buried surface area calcula-

tions. In cases where the alanine scan data is

absent, this method is feasible for various binding

interfaces. In our case this analysis suggested rea-

sonable residues [Fig. 1(A)]: (1) E99 on a b-strand

forms strong salt-bridge with TNFa R31 and R32

and may be critical for both binding affinity and spe-

cificity. (2) Y160 deeply stretched into the surface

pocket of TNFa and forms hydrogen bonds with

R82. (3) M161 has hydrophobic interaction with

TNFa Y87 and V91 (26). The binding affinities of

five designed Tbab1 proteins further justified the

usage of E, Y and M as key residues.

Recent studies have demonstrated significant

improvement in the accuracy of grafting methods.

Functional motifs including linear epitopes and dis-

continuous motifs have been transplanted to heterol-

ogous proteins and strong binders have been

obtained as novel antigens or artificial anti-

bodies.34–36 Thus, key residue grafting has remained

an efficient strategy to create binding capacity and

it is now combined with directed evolution or compu-

tational optimization to further advance protein

engineering.37 This combinatorial strategy has been

successfully applied in designing binders to influen-

za hemagglutinin and matrix metalloproteinases, as

well as in our study.36,37 We learnt from Tbab1

designs that incorporating backbone flexibility may

be crucial for key residue grafting. Among the eight

Tbab1 proteins (excluding Tbab1-2 which is

unstructured), the ones with rigid structures

(Tbab1-1, 3, 4, 5, 6) showed little binding affinity or

fast dissociation kinetics, as suggested by SPR

screen (Supporting Information Fig. S3). In contrast,

the CD spectra suggested Tbab1-7, 8 and 9, which

possess higher affinities to TNFa, have more dynam-

ic structures or more flexible regions. We posit that

in these three proteins the key residues can sample

bigger conformational space and accordingly adjust

their conformations when they approach TNFa. This

difference suggests we should capture this feature

and incorporate more backbone motions in Auto-

Match calculations in addition to the backrub

motion.28 It may also explain why RosettaDesign

can significantly improve the binding affinity for

Tbab2-4 through finer sampling of the backbone

conformations.38–40

The mutations suggested by RosettaDesign can

either add to the interactions with TNFa (an “o-ring”

surrounding the hot spots) or stabilize the conforma-

tion of key residues (the second layer interactions). In

the case of Tbab2-4, H19 may directly interact with

N34 in TNFa; E14 and R23 can stabilize the conforma-

tion of Y13 and E22, respectively (Fig. 5). Due to the

small size of DS119, we cannot allow more mutations

while keeping the protein stable (for Tbab2-4 about

30% of non-hydrophobic residues have been mutated in

comparison to DS119). If the sizes of protein scaffolds

or the number of mutations are not limited in the

design process, we posit that RosettaDesign optimiza-

tion have potential of drastically improving the binding

affinity or specificity.

The differences between the ITC- and SPR-

measured binding affinities suggest that the binding

capacities for Tbab1-7, Tbab1-8 and Tbab2-4 are sig-

nificantly overestimated in the SPR measurement.

Furthermore, the SPR binding curves of Tbab1-7,

Tbab1-8 and Tbab2-4 feature both non-specific and

specific binding signatures. We think there are two

possible reasons for this phenomenon. First, the

Tbab proteins may interact non-specifically with

dextran coating of the CM5 chip. Tbab1-7, Tbab1-

8 and Tbab2-4 possess high isoelectronic points (8.4,

9.3 and 9.8, respectively), indicating they are highly

negatively charged (relatively high charge/volume

ratios) in the solution (pH 7.4). They may interact

with the weakly acidic dextran coating the surface

of the chips. In contrast, most of the Tbab1 proteins

that exhibit little or no binding capacity on SPR

have low isoelectronic points (4.8–6.3, Supporting

Information Table SIII). Second, the CD spectra

indicate that for Tbab1-7, Tbab1-8 and Tbab2-4 have

relatively low secondary structure contents. We

speculate that certain hydrophobic residues in these

proteins have high possibility to be flexible or par-

tially exposed, which may lead to non-specific inter-

actions. We further posit that in our circumstance,

the SPR binding assay is best suited for picking out

Figure 4. Luriferase assay indicates the ex vivo activity of

Tbab1-4 and Tbab2-4 as TNFa inhibitors. Tbab1-4, Tbab2-4

and DS119 were incubated with TNFa before they were

added to HEK293T cells. TNFa stimulates NFjB and other

signaling elements leading to the expression of luciferase.

We measured the level of TNFa as the readout of luciferin

luminance signals. The data were reported as means 6

standard errors from three independent experiments.
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the “Yes/No” binding candidates in the initial screen,

while the ITC is used to estimate the binding capaci-

ties. Based on the SPR results, we did not select the

proteins exhibiting significant non-specifically bind-

ing (Tbab1-7 and Tbab1-8) in the RosettaDesign

procedure.

The advantage of using de novo designed scaf-

folds in protein engineering is these scaffolds have

not “co-evolved” with other cellular proteins and

hence we can develop orthogonal interaction pairs

from them, which are useful for synthetic biology

studies.1,41 In our case DS119 neither interacts with

TNFa nor has background bioactivity. Thus, engi-

neering the protein-protein interactions from scratch

is beneficial for achieving a high specificity in cellu-

lar environment. Rational design of proteins with

increased affinity or novel binding specificities can

provide valuable reagents for biomedical research.39

Our methods should be useful for a wide range of

applications.

MATERIALS AND METHODS

Key residue grafting with AutoMatch

The inputs of AutoMatch calculations include scaf-

fold protein structure, target protein structure and

the information of key residues and key atoms. We

first defined the key atoms of functional residues to be

grafted (E, Y, and R). AutoMatch looks for the solu-

tions that have a small RMSD of these key atoms in

comparison to the native conformation. Backbone flex-

ibility is partly achieved using backrub motion algo-

rithm. A grid-based binding energy scoring method

was used to screening and sorting solutions.

The 20 NMR conformations of DS119, which

embody the backbone flexibility in solution, were

employed as the scaffold for accepting the graft of

the three hot-spot residues. The three N terminal

residues (G1, S2, and G3) and C terminal residue

D36 are very flexible and may not play critical role

for interaction, therefore we think key residues

should not be on these sites and set these residues

to be un-mutable. The three TNFa chains in struc-

tural model 3IT8 were employed as the target pro-

tein structure, and key residues E99, Y160, M161 of

chain D in PDB 3IT8 were used as the hot spots

template.

Key atoms of each of the three key residues

were determined using the automatic determination

method in AutoMatch (side-chain atoms within 4.2

Å of target protein). Nearly all the side-chain atoms

of these three residues were within 4.2 Å of TNF-a

Figure 5. Mutations in Tbab2-4 suggested by RosettaDesign contact with TNFa residues in the design model (magenta:

Tbab2-4, green and cyan: TNFa).
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except M161 Cg and E99 Cb. Max amplitude of

backbone backrub was set to be 248 and the maxi-

mum accepted RMSD of the active atoms between

the designed and the template is set to be 1.2 Å. A

grid-based binding energy scoring method was used

to screen and sort solutions. The threshold for solu-

tion acceptance was that the binding energy score

should be lower than 216.0. Other parameters for

AutoMatch running were set to default value.

The solutions using the 20 scaffold conforma-

tions were merged together by deleting redundancy.

The binding energy score (negative value) and the

active-site conformation score (positive value) of

each solution were combined together as:

Hybrid score 5 Binding energy score

1 Conformation score=4:

The solution with lowest (most negative) hybrid score

in a group of redundant solutions was retained. After

the merging process, 73 solutions were obtained in the

design process.

Interface optimization using RosettaDesign

Interface residues on Tbab1 (6.0Å within TNF-a)

were further designed using the software Rosetta

(version 2.3.0). During this interface optimization

process, the important residues for folding and pre-

venting aggregation were kept intact. To preserve

the stability of the proteins, Mutations on G11 were

not permitted; W9 and W34 only allowed be mutated

to F or Y to keep the aromatic stacking; I8, V10,

L17, L20, I29, V31, and F33 could only be mutated

to hydrophobic residues; R6, K21, E23, and R30

could only be mutated to hydrophilic residues.

For each Tbab protein, we ran ten rounds of

RosettaDesign. RosettaDesign iteratively optimized

the conformations of main chains and side chains

using Monte Carlo sampling. During each sampling

step, only one residue was allowed to change and

the resulting mutations with lower free energy were

saved. In the final output, different mutations are

combined and ranked based on the scoring function

in RosettaDesign. We selected the sequence with the

least mutation sites or kept the mutations shared

among different designs.

Protein expression and purification

The genes encoding Tbab proteins were synthesized

and cloned into the BamHI and XhoI sites of pGEX4T-1

vectors (Invitrogen, Gaithersburg, MD) as reported

before.14 Point mutations were generated with

site-directed mutagenesis kits (Saibaisheng, Beijing,

China) according to the manufacturer’s instructions.

All constructs were confirmed by DNA sequencing.

All proteins were expressed and purified as

previously described.14 Briefly, they were expressed

in Escherichia coli as a GST-fusion protein (GST:

glutathione S-transferase) and purified on a GST-

affinity column (GE Healthcare, Piscataway, NJ)

and then by reversed-phase HPLC. Lyophilized sam-

ples were obtained and their molecular weights were

confirmed by high-resolution mass spectrometry

(Supporting Information Fig. S8).

Circular dichroism and size exclusion

chromatography
CD spectra were measured on a MOS 450 AF/CD

device (Bio-Logic, Claix, France) at room temperature.

Thermal denaturation curves were obtained with a

Peltier accessory from 18C to 978C at the speed of

18C/min. In both experiments, the protein concentra-

tions were kept at 0.2 mg/mL in 50 mM PB buffer

(Na2HPO4/NaH2PO4 pH 7.3).

In size exclusion experiments, protein samples

were dissolved in 50 mM PB (pH 7.3) buffers with

100 mM NaCl and loaded onto a SuperdexTM Peptide

10/300 GL column (GE Healthcare, Piscataway, NJ).

The UV absorbance at 280 nm was monitored.

Surface plasmon resonance

Binding interactions between Tbab proteins and TNFa

were measured on a BIAcore 3000 biosensor system

(BIAcore, GE). The protein samples were dissolved in

PBS-EP buffer (10 mM NaH2PO4/Na2HPO4, 150 mM

NaCl, 3.7 mM EDTA, 0.005% surfactant P20, pH 7.4).

TNFa was immobilized on a CM-5 sensor chip via an

amine coupling reaction to a response of 2000 reso-

nance units (RU). A reference flow cell was activated

and blocked in the absence of protein.

The analyte, Tbab proteins, was injected over the

chip at various concentrations (Supporting Information

Fig. S3). The observed dissociation constant, KD, was

calculated by using the average RU under steady state

conditions. Data were fitted globally by using the Bia-

core BIAevaluation 4.1 software.

Isothermal titration calorimetry
An iTC200 Microcalorimeter (MicroCal, USA) was

used to measure the binding affinities (KD) between

Tbab proteins and TNFa: 30 lM TNFa proteins in

PBS buffer (Na2HPO4/NaH2PO4, 100 mM NaCl, pH

7.3) was loaded into the cell, and 300 lM Tbab pro-

tein dissolved in the same buffer was titrated by

syringe. The titration was performed at 258C with

nineteen 2 lL injections. The spacing between each

injection was 150 s. Data were collected every 5 s

and then analyzed using MicroCal Origin software

by fitting to the single-site binding model. Correc-

tion for ligand dilution and other nonspecific interac-

tions was carried out by performing a control

experiment, using the same Tbab protein solutions,

and the heat effect was subtracted in the original

data.
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Luciferase activity assay

The celluar assay were carried out as described previ-

ously.31 HEK293T cells were grown to 70% confluency

in 96-well plates at 378C in Dulbecco’s modified

Eagle’s medium supplemented with 10% fetal bovine

serum (FBS; Gibco), and treated with EntransterTM-

H (Engreen) transfection reagent (0.1 lL) and purified

plasmids [0.25 lg pGL4.74 (hRluc/TK)] and 0.25 lg

pGL4.32 (luc2P/NF-kB-RE/Hygro plasmid) in 50 lL

DMEM/10% FBS per well. After 24 h, 50 lL preincu-

bated mixture of TNFa and Tbab proteins was added

to stimulate the cells for 12 h and the luciferase assays

were carried out using the Dual-Glo Luciferase Assay

System (Promega) with a BioTek synergy 4 Multi-

Mode Microplate Reader. The final concentration of

TNFa in each well was 10 ng/mL. Equal amounts of

TNFa in the absence of Tbab proteins were added to

the cells as a negative control. The data were reported

as means 6 errors from three independent experi-

ments. In each individual experiment, results were

calculated from three parallel wells.
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