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Abstract: The de novo design of proteins is a rigorous test of our understanding of the key determi-

nants of protein structure. The helix bundle is an interesting de novo design model system due to the

diverse topologies that can be generated from a few simple a-helices. Previously, noncomputational
studies demonstrated that connecting amphipathic helices together with short loops can sometimes

generate helix bundle proteins, regardless of the bundle’s exact sequence. However, using such

methods, the precise positions of helices and side chains cannot be predetermined. Since protein
function depends on exact positioning of residues, we examined if sequence design tools in the pro-

gram Rosetta could be used to design a four-helix bundle with a predetermined structure. Helix posi-

tion was specified using a folding procedure that constrained the design model to a defined topology,
and iterative rounds of rotamer-based sequence design and backbone refinement were used to iden-

tify a low energy sequence for characterization. The designed protein, DND_4HB, unfolds coopera-

tively (Tm >90�C) and a NMR solution structure shows that it adopts the target helical bundle topology.
Helices 2, 3, and 4 agree very closely with the design model (backbone RMSD 5 1.11 Å) and >90% of

the core side chain v1 and v2 angles are correctly predicted. Helix 1 lies in the target groove against

the other helices, but is displaced 3 Å along the bundle axis. This result highlights the potential of
computational design to create bundles with atomic-level precision, but also points at remaining chal-

lenges for achieving specific positioning between amphipathic helices.

Keywords: computational protein design; four-helix bundle; rosetta; de novo protein design; NMR
structure

Introduction

De novo protein design is a rigorous test of our

understanding of protein structure and can be used

to test which features of proteins are critical for

encoding well-folded structures that adopt a specific

three-dimensional structure. For instance, what are

the minimal design elements required to create a

helix bundle protein? Early studies demonstrated

that simple amphipathic peptides enriched in amino

acids with high helical propensity will often
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associate into multimers with high helical content,

but that these complexes are unlikely to adopt

unique three-dimensional structures with well-

ordered packing and helix positioning.1–5 However,

if the amphipathic helices are linked together by

short flexible linkers, the probability that they will

adopt a more native-like structure increases signifi-

cantly, but in general these designs are still highly

molten.3,5 Taking a similar approach but on a larger

scale, Kamtekar et al. have engineered large protein

libraries (>106) in which four amphipathic helices

are specified using degenerate codons that code for

either polar or non-polar amino acids at appropriate

sites in each helix (referred to as a binary code),

with short linkers rich in loop favoring residues.4

Sequences from these libraries were shown to have

some native-like features but were still molten glob-

ules. In an attempt to improve the folding quality of

their library, Wei et al. made a second-generation

library templated on the best member (N86) of their

first library. In this library, they held most of the

sequence fixed and combinatorially searched only a

small region at the top of the bundle. At least two

members from this templated library adopted a four-

helix bundle with specific interactions formed

between the helices6,7 and one member from a larger

library formed a domain swapped dimer.8 This result

shows that a simple binary code is sufficient to gen-

erate small native-like helical bundles, and demon-

strates the importance of the hydrophobic effect in

driving protein folding. It also suggests the need to

limit the sequence spaced explored and the impor-

tance of a suitable starting point.

The binary code strategy provides a recipe for

generating folded bundles, but the precise positions

of the helices and side chains cannot be predeter-

mined with this approach. A long-term goal for pro-

tein engineers is to be able to create novel proteins

from scratch that perform important functions use-

ful in medicine, industry, and research. As protein

binding sites and functions depend on the exact posi-

tioning of side chain and backbone atoms, it will be

important to develop computational methods that

can design proteins with very high accuracy, per-

haps with tolerances less than 1 Å. Over the last 20

years there has been significant progress in using

computational methods to design proteins that adopt

a predetermined structure or interaction. These

approaches use an atomic-level representation of the

protein to model the dominant forces in protein

structure including steric repulsion, hydrogen bond-

ing, desolvation, and torsional preferences. In a

landmark article, Harbury et al. used computational

design to create a unique four-stranded coiled coil

that closely matched the design model.9 This was

the first demonstration that explicit consideration of

side chain packing and rotamer preferences could be

used to design helical proteins with atomic level

accuracy. Since this study, computer-based methods

have been used to design new a/b proteins,10,11

protein-protein interactions,12–14 nanocages,15 and

protein switches.16 However, the accurate computer-

based de novo design of a single chain four-helix

bundle protein (not dependant on co-factors17,18) has

not been previously reported.

Here, we examine if sequence and structure

optimization methods in the modeling program

Rosetta can be used to design an up-down four-helix

bundle. An important step in de novo design is cre-

ating starting models for the protein backbone that

adopt the target topology. In the design of a novel

coiled-coil, Harbury et al. used analytic equations

described by Crick to create a family of symmetric

coiled-coil backbones.9 Alternatively, when designing

new a/b proteins with Rosetta, Kuhlman et al. cre-

ated starting models by folding from extended pep-

tide chains and using distance and secondary

structure constraints to specify the target fold.10,11

In order to create favorable local interactions, back-

bone fragments (3-mers and 9-mers) from naturally

occurring proteins were used as the building blocks

for folding. In these previous studies, backbone frag-

ments were chosen simply based on desired patterns

of secondary structure. Here, we further filter frag-

ments by checking if they have starting and ending

positions in three-dimensional space that are con-

sistent with our target topology. This is particularly

helpful for building the connecting loops between

helices. Following fragment-based folding, we used

iterative rounds of sequence design and structure

refinement to identify low energy sequences. A sin-

gle sequence, DND_4HB, was then chosen for exper-

imental biophysical characterization. The protein

DND_4HB is well folded and an NMR structure

shows that it adopts the target left-handed four

helix-bundle topology. Moreover, interactions

between three of the helices were captured with

very high accuracy, while one of the helices shifted

by 3 Å relative to our design model.

Results

Generating starting structures using biased ab

initio folding

To create backbone coordinates that would be the

starting point for sequence optimization simulations,

we used Rosetta’s ab initio structure prediction pro-

tocol for folding a protein from an extended chain.19

This protocol pieces together short fragments (3-

mers and 9-mers) from high-resolution structures in

search of conformations that place polar and non-

polar amino acids in an appropriate environment

and have favorable packing between secondary

structural elements. In structure prediction, the pro-

tein data bank (PDB) is searched for fragments that

have similar sequences to the query sequence. This
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helps ensure that the local structural elements in

the predicted models are compatible with the

sequence of the query protein. However, in de novo

design, the target sequence is unknown. Previous

efforts in de novo protein design with Rosetta picked

fragments based solely on the desired secondary

structure of each residue in the protein. We used

this approach to pick fragments for helical regions of

the bundle, but we used a more structurally explicit

approach for picking loop fragments that span the

connections between helices.

To identify loop fragments that would favor our

target topology we started by building a model of

four helices not connected by loops, called a

“template bundle.” The individual helices were built

using idealized helical torsion angles (/ 5 257,

w 5 247), and the helices were placed near each

other in relative orientations similar to that

observed in naturally occurring four-helix bundles

[Fig. 1(A)]. The PDB was then searched for frag-

ments that have take-off and landing residues that

align well with the start and end of the relevant hel-

ices [Fig. 1(B)]. These low scoring fragments became

part of our move set in the ab initio folding experi-

ments. Additionally, this process helped us deter-

mine what length loops to use for each connection in

each template bundle. For the template bundle that

produced DND_4HB, the most common length loop

fragment that closed the gap between helix 1 and

helix 2 was four residues, while for the 2:3 and 3:4

connections the most prevalent length loops were

two and six residues, respectively.

To build starting backbones that adopt a desired

topology, previous efforts in de novo design with

Rosetta have made use of distance constraints

between atom pairs to bias the folding simulations.

In these cases, the target folds were a/b proteins for

which the topology could largely be defined by speci-

fying which residue pairs form backbone-backbone

hydrogen bonds in the b-sheet. Similar constraints

cannot be used for a helical bundle. Instead, before

starting the folding simulation we defined the

desired position of each helix with a set of three axis

points that represent in three-dimensional space the

desired location for the beginning, middle, and end

of each helix [Fig. 1(A)]. These points were derived

from the same template bundle model, with discon-

nected helices, that we used to pick loop fragments.

During folding, distance constraints between these

axis “target points” and the four helices in the model

were used to bias the simulation toward that target

fold.

During ab initio folding simulations, the proto-

col strives to bury hydrophobic amino acids and

expose polar amino acids. Since at the start of de

novo design there is not a defined sequence, we con-

structed naive sequences that were compatible with

the target fold. Naive sequences are randomly gener-

ated sequences that are compatible with a target

fold at the level of hydrophobicity. Naive sequences

were based on the same template bundle used to

pick loop fragments and define the target topology.

Residues that were buried in this model were set to

a random hydrophobic amino acid, while exposed

positions were set to a random hydrophilic amino

acid. A new naive sequence was generated for every

starting structure produced.

With naive sequences, fragments, and con-

straints in hand, ab initio folding was used to build

starting structures. Before pursuing a complete set

of models, we first examined the impact of using the

biased fragments and constraints during the folding

simulations. Figure 2 shows the fraction of starting

structures that adopt the desired topology using

Rosetta’s standard fragment assembly method using

traditional fragments and no constraints (20%),

using traditional fragments with axis constraints

Figure 1. Starting structures and design models. To generate

starting structures for design, an initial helix bundle is

assembled without loops by aligning idealized helices (rain-

bow with helix axis points in black) to average-normalized

helical positions (large grey spheres) (A). Bridge fragments

that connect adjacent helices in the bundle are identified by

RMSD alignment (B) and are used with axis constraints (large

grey spheres) to bias fragment assembly. Fragment assembly

and flexible backbone design were used to produce the

DND_4HB design model (C), where DND_4HB’s axis points

(small black spheres) are within 3.5 Å of the axis constraints

(large grey spheres) (C). The lowest energy DND_4HB for-

ward folding model showing that the DND_4HB sequence is

optimized for a left-handed four-helix bundle but loop 3

(orange loop) may adopt an alternate conformation (D).
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(59%), using bridge fragments without constraints

(50%), and using bridge fragments with constraints

(73%). We used this last method to generate

�100,000 starting structure models compatible with

a left-handed four-helix bundle.

Iterative sequence and backbone refinement
Each of the starting models derived from ab initio

folding served as input into a flexible backbone

design protocol that iterated between sequence opti-

mization and structure refinement in search of low

energy sequence-structure pairs.20 Sequence optimi-

zation was performed using a simulated annealing

protocol with backbone dependent rotamers as the

move set.21 Structure refinement was performed

using the FastRelax protocol in Rosetta, which iter-

ates between repacking side chains and performing

quasi-Newton minimization of torsional degrees of

freedom while ramping in five steps the strength of

the repulsive component of the Lennard-Jones term

from 1/10th up to full strength, cycling from low- to

high-strength repulsion three times.22 Up to five

rounds of sequence optimization and backbone

refinement were used for each starting structure. In

general, the refined models did not deviate signifi-

cantly from the starting structures (average

RMSD 5 1.5 Å).

Selecting sequences for computational

refolding and experimental characterization

We evaluated designed sequences based on total

Rosetta energy, number of unsatisfied buried polar

atoms, quality of packing using the RosettaHoles(v1)

method,23 and predicted secondary structure using

JPRED.24 The DND_4HB sequence was the lowest

energy sequence produced with a total Rosetta

energy of 2162 and did not contain any unsatisfied

buried polar atoms.

The DND_4HB designed model had high quality

packing with a RosettaHoles score of 0.66. The

JPRED secondary structure prediction server pre-

dicted the sequence to have four helices. Figure 1(C)

shows a ribbon diagram of the design model of

DND_4HB and the target axis constraints and the

design model axis points.

Computational refolding

To assess the preference of the DND_4HB sequence

for the target fold, we used Rosetta’s structure pre-

diction and full atom refinement methods to identify

low energy conformations. Refolding of the

DND_4HB sequence without biased fragments and

constraints shows that the sequence adopts a left

handed four-helix bundle but loop three may prefer

an alternate conformation that is still consistent

with the desired topology [Fig. 1(D) and Supporting

Information Fig. 1]. The forward folding experiment

also indicated that phenylalanine 54 may pack in an

alternate conformation.

Biophysical characterization of DND_4HB

DND_4HB was overexpressed as soluble protein in

Escherichia coli at a variety of induction tempera-

tures and IPTG concentrations with yields greater

than >15 mg/L. DND_4HB eluted as a single peak

from a size exclusion column with an apparent

molecular weight of �12 kD, which is consistent

with the predicted size as a monomer. Purified pro-

tein remained soluble at concentrations greater than

1 mM. Circular dichroism (CD) experiments showed

that DND_4HB is a-helical, with strong minima

present at the characteristic a-helix minima at

208 nm and 222 nm [Fig. 3(A)]. The stability of

DND_4HB was determined by monitoring the CD

signal at 208 nm and 222 nm as a function of tem-

perature and guanidine hydrochloride (Gdn-HCl)

[Fig. 3(B,C)]. In the absence of Gdn-HCl the unfold-

ing transition begins at 80�C but is not complete by

100�C. To determine values for m, Tm, DH�, DCp
�,

and DG�, a Gibbs-Helmholtz surface was constructed

by fitting several thermally induced denaturations

in the presence of varying amounts of Gdn-HCl to

the Gibbs-Helmholtz equation modified to account

for the effect of denaturant concentration [Fig. 3(D),

Methods, and Eq. (1)].

DG5DH2TDS2m½GdnHCl� (1)

From this analysis, DND_4HB was determined

to have a Tm value of 96�C and a DG� of folding of

24.9 kcal/mol. Additionally, parameters for

Figure 2. Percent of decoys with correct left-handed topol-

ogy. Decoys were generated using Rosetta’s fragment

assembly protocol using axis constraints and bridge frag-

ments, using only axis constraints, using only bridge frag-

ments, or using the standard folding protocol. Each decoy

was assigned as having a left-handed (blue), left-handed Z

(green), right-handed (orange), or right-handed Z (red) topol-

ogy. The left-hand four-helix bundle (blue) is the desired

topology.
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DH�5 252 kcal/mol (25�C), DCp
�5 0.7 kcal/mol deg,

and m 5 1.9 kcal/(mol M) were calculated from the

fit of the Gibbs-Helmholtz surface.

NMR spectroscopy of DND_4HB
Good signal dispersion was observed in one-

dimensional 1H NMR spectra recorded for unlabeled

DNB_4HB and subsequently also in heteronuclear

resolved two-dimensional NMR experiments

recorded for 15N-labeled and 15N,13C-labeled

DNB_4B, which confirmed the finding inferred from

CD that the designed protein is well folded. More-

over, DNB_4HB turned out to be highly soluble indi-

cating that NMR-based structure determination

appeared to be feasible. Hence, we acquired a com-

prehensive set of higher-dimensional NMR experi-

ments for resonance assignment and structure

determination (see Methods section).

NMR solution structure of DND_4HB
Protein DND_4HB was nominated as a PSI:Biology

community outreach target assigned to the North-

east Structural Genomics Consortium (http://www.

nesg.org; NESG target ID OR188). The two-

dimensional [15N, 1H]-HSQC spectrum of DND_4HB

(Fig. 4) shows that a homogeneous NMR sample con-

taining well-folded DND_4HB was obtained. Fur-

thermore, the correlation time for isotropic

reorientation estimated from average 15N spin relax-

ation times (sc 5�8.5 ns; in agreement with 8.2 ns

obtained from hydrodynamic calculations using the

program HYDRONMR25 confirmed that DND_4HB

is monomeric in solution, as seen previously by size

exclusion chromatography. A high-quality NMR

solution structure was obtained (Supporting Infor-

mation Table S1) and deposited into the protein data

bank (PDB ID: 2lse).

Comparison of the DND_4HB NMR structure

and the computationally predicted structure is the

most rigorous test of the success of our design. We

compared the predicted structure and the experi-

mental structure by calculating several metrics: root

mean square deviation (RMSD) values for backbone

heavy atoms N, Ca, and C’, by comparing /, w, and

v1 dihedral angles, and by identifying NOE-derived
1H21H upper-distance limit constraints which are

violated in the design model.

The RMSD value calculated for all backbone

heavy atoms between the DND_4HB design model

and the mean coordinates of the 20 conformers is

2.53 Å, and the RMSD to the most similar of the 20

conformers representing the solution structure is

2.32 Å. The corresponding superposition of the

design model with the lowest energy NMR con-

former revealed that helices 2 to 4 align more closely

with the design model than helix 1. Helix 1 is

shifted 3 Å along the long axis of the bundle (Fig. 6).

As a result, the RMSD value obtained after superpo-

sition of only helices 2 to 4 (residues 26–39, 46–60,

70–81) is 1.11 Å.

The comparison of /, w, and v dihedral angles of

the design model with the corresponding range

Figure 3. DND_4HB biophysical characterization. Far-UV CD of DND_4HB showing characteristic helix minima at 208 and

222 nm (A). CD signal at 222 nm versus concentration of Gdn-HCl (B) and versus temperature (C). CD signal at 222 nm versus

temperature and Gdn-HCl with a global fit (mesh) to Eq. (1) (D).
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observed in the 20 conformers representing the

NMR solution structure (Fig. 7) likewise documents

the high accuracy of the design model. First, 97% of

/ angles and 94% of w angles in the design model

are within 615� of the corresponding angle in the

NMR ensemble. Second, 88% of v1 and 77% of v2

angles are within 615� of the corresponding angle

in the NMR ensemble. In the core of the protein

(residues 8, 9, 12, 15, 16, 19, 27, 31, 34, 35, 38, 42,

50, 51, 54, 58, 61, 70, 73, 74, 77, 80, 81, and 84) the

agreement is even higher: 91% (22 of 24 residues) in

the design model have v1 and v2 angles within 615�

of the corresponding angle in the NMR ensemble.

Methionine 50 is the only core residue found to be in

an obviously different rotamer state in the NMR

structure.

The high similarity of NMR structure and

design model is further evidenced by the finding

that out of the 1586 NOE-derived 1H21H upper dis-

tance limit constraints >96% are satisfied by the

Figure 4. 2D [15N,1H] HSQC spectrum of DND_4HB. The [15N,1H] HSQC spectrum of DND_4HB (�2 mM in 50 mM sodium

phosphate and 50 mM NaCl at pH 6.5) recorded at 600 MHz 1H resonance frequency and at 25�C which shows very good sig-

nal dispersion and completeness of signal detection (>95%). Resonance assignments are indicated using one-letter amino acid

code. Signals arising from side chains (Asn Hd2/Nd2,Gln He2/Ne2, and Arg He/Ne) are labeled with (*) and folded signals are des-

ignated with (†) next to the residue number. Signals arising from the last four residues of the C-terminal His purification tag

were not sequence specifically assigned.
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DND_4HB design model, i.e., that less than 4% (63)

are violated by more than 1 Å. Additionally, 124 of

126 dihedral constraints are satisfied by the

DND_4HB design model. The two dihedral violations

and 41 of the NOE violations are due to the incor-

rect modeling of loop 3. Of the remaining 22 NOE

violations, 11 are violations between phenylalanine

54 from residues on helix 1 and helix 2. Despite

these 11 violations, 91.2% (114) of phe54’s NOE con-

straints are correctly satisfied. Another five viola-

tions are between residues on helix 1 and 2, and the

last six violations are between helix 2 and 3.

Discussion

As predicted, DND_4HB adopts a left-handed four-

helix bundle and the relative positioning and pack-

ing of helices 2, 3, and 4 very closely matches the

design model (i.e., nearly within the resolution of

the NMR structure). However, the modeling did not

precisely determine the placement of helix 1 which

is translated �3Å along the long axis of the bundle.

In the design model and the NMR structure, helix 1

residues Leu11, Ile14, and Val18 pack into large

hydrophobic depressions formed by helices three and

four (Fig. 6). The Rosetta energy function prefers

the packing arrangement observed in the design

model. However, the Rosetta energy difference

between the design model and Rosetta models

derived from the NMR structure is quite small (�5

REUs).

Furthermore, the design model has short loops

connecting helices 1 and 2, and helices 2 and 3, and

the predicted conformations for these loops are simi-

lar to the NMR structure. A longer six-residue loop

was designed for the connection between helix 3 and

4, and the conformation of this loop was not cor-

rectly predicted: in the NMR structure the last three

residues of the loop adopted a helical conformation

and thus extended the N-terminus of helix 4.

Despite this discrepancy in the loop, the packing

between helix 3 and 4 is very similar in the NMR

structure and the design model. Notably, in native

proteins it has been shown that loops connecting

regular secondary structure elements can vary dra-

matically without affecting the packing arrangement

of the secondary structure elements.26

Computational refolding—referred to as

“forward folding”—is a particularly attractive

approach for evaluating de novo sequences before

conducting wet-lab experiments. Frequently, when

small (�100 residues) natural proteins with known

structures are computationally folded using Roset-

ta’s structure prediction method, a low energy and

low RMSD population is identified. This has also

been shown to be the case in double blind

Figure 5. Comparison of DND_4HB design model and NMR

structure. (A) The global similarity of the DND_4HB design

model (grey) and experimental NMR structure (rainbow). Helix

1 (blue) is translated 3 Å relative to the design model. (B) The

close alignment of helices 2 (green), 3 (yellow), and 4 (red)

with the side chains of the core region around phenylalanine

54 shown as sticks.

Figure 6. Packing of helix 1 in the DND_4HB design model and NMR structure. Helix 1 is displaced 3 Å along the long axis of

the protein in the NMR structure (salmon) compared with the design model (design model). Helix 1 core residues are shown as

sticks and labeled with helices 3 and 4 from the NMR structure shown as a gray surface. Helix 2 is not shown for clarity.
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predictions, such as in the CASP competitions.19

Structure prediction of a de novo sequence then may

give additional information about the de novo

sequences preference for the desired topology or

alternative topologies. If a designed sequence is

shown to adopt multiple protein topologies in a com-

putational folding experiment, this behavior may be

a sign that the sequence is frustrated and not ideal

for either state. However, if a designed sequence is

shown to behave like a natural protein, with a low

energy, low RMSD population, then this is positive

evidence that it may be well behaved in the labora-

tory. The value of this approach was powerfully

demonstrated by Koga et al. in the de novo design of

a set of a/b proteins.11

In the forward folding experiments with

DND_4HB, the low scoring models consistently

adopted a left-handed helical bundle. This was the

primary reason that we decided to test DND_4HB in

the laboratory. However, there are two notable dif-

ferences between our design model and the lowest

energy forward folding models; a conformational

change in loop 3 and altered packing of phenylala-

nine 54. In the design model, residues 68 to 70 are

part of loop 3, however, in the forward folding

model, residues 68 to 70 are helical and are the

beginning of helix 4. The NMR structure agrees

with the forward folding model with residues 68 to

70 being helical. In contrast, the core packing

around residue phenylalanine 54 in the experimen-

tal NMR structure more closely matches the design

model, RMSD 1.11 Å, compared with the forward

folding model, RMSD 1.97 Å, where phenylalanine

54 samples a different rotamer (RMSDs calculated

for helices 2, 3, and 4).

Interestingly, the Rosetta energy function

assigns essentially the same energy, �2160 REUs,

to all of these structures—the original design model,

the lowest energy forward folding model, and a

Rosetta derived NMR structure, indicating that the

current Rosetta energy function cannot discriminate

the energetic differences due to these subtle struc-

tural changes.

The difficulty in capturing these subtle but

important structural and energetic differences is

strong evidence for the need to generate improved

conformational sampling methods and more precise

energy functions. Many advancements in conforma-

tional sampling methods and energy function preci-

sion are coming from careful observation of

protein characteristics on large datasets, such as the

RosettaHoles method23 and the Backrub motion.27

Figure 7. DND_4HB design model versus NMR ensemble in /, w, and v1 space. DND_4HB NMR solution structure (grey) and

design model (green) /, w, and v1 angles versus residue position (A, B, and C, respectively) are shown. Helix positions are indi-

cated by black bars and loops by dashed lines.

Murphy et al. PROTEIN SCIENCE VOL 24:434—445 441



Additionally, these datasets are being used to inform

and train new energy functions, such as Rosetta’s

newest energy function.28

In summary, our results confirm previous efforts

in de novo computational design that indicate that

combining protein folding and refinement protocols

with rotamer-based sequence optimization is an

effective protocol for designing well-folded globular

proteins.9–11,20 Computer-based design has now been

used to create new helical bundles, coiled-coils, and

a variety of a/b topologies. In the future, it will be

exciting to see if these or similar approaches can be

used to create all novel b-proteins, such as b-

barrels, b-sandwiches, and b-propellers.

Methods

Computational procedures

The computational de novo design of proteins can be

separated into three steps: (i) generation of protein

backbone starting models, (ii) sequence design and

refinement, and (iii) selection of de novo sequences

for experimental testing.

Generating protein backbone starting models

The generation of protein backbone starting models

using Rosetta’s fragment assembly requires a naive

sequence and fragments of the desired secondary

structure. We built idealized helices (/ 5 257,

w 5 247, x 5 180) of various lengths and assembled

them into bundles without loops. Individual helices

were placed in the template bundle by first calculat-

ing average helix positions from a set of naturally

occurring four-helix bundle motifs (PDB ID: 1rj1,

1x90, 1yo7, 2qsb, 2zrr). These bundles are all left-

handed four-helix bundles but have helices of vari-

ous lengths. To determine average positions of each

helix, we calculated the helical axis of each helix29

and took the n-terminal point, mid-point, and c-

terminal point as a reduced presentation of each

helix. The helical axis points for each corresponding

helix were then normalized to a constant helix

length (10 residues) and RMSD superimposed. With

the RMSD superimposed coordinates, we calculate

the average position of each n-terminal, mid, and c-

terminal axis point. These average points become

the axis restraints used to assemble template bun-

dles and used in fragment assembly. To generate

backbone models we selected a random length,

between 12 and 20 amino acids, for each helix and

RSMD aligned a model helix to appropriately scaled

axis points. An additional degree of freedom is pres-

ent in the rotation of each helix about its own axis.

We sampled this degree of freedom by randomly

assigning a residue on each helix to be in the core,

and then rotating the helix to align this residue’s

Ca-Cb bond vector with the center of the template

bundle. Using the template bundle, we generated

naive sequences by assigning positions as buried or

solvent exposed based on solvent accessible surface

and their Ca-Cb bond vector. Buried positions are

assigned as hydrophobic residues and positions that

are surface exposed are assigned as polar residues.

To identify favorable loop lengths, we collected frag-

ments of high-resolution structures present in the

protein databank with secondary structures assign-

ments of five residues of helix, two to eight residues

of loop, followed by five residues of helix. We investi-

gated the ability of these fragments to close the gap

between adjacent helices by RMSD aligning the heli-

cal residues of the bridge fragment with the tem-

plate bundle. This allowed us to identify favorable

loop lengths for particular template bundles and to

identify favorable fragments to use during fragment

assembly.

To generate full length helix bundle models

(with loops), we used Rosetta’s fragment assembly

protocol with naive sequences, traditional 3-mer and

9-mer fragments based on desired secondary struc-

ture, bridge fragments, and axis constraints. The

axis constraints were implemented as a spatial dis-

tance constraint that applies a penalty to the

Rosetta score function when a helix axis point is

>3.5 Å away from the template bundle’s axis point,

if the point is within 3.5 Å then a penalty is not

applied. Applying the penalty in this manner

ensures that models are biased toward the target

topology but allows the Rosetta energy function to

optimize local interactions in an unbiased manner in

the vicinity of the target state. The models produced

by this method do not have optimized sequences or

structures; the next stage of the procedure is

sequence design and structure refinement.

Sequence design and refinement

To de novo design sequences for the models produced

by fragment assembly, we used a two-stage flexible

backbone protein design protocol that iterates

between cycles of (1) fixed backbone sequence opti-

mization and (2) constant sequence backbone and

side chain optimization. This iterative process con-

tinues until the energy between cycles i and i 1 1 is

less than 1.0 Rosetta Energy Units (REU). This

method was previously used to completely redesign

the core of a naturally occurring four-helix bundle.20

During the design stage, we limited buried positions

to hydrophobic amino acids and surface exposed

positions to polar amino acids. The output of this

process is an atomic model of a helix bundle, the

Rosetta energies, a RosettaHoles score, and a count

of the number of buried unsatisfied hydrogen bond

partners.

Selection of de novo sequences
To select de novo sequences for experimental charac-

terization from the models produced during the
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flexible backbone design stage, we considered total

Rosetta energy, core packing, number of buried

unsatisfied polar atoms, secondary structure predic-

tion using JPRED, and the ability of a designed

sequence to be computationally refolded into the tar-

get state. We investigated the 10% lowest energy

sequences with packing greater than 0.5, as meas-

ured by RosettaHoles(V1). RosettaHoles gives a

score of 0 to 1, with larger scores indicating better

packing. X-ray crystal structures with resolutions of

2.0 Å or better have RosettaHoles scores of >0.5. We

also used the JPRED secondary structure prediction

server to determine if a designed sequence was pre-

dicted to adopt four helices.24 We also evaluated a

sequence’s ability to computationally refold, that is,

for the predicted state to be correctly identified, low

energy and low RMSD compared with the design

model, using the Rosetta fragment assembly method

with non-biased fragments and without axis con-

straints. This step can identify sequences that show

preferences for more than one topology, for instance

a four-helix bundle that has favorable energy for

both the left and right-handed topologies. Sequences

that passed the low energy metric, packing metric,

JPRED server, and refolding metric were evaluated

visually to determine which sequence will be

expressed and characterized.

Experimental procedures

Cloning, expression, and purification. A codon-

optimized gene for the de novo sequence DND_4HB

was purchased from Genscript, lowercase letters are

due to cloning and capital letters are the designed

sequence.

>DND_4HB

mQEERKKLLEKLEKILDEVTDGAPDEARERIE

KLAKDVKDELEEGDAKNMIEKFRDEMEQMYKDA

PNAVMEQLLEEIEKLLKKAgsylvprgslehhhhhh*

The gene was supplied as 4 mg of lyophilized

DNA in puc57 vector and was amplified out of the

parent vector using polymerase chain reaction

(PCR), purified using a PCR-clean up kit from Fer-

mentas, double digested with NdeI and XhoI from

NEB, and purified again using a PCR-clean up kit,

and finally ligated into pET-21 b(1) vector from

Novagen, which had been previously been double

digested with NdeI and XhoI and purified from an

agarose gel using a Fermentas gel-extraction clean-

up kit. The ligation reaction product was trans-

formed into XL-10 Gold cells from Stratagene. Suc-

cess of the cloning and transformation was verified

by sequencing.

DND_4HB protein was expressed in BL21 (DE3)

pLysS cells from Stratagene. Cells were grown in LB

media with 100 mg/mL ampicillin at 37�C to an

OD600 of 0.6 and induced with 0.5 mM IPTG for 12

to 16 h at 16�C. Cells were recovered from liquid

culture by spinning at 4500g for 30 min in a centri-

fuge. The resulting cell pellets were resuspended in

0.5M NaCl, 0.2M Na2HPO4/NaH2PO4 at pH 7.0,

10% (v/v) glycerol, 0.1% (v/v) triton, 1 mM dithiorei-

tol, followed by three rounds of sonication on ice.

After sonication, the sample was treated with

DNAse, RNAse, benzamidine, and phenylmethane-

sulfonylfluoride. The cell lysate was cleared twice by

centrifugation at 18,000g for 30 min. The superna-

tant was then filtered using 0.22 mM filters from

Millipore. DND_4HB was purified from the superna-

tant using a HisTRAP from GE Healthcare. The elu-

tion peak was concentrated to 2 mL and further

purified on a Superdex S75 gel filtration column.

Circular dichroism

CD data were collected on a Jasco J-815 CD spec-

trometer. Far-UV CD scans were collected using a

1 mm cuvette at concentrations between 30 and 40

mM protein in 50 mM sodium phosphate at pH 7.4

and 20�C. Thermal denaturation of samples was

conducted between 4�C and 97�C while measuring

CD signal at 208 nm and 222 nm. Chemical denatu-

ration by guanidine hydrochloride (GdnCl) was

done by titrating a sample of 30 mM DND_4HB pro-

tein in 0M GdnCl into a sample of 30 mM

DND_4HB with 7.8M GdnCl. The GdnCl concentra-

tion was monitored by refractive index. Thermody-

namic parameters were calculated assuming that

the folding of the designed protein was a two-state

process and by fitting both the thermal and chemi-

cal denaturations to the Gibbs-Helmholtz equation

using gnuplot’s nonlinear least squares fitting

routine.

Nuclear magnetic resonance spectroscopy

In order to acquire heteronuclear 13C/15N-resolved

NMR spectra, designed protein DND_4HB was

grown and purified as described above, except that

cells were harvested by centrifugation at OD600 of

0.6 and then washed and transferred to minimal

media with uniformly labeled 13C glucose and 15N

ammonium chloride. Subsequently, protein overex-

pression was induced by adding 0.5 mM IPTG.

NMR samples of [U-13C,15N]-labeled DND_4HB

and biosynthetically-directed fractionally [10%
13C,U-15N]-labeled30 DND_4HB were prepared at

concentrations of ~2.0 mM in 90% H2O/10% D2O

containing 50 mM sodium phosphate and 50 mM

NaCl (pH 6.5). An isotropic overall rotational corre-

lation time of �8.5 ns was inferred from averaged
15N spin relaxation times, indicating that DND_4HB

is monomeric in solution.

The comparably high protein concentration of

2 mM allowed recording all NMR data for resonance

assignment and structure determination with a total

measurement time of only 2 days. The following

spectra were recorded for [U-13C, 15N]-DND_4HB at
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25�C on Varian INOVA 600 and 750 spectrometers

equipped with cryogenic 1H[13C,15N] probes: 2D

[15N,1H] HSQC, aliphatic and aromatic 2D constant-

time [13C,1H] HSQC, 3D HNCO, (4,3)D HNNCaCab,

(4,3)D CabCa(CO)NHN (4,3)D HaCa(CO)NHN, ali-

phatic and aromatic (4,3)D HCCH,31,32 3D H(CC-

TOCSY-CO)NHN33 and simultaneous 3D
15N/13Caliphatic/13Caromatic-resolved [1H, 1H]-NOESY

(mixing time 70 ms, measurement time 2 days).34

For [10% 13C, U-15N]-DND_4HB, aliphatic 2D

constant-time [13C,1H]-HSQC spectra were acquired

in �12 h as described35 at 25�C on a Varian INOVA

600 spectrometer (total measurement time: 12 h)

equipped with a cryogenic probe 1H[13C,15N] probe

in order to obtain stereo-specific assignments for Val

and Leu isopropyl groups.30

All NMR spectra were processed using PROSA36

and analyzed using CARA.37 Sequence-specific back-

bone (HN, N, Ca, Ha, and CO) and Hb/Cb resonance

assignments were obtained by using the program

AutoAssign.38,39 Resonance assignment of side

chains was accomplished using (4,3)D HCCH, 3D

H(CC-TOCSY-CO)NH, and simultaneous 3D
15N/13Caliphatic/13Caromatic-resolved [1H, 1H]-

NOESY. Overall, for residues 1 to 93, sequence-

specific resonance assignments were obtained for

98% of backbone and 100% of side chain resonances

assignable with the NMR experiments listed above

(Supporting Information Table S1). Chemical shifts

were deposited in the BioMagResBank (BMRB ID:

18429). 1H21H upper distance limit constraints for

structure calculation were obtained from simultane-

ous 3D 15N/13Caliphatic/13Caromatic-resolved [1H,1H]-

NOESY, and backbone dihedral angle constraints for

residues located in well-defined regular secondary

structure elements were derived from chemical

shifts using the program TALOS1.40,41

Automated NOE assignment was performed

iteratively with CYANA,42–44 and the results were

verified by interactive spectral analysis. Stereo-

specific assignments of methylene protons were per-

formed with the GLOMSA module of CYANA, and

the final structure calculation was performed with

CYANA followed by refinement of selected conform-

ers in an “explicit water bath”45 using the program

CNS.46 Validation of the 20 refined conformers was

performed with the Protein Structure Validation

Software (PSVS) server.47 The NMR structure was

deposited in the PDB (PDB ID: 2LSE).
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Table S1: Statistics for the structure determination of DND_4HB (pdb id: 2lse) 
 PSI-Target NESG OR188 
Completeness of stereo-specific assignments[%]  
βCH2 10 (5/49)a 
Val and Leu methyl groups 100 (12/12) 
Conformationally restricting  dihedral angle constraints   
φ 63 
ψ 63 
Conformationally restricting distance constraints   
Intraresidue [i = j] 357 
Sequential [|i – j| = 1] 371 
Medium Range [1 < |i – j| < 5] 427 
Long Range [|i – j| > 5] 405 
Total 1560 
Average number of constraints per residue (122 residues) 16.8 
Average number of long-range distance constraints per residue 4.4 
CYANA target function [Å2] 0.40 ± 0.04 
Average number of distance constraints violations per CYANA conformer   
0.2 – 0.5 Å 0 
> 0.5 Å 0 
Average number of dihedral-angle constraint violations per CYANA conformer > 5° 0 
Average r.m.s.d. to the mean CNS coordinates [Å]  
Helices, backbone heavy atoms 0.58 ± 0.08b 
Helices, all heavy atoms 1.18 ± 0.11b 
Ordered residues, backbone heavy atoms 0.46 ± 0.05c 
Ordered residues, all heavy atoms 1.04 ± 0.09c 
MOLPROBITY[95] clash score (raw / Z-score) 17.52/-1.48c 
AutoQF R/P/DP scores [%] 0.92/0.79/0.72 
Ramachandran plot summary [%]  
most favored regions 97.3 
Additionally allowed regions 2.7 
generously allowed regions 0 
disallowed regions 0 
a) Relative to pairs with non-degenerate chemical shifts for residues 1 - 93 
b) Helix residues 5-22,26-42,48-62,69-83 
c) Best defined residues 14,15,17,19,27,30,31,33,37,38,39,40,41,47,48,49,50,53,54,55,58,61,69,70,72,76,77,78 
	  

	  

	  

	  

	  

	  



 

 

 

 

 

 

 

 

Supplemental Figure 1: Comparison of the DND_4HB lowest energy forward folding model and 
NMR structure. 

Panel A shows the global similarity of the lowest energy model (grey) generated from Rosetta’s 
standard structure prediction method and the experimental NMR structure (rainbow). Panel B 
shows the alignment of helices 2, 3, & 4 around the core region of phenylalanine 54. 
Phenylalanine 54 occupies a different rotamer in the forward folding model as compared to the 
NMR ensemble and to the original design model (see Figure 5). 
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