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Abstract

There is considerable interest in generating proteins with both high stability and high activity for 

biomedical and industrial purposes. One approach that has been used successfully to increase the 

stability of linear repeat proteins is consensus design. It is unclear the extent over which the 

consensus design approach can be used to produce folded and hyperstable proteins, and 

importantly, whether such stabilized proteins would retain function. Here we extend the consensus 

strategy to design a globular protein. We show that a consensus-designed homeodomain (HD) 

sequence adopts a cooperatively folded homeodomain structure. The unfolding free energy of the 

consensus-HD is 5 kcal·mol−1 higher than that of the naturally-occurring engrailed-HD from 

Drosophila melanogaster. Remarkably, the consensus-HD binds the engrailed-HD cognate DNA in 

a similar mode as the engrailed-HD with approximately 100-fold higher affinity. 15N relaxation 

studies show a decrease in psec-nsec backbone dynamics in the free state of consensus-HD, 

suggesting that increased affinity is not a result of increased plasticity. In addition to 

demonstrating the potential for consensus design of globular proteins with increased stability, 

these results demonstrate that greatly stabilized proteins can bind cognate substrates with 

increased affinities, showing that high stability is compatible with function.
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Introduction

Designing proteins with both high stability and high activity is a significant challenge in 

protein engineering. Reliably achieving both these goals would be of particular benefit to 

industrial processes, energy technology and food science, and in particular, medicine. 

Protein therapeutics show great promise for treatment of a broad range of human diseases, 

from diabetes to cancer. Recent successes targeting cancer cells often involve using 

engineered antibody scaffolds to target cell surface receptors and their ligands.1 However, 

the high cost of these reagents limits the availability of such treatments.2 Increasing the 

stability, shelf life, and bioavailability of protein therapeutics while maintaining (or 

enhancing) biological activity would lower costs and make new treatments broadly available.

One challenge to achieving these goals is that stability and activity are often anti-correlated. 

It has long been recognized that active-site residues in enzymes destabilize the native fold.3,4 

Moreover, high stability is often proposed to limit activity and may be necessary for 

function, perhaps by limiting plasticity or “dynamics.” Consistent with this proposal, 

homologous proteins from organisms that live at different growth temperatures (Topt) have 

been observed to be most active at their respective Topt, where they show similar 

thermostabilities.5,6

We propose that averaging sequence information over a family of proteins that have similar 

function may achieve these goals. Such “consensus sequences” should capture both the 

determinants of protein stability and activity. This approach may avoid substitutions that 

increase stability at the cost of activity, which are more likely to be identified by structure-

based approaches.

Consensus design has been quite successful in producing linear repeat proteins with high 

stability, including ankryin, TPR, heat, and Arm proteins.7–12 Such repeat proteins have 

simplified architectures made up of 20–40 residue repeated structural elements. Since the 

main function of these proteins is to bind a variety of target proteins using poorly conserved 

surface residues, linear repeat consensus proteins do not retain biological activity, although 

given their high stability these proteins make excellent platforms for engineering new 

binding functionality.

The applicability of consensus driven design to globular proteins has not been as well 

explored, and has sometimes produced mixed results. Several studies have examined the 

effects of single point substitutions towards consensus. An early study by Steipe et al. 
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showed that single-residue substitutions towards the consensus in a globular 

immunoglobulin fold often resulted in increased stability.13 Subsequent studies suggest that 

single-residue consensus substitutions increase stability about half the time.14

There are also a few examples of larger-scale consensus substitution in globular proteins. In 

an early study, a sequence corresponding to a consensus zinc finger sequence was shown to 

fold into a zinc finger fold upon addition of zinc.15 In another study, globular consensus 

phytase generated from a small sequence set with identities ranging from 60 to 80% 

generated proteins that display activity and, in some cases, increased thermostability.16,17 

Magliery and coworkers designed several consensus β/α barrels, some of which show 

enzymatic activity and high thermostability, although none of these proteins demonstrate 

reversible folding.14,18 Most recently, the O’Neil and Buckle groups have designed 

consensus FN3 domains and a consensus serpin that adopt their respective folds and retain 

high thermostability.19–21

To further assess the consensus approach as a means to generate folded proteins with high 

levels of biological activity as well as high stability, we have applied the consensus approach 

to the homeodomain fold, a 60-residue three-helix DNA recognition motif with no cofactors 

or disulfide bonds. The first two N-terminal helices pack together in an anti-parallel 

orientation. The C-terminal helix packs perpendicular to the two N-terminal helices, and 

interacts extensively with the major groove of DNA. The homeodomain has high specificity 

for six-base duplex DNA sequences, and uses this specificity to control gene expression 

during development, in eukaryotes ranging from fungi to vertebrates. Additional contacts are 

made between the minor groove and unstructured residues at the N-terminus.22 Given its 

broad taxonomic distribution and high sequence representation, the homeodomain family is 

an excellent model system for testing the applicability of consensus sequence information on 

stability and recognition in a globular protein family.

In this work, we used a multiple sequence alignment to generate a consensus homedomain 

(consensus-HD). CD and NMR spectroscopy show that the consensus-HD adopts the 

homeodomain secondary and tertiary structure. Equilibrium folding studies show that the 

consensus-HD is significantly more stable than the naturally-occurring engrailed 

homeodomain from D. melanogaster (engrailed-HD). This stability gain partitions into both 

the folding and unfolding reaction: the consensus-HD folding kinetics are faster and 

unfolding kinetics are slower than the folding kinetics of engrailed-HD. Furthermore, we 

tested homeodomain function by measuring the affinity of the consensus-HD to duplex DNA 

containing the cognate engrailed-HD binding site. Surprisingly, the consensus-HD binds the 

engrailed-HD binding site with an affinity that is 100-fold higher than the naturally-

occurring engrailed-HD.

Materials and Methods

Consensus sequence design

We used the Pfam database entry Homeobox (PF00046) to obtain a homeodomain consensus 

sequence. At the time the homeobox Pfam entry contained 182 homedomain sequences in 

the seed alignment. The average identity of the seed alignment was 37%. For our consensus-
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HD we used the Hidden Markov Model in Pfam to pick the amino acid at each position that 

had the highest probability of occurrence (Figure 1a).

Subcloning, Protein expression, and purification

Genes encoding engrailed-HD and consensus-HD were synthesized by DNA 2.0. Sequences 

were optimized for expression in E. coli. The two genes were synthesized in tandem on a 

single duplex DNA, and were separated by three stop codons and a BamHI restriction site. 

The gene tandem was flanked by 5′ NdeI and BamHI sites and a 3′ XhoI restriction site, 

which were used to subclone into NdeI and XhoI restriction sites of pET24. The resulting 

vector expressed engrailed-HD. The expression vector for the consensus-HD was created by 

digesting with BamHI and ligation of the larger vector fragment, to remove the engrailed-

HD gene. Expressed HD constructs include N-terminal Met-Gly-Ser tripeptide and a C-

terminal His6-tag.

Constructs were expressed in E. coli (BL21 [DE3]). Cells were grown at 37°C in Luria broth 

with 50 μg/ml Kanamyacin. When cultures reached an OD600 of 0.6-0.8, the temperature 

was lowered to 20°C, and IPTG was added to a concentration of 1 mM. Induced cells were 

grown for 20 hours at 20°C.

The cells were pelleted and resuspended in 25 mM sodium phosphate, pH 7.0 with a cocktail 

of protease inhibitors (Roche Complete, EDTA-free). Cells were lysed by sonication. 

Lysates were cleared by centrifugation at 16,000 RPM in a Beckman JA-20 rotor. Cleared 

lysates were brought up to 300 mM NaCl. 250 units and 1 mg of Benzonase (Sigma) and 

DNaseI (Roche) were added, and were incubated at room temperature for one to two hours. 

Proteins were purified using Ni-NTA chromatography followed by cation exchange 

chromatography. Purified proteins were dialyzed into 25 mM sodium phosphate, 150 mM 

NaCl pH 7.0 and were frozen at −80°C.

NMR Spectroscopy

Isotopically labeled 15N- and 15N, 13C-consensus-HD proteins were expressed as described 

above, using M9 minimal media supplemented with 15NH4 and 13C-labeled glucose 

(Cambridge Isotope Laboratories). All labeled samples were purified as described above. 

Unless otherwise noted, NMR samples contained 100-300 μM protein, 25 mM sodium 

phosphate, 150 mM NaCl, and 5% D2O (pH 7.0). All experiments were performed at 20 °C, 

which provided optimal dispersion in the 1H- 15N HSQC spectra.

DNA for NMR experiments was purchased from IDT. The sequence 5′-

GCCTAATTACCG-3′ and its sequence complement 5′-CGGTAATTAGGC-3′ were mixed 

in equimolar proportion and were annealed in 10 mM Tris, 50 mM NaCl, 1 mM EDTA, pH 

7.5 by heating at 95 °C for 10 min and slowly cooling to room temperature. DNA solutions 

were dialyzed into experimental conditions overnight. DNA-bound protein samples were 

made with 1.25 fold molar excess of DNA to protein.

1H, 15N-HSQC experiments were performed with free consensus-HD, DNA-bound 

consensus-HD, and free engrailed-HD (Figure S2). Assignments were made using standard 

triple-resonance 3D experiments including HNCACB, CBCA(CO)NH, HBHA(CO)NH, 
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HNCO, HN(CA)N, (H)CC(CO)NH-TOCSY, and H(CCCO)NH-TOCSY sequences. 

Backbone resonances were assigned for both consensus-HD and engrailed-HD. Side-chain 

resonance were assigned for consensus-HD. Experiments were collected on Bruker Avance 

and Avance II 600 MHz spectrometers equipped with cryoprobes. Backbone chemical shift 

data were used for secondary structure prediction of free consensus-HD using TALOS+. 

Chemical shift perturbations for DNA binding were determined using the following 

equation39:

Δδ =
ΔδH(N)

2 + 0 . 14ΔδN
2

2 (1)

3D 15N-resolved 1H{N}- 1H NOESY, 3D 13C- 15N resolved 1H{N}- 1H{C} NOESY, 3D 
15N- 15N resolved 1H{N}- 1H{N} HMQC-NOESY-HSQC, and 3D methyl-selective 13C-

resolved 1H{C}- 1H{C-methyl} NOESY spectra were used to identify 1H- 1H NOEs for free 

consensus-HD. The 3D 1H{C}- 1H {C-methyl} NOESY spectrum was collected on a 

consensus-HD sample that had been exchanged into D2O to suppress signal water. An NOE 

mixing time of 120 ms was used for all 15N-resolved experiments and a mixing time of 150 

ms was used for the methyl-selective 13C-resolved experiments. All NOESY spectra were 

collected on a Varian 800 MHz spectrometer. All NMR data were processed using 

NMRPipe40 and assignments were made using Sparky.41

15N relaxation measurements were performed for consensus-HD and engrailed-HD using 

steady-state 1H- 15N NOE, inversion recovery for 15N R1, and CPMG sequence for 15N R2. 

Sample concentrations were 500 μM for consensus-HD and 1 mM for engrailed-HD. 

Intensities for amide 1H- 15N cross peaks were fit using Sparky. Overlapping peaks (L16, 

R18, E22, Q33, E37, K46 for engrailed-HD; T7, L19, E30, L34, K37, R53 for consensus-

HD) and peaks with poor signal intensity (R5 and T6 for consensus-HD) were excluded 

from all relaxation parameter analysis. The ratio of intensities from spectra collected with 

and without 1H saturation was used to determine { 1H}- 15N NOE parameters. For 15N R1 

and R2 measurements, spectra were recorded at six inversion recovery delays or CPMG 

delays respectively. Inversion recovery delays used for R1 were 100, 200, 400, 600, 800, and 

900 ms. CPMG delays used for R2 were 8.4, 25.2, 42.0, 67.2, 84.0, and 100.8 ms. For both 

R1 and R2, spectra were duplicated at two delay time points to assess uncertainty in peak 

intensities. R1 and R2 parameters were determined by fitting the time series to a two-

parameter single exponential decay function. Errors reported are standard errors of the fit.

Structure generation with CS-Rosetta

CS-Rosetta (version 3.3) was used to generate a family of structural models of the native 

state of consensus-HD.29,30 Backbone chemical shift data were used for dihedral restraints 

in fragment picking. Homologous sequences from natural-occurring homeodomains were 

excluded throughout the process of fragment picking. 41 unambiguous long-range NOEs 

identified in NOESY spectra (Table S1) were included as restraints during model generation 

as distance limits for proton pairs. 10,000 structural models were generated, and the 10 

lowest-energy structures were selected for final analysis.
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Circular dichroism spectroscopy

All CD measurements were made on an Aviv 62A DS spectropolarimeter. Far-UV 

measurements were collected in a 0.1 cm quartz cuvette at 20°C, with protein concentrations 

ranging from 8 to 20 μM. Spectra were collected with a 1 nm step-size, averaging for 5 s at 

each step.

Guanidine-induced unfolding was monitored by CD at 222 nm at 20°C. UltraPure guanidine 

hydrochloride was purchased from Invitrogen. Concentrations of guanidine hydrochloride 

were determined by refractometry.42 Equilibrium unfolding measurements were made using 

a computer controlled titrator (Hamilton). At each denaturant concentration samples were 

allowed to equilibrate for 5 minutes, and signal was averaged for 30 seconds. Protein 

concentrations were between 2-4 μM. Thermodynamic unfolding parameters were obtained 

by fitting a two-state model to the guanidine-induced unfolding curves.43,44

Kinetic refolding and unfolding experiments

Measurements of folding kinetics were made on an Applied Photophysics SX.18MV-R 

stopped-flow fluorimeter (Leatherhead, UK). Tryptophan fluorescence was detected using a 

280 nm excitation and a 320 nm perpendicular cutoff filter. Proteins were diluted 11-fold to 

final protein concentrations of 3 to 5 μM.

Rate constants for refolding and unfolding were obtained by fitting individual progress 

curves using the following equation:

Yobs = Y∞ + ΔYe
−kappt

(2)

where Yobs is the observed signal, Y∞ is the signal at infinite time, ΔY is the amplitude of 

the decay, and kapp is the apparent rate constant. A minimum of 5 kinetic traces were 

obtained at each guanidine concentration. The guanidine dependence of kapp was fit 

according to the following equation:

logkapp = log k f + ku = log k f , H2O10
m f Gdn

+ ku, H2O10
mu Gdn

(3)

where kf and ku are folding and unfolding rate constants; H2O subscripts indicate rate 

constants extrapolated to zero guanidine concentration. Values of mf and mu are independent 

of guanidine concentration, resulting in log-linear guanidine dependences for kf and ku. 

Because the unfolding arm of the consensus-HD chevron is poorly defined, we fixed the mu 

parameter to the fitted value for the engrailed-HD chevron.

Isothermal Titration Calorimetry

DNA oligonucleotides were purchased from IDT. The sequence 5′-

GCGGCCATGTAATAACCTCCGGCG-3′ and its sequence complement 5′-

CGCCGGAGGTAATTACATGGCCGC-3′ annealed as previously described. Prior to 
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titration, protein and DNA solutions were dialyzed overnight into the same dialysate 

containing 25 mM HEPES and 250 mM KCl at pH 7.5. Protein and DNA concentrations 

were determined after dialysis using UV absorbance. All solutions were thoroughly degased 

under a vacuum before titration.

Titrations were carried out at 25 °C using 20 μM DNA, 200 μM protein for engrailed-HD 

and 5-6 μM DNA, 50-60 μM protein for consensus-HD on a VP-ITC microcalorimeter from 

MicroCal (Northhampton, MA). Protein solution was injected in 8 μL volumes at 300 s 

intervals into the DNA solution in the cell. Data were analyzed using Origin 7.0 software 

fitting to a single-site model. Titrations were repeated in triplicate for each protein.

Results

Consensus-HD sequence design

To determine the amino acid frequencies by position in the homeodomain family, we used 

the homeodomain sequence alignment from Pfam 26.0. A homeodomain consensus 

sequence was constructed from this alignment by selecting the most frequent amino acid at 

each position (Figure 1a). On average, the consensus-HD sequence is 56% identical to 

naturally-occurring sequences in the starting alignment. The highest sequence identity (69%) 

is to the short stature homeobox protein 2 from the body louse Pediculus humanus corporis. 
As a point of comparison, we also expressed and purified the engrailed homeodomain from 

Drosophila melanogaster. The stability and folding of the engrailed-HD has been studied 

extensively by experimental and computational methods.23,24 The engrailed-HD and 

consensus-HD are 59 and 58 residues long and share 50% identity (Figure 1b). In the 

engrailed homeodomain there are 11 residues that make direct contact with DNA.25 The 

consensus-HD is identical to the engrailed at 10 of 11 of these residues (Figure 1b). The 

single sequence difference is a conservative substitution of an isoleucine (engrailed position 

47) to a valine in the consensus-HD.

Secondary structure of consensus-HD

To determine whether the consensus-HD adopts the expected α-helical structure, we 

obtained far-UV CD spectra of the consensus-HD. The far-UV spectrum of the consensus-

HD has minima at 208 and 222 nm (Figure 2a), characteristic of proteins that have α-helical 

secondary structure. The far-UV spectrum of consensus-HD is similar to the engrailed-HD, 

indicating a similar secondary structure content.

To determine whether the consensus-HD has a rigid, well-formed tertiary structure, we 

collected an 15N- 1H HSQC NMR spectrum of the consensus-HD. The resonances are sharp 

and well-dispersed (Figure 2b), indicating that the consensus-HD adopts well-defined 

tertiary structure in solution. There are 76 expected cross peaks for the consensus-HD: 65 

non-prolyl backbone NH’s (including his6-tag), one tryptophan side chain NH, and ten 

asparagine and glutamine side chain NH’s. Out of the expected 76 expected cross peaks we 

see 69 cross peaks. To obtain higher resolution structural information, we used standard 

triple-resonance methods and were able to assign 96% of the backbone resonances 
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(excluding the his6-tag and single proline residues). In addition, 88% of side chain aliphatic 

protons and 96% of side chain aliphatic carbons were assigned.

To confirm the location of helical elements within the consensus-HD sequence, we obtained 

backbone chemical shift-based secondary structure predictions using TALOS+.26 This 

analysis identifies three regions within the consensus-HD sequence showing high probability 

of α-helical structure (Figure 3a). These regions of predicted α-helical structure in the 

consensus-HD align perfectly in sequence with the three α-helices seen in engrailed-HD 

crystal structure27, based on the sequence alignment in Figure 1.

We further confirmed the secondary structure using 1H- 1H NOE connectivities. NOE 

connectivities between sequential backbone amide protons ( 1HNi- 1HNi±1) and between 

alpha protons and the amide proton three residues forward in sequence ( 1Hαi- 1HNi+3) are 

characteristic of α-helical secondary structure elements.28 The short-range NOEs observed 

in the consensus-HD are consistent with the α-helical structure predicted by TALOS+ and 

the homeodomain fold (Figures 3b and 3c).

Tertiary structure of the consensus-HD

To obtain information on the tertiary structure of the consensus-HD, we measured 1H- 1H 

NOEs using both 13C-edited and 15N-edited NOE experiments. In the 13C-edited 

experiment, a methyl-selective pulse sequence was used to identify NOEs between side 

chain methyl protons and aliphatic protons. In the 15N-edited experiment, NOEs were 

identified between amide backbone protons and side chain aliphatic protons. From all 

NOESY spectra, 41 unambiguous long-range NOEs (|i - j| > 4 residues) were identified 

(Table S1).

These long-range NOEs were used along with chemical shifts to generate structural models 

of the consensus-HD native state using restrained CS-Rosetta.29,30 During the fragment 

generation stage, we excluded fragments derived from homeodomain structures. We 

generated 10,000 Rosetta structures, and found a modestly funneled distribution of energy 

scores versus Cα RMSD (from the lowest scoring structure), with a weak, positive 

correlation (Figure S1). We examined the ten lowest energy structures, which all adopt a 

three-helix homeodomain fold (Figure 4). When superposed onto engrailed-HD, the lowest 

energy structure has a Cα RMSD of 2.46 Å over all residues. Excluding the relatively 

unrestrained N-terminus (residues 1-9 of consensus-HD) gives an RMSD of 2.14 Å. When 

the ten lowest energy structures are compared to each other, an average Cα RMSD of 2.16Å 

is obtained (excluding the N-terminus, Figure 4B).

Equilibrium stability of the engrailed- and consensus-HD folds

To compare the stabilities of the consensus-HD and engrailed-HD, guanidine-induced 

unfolding transitions were measured using CD spectroscopy (Figure 5a). Both constructs 

unfold in single cooperative transitions, indicative of two-state folding. Remarkably, the 

midpoint of the consensus-HD unfolding transition is approximately 3 M guanidine higher 

than that of the engrailed-HD (Figure 5a, Table 1). The fitted free energy of unfolding of the 

consensus-HD is 8.1 kcal·mol−1, approximately 5 kcal·mol−1 higher than that of engrailed-

HD. The fitted m-value of the consensus-HD is similar to that of the engrailed-HD, 
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indicating that the high degree of cooperativity seen for the engrailed-HD is maintained in 

the consensus design.

Kinetic characterization of the engrailed- and consensus-HD folding

To determine how the stability differences between the consensus-HD and engrailed-HD 

relate to the folding kinetics, we measured rates of refolding and unfolding using stopped-

flow fluorescence. For the consensus-HD, we were able to measure the folding and 

unfolding kinetics at 20 °C, over a range of guanidine concentrations (Figure 5b). Both 

refolding and unfolding kinetic traces fit well to a single exponential (data not shown). Over 

the guanidine concentrations that rates were experimentally accessible, the chevron has 

linear refolding and unfolding arms. The free energy of unfolding determined from the 

extrapolated rate constants is 8.07 kcal·mol−1, which is within error of the value (8.51 

kcal·mol−1) measured in our equilibrium experiments.

Unfortunately, the folding and unfolding rates of engrailed-HD at 20 °C are too fast to 

measure reliably in a standard stopped-flow apparatus.23,24 To compare the folding kinetics 

of engrailed-HD and consensus-HD, we collected kinetic traces of both proteins at 10 °C 

(Figure 5c). At this temperature, reproducible kinetic traces could be resolved for both 

constructs. Again, the unfolding and refolding kinetic traces of both constructs were fit well 

by a single exponential (data not shown), and show approximately linear refolding arms. 

Comparing the two chevron plots, it is clear that the consensus HD folds faster, and unfolds 

more slowly than the natural engrailed-HD.

Because we were limited by both protein concentrations and guanidine solubility, the 

unfolding arm of the consensus-HD chevron could not be adequately defined at 10 °C. To fit 

the chevron plot of the consensus-HD we fixed the mu to that from the fit of the engrailed-

HD chevron. Extrapolating fitted rate constants indicates that the kinetic partitioning of 

consensus-HD stabilization is maintained in the absence of denaturant. Thus, the transition 

state for folding is also stabilized by consensus substitutions, albeit to a smaller extent than 

the native state.

Structural characterization of DNA binding

To determine whether consensus-HD retains DNA binding function, we collected a 1H- 15N 

HSQC spectrum of 15N-labelled consensus-HD in the presence of an unlabeled DNA duplex 

containing the six base-pair cognate binding site for engrailed-HD. The spectrum of 

consensus-HD in the presence of DNA contains significant changes from that of the free 

protein, indicating that the consensus-HD binds the engrailed-HD cognate sequence (Figure 

6a). At substoichiometric DNA concentrations we see sharp resonances for free and bound 

consensus-HD, demonstrating slow exchange (not shown). To determine which residues are 

involved in the interaction with DNA, we collected standard triple-resonance NMR 

experiments to successfully assign 95% of the backbone amide resonances. We then 

determined chemical shift perturbations between bound and free spectra using equation 1. 

Significant perturbations are seen for the flexible N-terminal arm and the C-terminal 

recognition helix (Figure 6b). This is consistent with DNA binding architecture of the 
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homeodomain family, where the C-terminal helix makes specific contacts with DNA bases 

in the major groove and the N-terminal arm fits into the minor grove (Figure 6c).22,25

Characterization of DNA binding thermodynamics

To investigate how consensus substitution affects DNA affinity, we used isothermal 

calorimetry (ITC) to monitor the binding of the engrailed- and consensus-HDs to DNA 

duplex containing the six base engrailed recognition sequence (5′-TAATTA-3′). At 150 mM 

KCl, the consensus-HD shows saturation binding (data not shown). Although saturation 

binding demonstrates that binding is tight, it precludes accurate determination of binding 

affinity. To quantify binding affinity we increased salt concentration in an attempt to weaken 

the consensus-HD DNA complex. At 250 mM KCl, we obtained enough curvature in the 

thermogram to accurately determine affinity (Figure 7). Under these conditions the 

consensus-HD binds the cognate DNA with high affinity (Kd = 8.1 nM) with a 1:1 

stoichiometry. This high DNA binding affinity is achieved through a very favorable binding 

enthalpy that is slightly compensated by a smaller unfavorable binding entropy (Table 1). 

Surprisingly, consensus-HD binds the cognate DNA with an affinity rougly two orders of 

magnitude tighter than engrailed-HD (Kd = 737.4 nM; Figure 6d, Table 1). The higher 

affinity of consensus-HD is the result of a significantly more favorable enthalpy of binding, 

which is partly offset by a more unfavorable entropy penalty.

Dynamics of the consensus-HD on the psec-nsec timescale

To examine whether the increased stability and/or DNA binding affinity of the consensus-

HD correlate with changes in protein dynamics, we measured backbone 15N-relaxation 

parameters ({ 1H}- 15N NOE, 15N R1, and 15N R2) for consensus and engrailed-HD (Figure 

8 and Table S2). We see similar overall profiles for each of these parameters, however, 

consensus-HD appears to have a decreased amplitude of dynamic motions in the N- and C-

termini, as well as in the loops between the three helices. The high R2 values in the loop 

between helices 1 and 2 of engrailed-HD suggests are additional μsec-msec motions, as 

previously observed31, that are not observed in consensus-HD. These changes may result 

directly from the two sequence substitutions in this loop, or from a combination of the other 

26 differences between engrailed- and consensus-HD.

Discussion

The residues that stabilize protein folds are often different from those that contribute to 

activity, and in many cases have been shown to be conflicting. Using sequence averages (that 

is, consensus sequences) from large groups of proteins may provide a route to optimize 

stability while preserving (or enhancing) activity, as long as high stability itself does not 

interfere with activity. This approach has been used to design linear repeat protein with high 

stability, and more recently, globular proteins. In some cases, partial biological function is 

maintained, but in other cases it is lost. Here, we find a stabilized consensus version of the 

homeodomain to bind DNA significantly tighter than a naturally-occurring homeodomain, 

demonstrating that function is encoded in the consensus, and is not antagonized by high 

stability.
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Consensus-HD adopts a cooperatively folded homeodomain structure with very high 
stability

CD and NMR spectroscopy show that consensus-HD is folded and adopts the expected α-

helical homedomain fold (Figures 2–4). Like the engrailed-HD, the consensus-HD has a 

single cooperative unfolding transition that is well described by a two-state model. The fitted 

m-value of the consensus-HD is 1.45 kcal·mol−1·M−1, similar to that of engrailed-HD (Table 

1) and is consistent with an empirical prediction based on chain-length.32 Thus, for the 

homeodomain, consensus design captures the high degree of cooperativity seen in the 

folding of globular proteins.

The free energy of unfolding of the consensus-HD is approximately 5 kcal·mol−1 greater 

than that of engrailed-HD. When assessed by thermal denaturation the Tm of the consensus-

HD is 23 °C higher than Tm of engrailed-HD, although the thermal denaturation of 

consensus-HD is not fully reversible (data not shown). Such a drastic increase in stability is 

surprising given the high sequence similarity between consensus-HD and engrailed-HD and 

the small size of the two domains. However, this is consistent with the large stability 

enhancement observed for consensus repeat proteins.8–10

The high stability of consensus-HD results from surface substitutions

The increased stability of the consensus-HD must result from some subset of the 30 

sequence substitutions (~50% difference) from the engrailed HD. Not surprisingly, the 

positions that have the highest conservation within the homeodomain family are identical in 

the engrailed- and consensus-HDs. These conserved positions are nearly all core residues. 

The 30 sequence substitutions are nearly all surface residues (Figure 1c). Given the 

importance of core residues in protein stability, it is somewhat surprising that this large 

stability increment is due to differences at surface positions. Although we did not 

intentionally target surface residues in our design, the success of the consensus-HD 

construct suggests a strategy for designing increased stability that limits consensus 

substitution to surface residues.

Stability enhancement through surface substitution may have a significant electrostatic 

component. The consensus-HD has considerably more charged residues (29/57), but lower 

net charge (+5) than the engrailed-HD (23/58, +9). Balanced surface charge, even at high 

charge density, has been shown to be an effective means to stabilize small globular 

proteins33,34, and is consistent with the observation that proteins from thermostable 

organisms have a higher fraction of charged residues than mesophilic homologues.35

Stability increase is partitioned into both the folding and unfolding kinetics

Increased stability implies faster folding, slower unfolding, or both. We find that the increase 

in stability of the consensus-HD partitions into both faster folding kinetics and slower 

unfolding kinetics (Table 1). The extrapolated folding rate constant increases by around 25-

fold for consensus-HD, whereas the unfolding rate constant decreases by about 50-fold. This 

partitioning indicates that the stabilizing consensus interactions are partly (but incompletely) 

developed in the transition state ensemble. The folding rate constant for consensus-HD in 

water is estimated to be approximately 106 sec−1. Although such a rate constant is near the 
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estimated speed limit for folding,36 it is clear that considerable folding rate enhancements 

can be obtained by consensus stabilization. Likewise, consensus stabilization appears to 

provide a means to significantly enhance kinetic stability against unfolding.

Consensus-HD has high binding affinity for DNA

Although the consensus homeodomain sequence gives significant enhancement of stability, 

it is unclear how this increased stability should affect function. The common observation 

that proteins are marginally stable has been interpreted by some to suggest that high stability 

would impair function, particularly if conformational heterogeneity (often referred to as 

“dynamics”) is important for function.35,37 Our finding that consensus-HD binds DNA with 

native-like architecture and a hundredfold increase in affinity is inconsistent with 

interpretation that stability and function are in opposition. Rather, our measurements of 

backbone dynamics demonstrate that increased affinity correlates with decrease backbone 

motion (Figure 8). Thus, whereas consensus stabilization may lead to a more rigid native 

state, it does not appear to compromise binding energy.

The enhanced affinity is somewhat surprising given the decreased positive charge of the 

consensus-HD. Although the direct DNA contact residues from the engrailed-HD are 

conserved in the consensus-HD, the more numerous, distant sequence substitutions have a 

rather profound effect on affinity. This result is consistent with an alanine substitution study 

by Abate and coworkers on the Msx homeodomain, which showed that positions with 

relatively low conservation (particularly in the N-terminal arm) were required for high 

affinity DNA binding.38 The enhancement in consensus-HD binding is enthalpically driven, 

but is partly offset by an entropy penalty. These changes may reflect increased favorable 

bonding interactions for the consensus-HD:DNA complex, which may have increased 

rigidity. Alternatively, these changes may be related to changes in salt ion displacement or 

hydration. Regardless, the increase in affinity suggests that consensus sequences also encode 

functional properties. The extent to which function- and stability-enhancing substitutions 

overlap remains to be determined.

Conclusions

Our work here demonstrates the design of a functional globular α-helical protein using 

consensus information. The consensus-HD adopts a homeodomain fold, has a cooperative 

unfolding transition and is dramatically stabilized over the naturally occurring engrailed-

HD. The consensus designed homedomain captures the native DNA-binding function of the 

homeodomain, with an affinity that is significantly tighter than the engrailed-HD. This work 

suggests that using consensus information, especially at surface positions, may provide a 

route to stabilize target proteins that retain function. How this finding holds true for larger 

helical domains and folds that have β-sheet secondary structure remains to be determined.
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Figure 1. Sequence conservation and consensus of the homeodomain family
A) The sequence logo, where residue height is proportional to degree of conservation, is 

calculated from the Pfam version 26.0 homeodomain seed sequence from 12/21/2012. B) 

Sequence alignment of engrailed- and consensus-HDs. Sequence differences are shaded 

green. Residues that contact DNA are indicated with asterisks. The positions of the three 

helices in the engrailed-HD are indicated with cylinders. C) Sequence differences (shaded in 

green with side chains shown) mapped onto the crystal structure of engrailed-HD (PDB: 

1ENH).
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Figure 2. Circular dichorism spectroscopy and NMR spectroscopy of consensus-HD
A) Far-UV CD spectra of consensus-HD (black) and engrailed-HD (red). B) 15N- 1H HSQC 

spectrum of uniformly 15N-labeled consensus-HD at 600 MHz. Assigned peaks are labeled. 

Conditions: 25 mM sodium phosphate, 150 mM NaCl, pH 7, 20 °C.
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Figure 3. Secondary-structure of consensus-HD determined by NMR spectroscopy
A) Plot of chemical shift-based secondary structure predictions by TALOS+29 B) 1HNi- 
1HNi+1 and C) 1Hαi- 1HNi+3 NOEs. Strong NOEs were given value of one. Weak but 

detectable NOEs were given a value of 0.5. Positions with no bar showed no detectable 

NOE. Helix boundaries (top) are based on the engrailed-HD structure. Sequence positions 

are as in alignment in Figure 1B where position 1 corresponds to the N-terminal D in 

engrailed-HD and position 2 corresponds to the N-terminal R in consensus-HD. Conditions: 

25 mM sodium phosphate, 150 mM NaCl, pH 7, 20 °C.
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Figure 4. CS-Rosetta generated model of consensus-HD
A) Alignment of the backbone atoms of engrailed-HD (red, 1ENH.pdb) and the lowest 

energy CS-Rosetta structure of consensus-HD (black). B) Overlay of ten lowest energy 

structures from CS-Rosetta model generation.
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Figure 5. Stability and folding kinetics of consensus-HD compared to engrailed-HD
A) Guanidine-induced unfolding of consensus-HD (black) and engrailed-HD (red) at 20 °C. 

B) Guanidine dependence of the refolding and unfolding rate constant of consensus-HD at 

20 °C. C) Guanidine dependence of the refolding and unfolding rate constants of consensus-

HD (black) and engrailed-HD (red) at 10 °C. Solid lines are obtained from fitting a kinetic 

two-state model (equation 3) to the data. Conditions: 25 mM sodium phosphate, 150 mM 

NaCl, pH 7, temperature noted.
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Figure 6. DNA-binding architecture of consensus-HD confirmed by NMR spectroscopy
A) Overlay of 15N- 1H HSQC spectra of uniformly 15N labeled free consensus-HD (red) and 

DNA-bound consensus-HD (purple, 1.25-fold molar excess of duplex DNA) at 600 MHz. 

Conditions: 25 mM sodium phosphate, 150 mM NaCl, pH 7, 20 °C. B) Plot of weighted 

chemical shift perturbations for DNA binding to consensus-HD, calculated using equation 1, 

versus residue number. Dots at zero shift perturbation correspond to unassigned residues. 

Sequence numbering as in Figure 3. C) Residues with large chemical shift perturbations 

mapped on to the homeodomain structure (engrailed-HD:DNA cocrystal structure, PDB: 

3HDD). Residues with chemical shift perturbations larger than 0.2 ppm (dashed line, Fig. 

7b) are highlighted in red spheres centered at Cα.
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Figure 7. Isothermal titration calorimetry of consensus- and engrailed-HDs binding to DNA
A) Differential power and B) integrated heat peaks resulting from titration of the engrailed-

HD into DNA. C) Differential power and D) integrated heat peaks resulting from titration of 

the consensus-HD into DNA. The black lines show a least-squares fit using a single-site 

model. Conditions: 25 mM HEPES, 250 mM KCl pH 7.5, 25 °C.

Tripp et al. Page 21

J Am Chem Soc. Author manuscript; available in PMC 2018 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 15N relaxation parameters for consensus-HD and engrailed-HD
A) Heteronuclear NOE, B) R1, and C) R2 parameters for consensus-HD (black) and 

engrailed-HD (red) shown as a function of sequence position. Errors shown for R1 and R2 

parameters for each residue are standard errors of fits. Overlapping peaks (L16, R18, E22, 

Q33, E37, K46 for engrailed-HD; T7, L19, E30, L34, K37, R53 for consensus-HD) and 

peaks with low signal intensity (R5 and T6 for consensus-HD) were excluded from analysis. 

Helix positions are based on engrailed-HD crystal structure. Sequence numbering as in 

Figure 3. Conditions: 25 mM sodium phosphate, 150 mM NaCl, pH 7.0, 20°C.

Tripp et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2018 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tripp et al. Page 23

Ta
b

le
 1

T
he

rm
od

yn
am

ic
 a

nd
 k

in
et

ic
 p

ar
am

et
er

s 
fo

r 
en

gr
ai

le
d-

H
D

 a
nd

 c
on

se
ns

us
-H

D
.

F
ol

di
ng

 t
he

rm
od

yn
am

ic
s

F
ol

di
ng

 k
in

et
ic

s
B

in
di

ng
 t

he
rm

od
yn

am
ic

s

Δ
G

°(
H

2O
)(

kc
al

·m
ol

−1
)

m
-v

al
ue

 (
kc

al
·m

ol
−1

·M
−1

)
k f,

H 2O (
s−1

)
m

f (
Μ

−1
)

k u,
H 2O (

s−1
)

m
u 

(Μ
−1

)
n

K
d 

(n
M

)
Δ
Η

° 
(k

ca
l·m

ol
−1

)
T

Δ
S°

 (
kc

al
·m

ol
−1

)

E
ng

ra
ile

d-
H

D
3.

62
 ±

 0
.0

3
1.

39
 ±

0.
01

3.
9 

×
 1

04
−

0.
81

67
.1

0.
17

0.
98

 ±
 0

.0
1

73
7 

±
 3

8
−

9.
2 

±
0.

1
−

0.
8 

±
 0

.1

C
on

se
ns

us
-H

D
8.

05
 ±

0.
10

1.
45

 ±
 0

.0
2

1.
1 

×
 1

0e
−

0.
83

1.
4

N
A

a
1.

00
 ±

0.
01

8.
1 

±
1.

6
−

16
 ±

0.
2

−
5.

0 
±

 0
.3

C
on

se
ns

us
-H

D
 (

10
°C

)
8.

51
 ±

 0
.2

7
1.

35
 ±

 0
.0

2
5.

50
 ×

 1
0

−
0.

90
3.

24
0.

23
N

D
N

D
N

D
N

D

Fo
ld

in
g 

th
er

m
od

yn
am

ic
: p

ar
am

et
er

s 
w

er
e 

ob
ta

in
ed

 b
y 

fi
tti

ng
 g

au
ni

di
ne

-i
nd

uc
ed

 d
en

at
ur

at
io

n 
cu

rv
es

. U
nc

er
ta

in
ie

s 
ar

e 
st

an
da

rd
 e

rr
or

s 
on

 th
e 

m
ea

n 
of

 th
re

e 
tit

ra
tio

ns
. C

on
di

tio
ns

: 2
5 

m
M

 N
aP

O
4 

(p
H

 7
.0

),
 

15
0 

m
M

 N
aC

I,
 2

0°
C

Fo
ld

in
g 

ki
ne

tic
s:

 P
ar

am
et

er
s 

w
er

e 
ob

ta
in

ed
 b

y 
fi

tti
ng

 e
qu

at
io

n 
(2

) 
to

 th
e 

gu
an

id
in

e 
de

pe
nd

en
ce

 o
f 

th
e 

ra
te

 c
on

st
an

ts
 f

or
 th

e 
re

fo
ld

in
g 

an
d 

un
fo

ld
in

g 
1 

ph
as

es
 (

Fi
gu

re
 5

B
, C

).

a Fo
r 

co
ns

en
su

s-
H

D
, t

he
 m

u 
pa

ra
m

et
er

 w
as

 f
ix

ed
 to

 th
e 

fi
tte

d 
va

lu
e 

fo
r 

th
e 

en
gr

ai
le

d-
H

D
 (

0.
17

 M
−

1 )
. C

on
di

tio
ns

: 2
5 

m
M

 N
aP

O
4,

 1
50

 m
M

 N
aC

I,
 te

m
pe

ra
tu

re
s 

as
 in

di
ca

te
d.

B
in

di
ng

 th
er

m
od

yn
am

ic
s:

 D
at

a 
w

er
e 

an
ay

lz
ed

 u
si

ng
 O

ri
gi

n 
7.

0 
so

ft
w

ar
e 

fi
tti

ng
 to

 a
 s

in
gl

e 
si

te
 m

od
el

. U
nc

er
ta

in
ie

s 
ar

e 
st

an
da

rd
 e

rr
or

s 
on

 th
e 

m
ea

n 
of

 th
re

e 
in

de
pe

nd
en

t e
xp

er
im

en
ts

 C
on

di
tio

ns
: 2

5 
m

M
 

H
E

PE
S 

(p
H

 7
.5

),
 2

50
 m

M
 K

C
I,

 2
5°

C
.

J Am Chem Soc. Author manuscript; available in PMC 2018 September 28.


	Abstract
	Table of contents figure
	Introduction
	Materials and Methods
	Consensus sequence design
	Subcloning, Protein expression, and purification
	NMR Spectroscopy
	Structure generation with CS-Rosetta
	Circular dichroism spectroscopy
	Kinetic refolding and unfolding experiments
	Isothermal Titration Calorimetry

	Results
	Consensus-HD sequence design
	Secondary structure of consensus-HD
	Tertiary structure of the consensus-HD
	Equilibrium stability of the engrailed- and consensus-HD folds
	Kinetic characterization of the engrailed- and consensus-HD folding
	Structural characterization of DNA binding
	Characterization of DNA binding thermodynamics
	Dynamics of the consensus-HD on the psec-nsec timescale

	Discussion
	Consensus-HD adopts a cooperatively folded homeodomain structure with very high stability
	The high stability of consensus-HD results from surface substitutions
	Stability increase is partitioned into both the folding and unfolding kinetics
	Consensus-HD has high binding affinity for DNA

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1

