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Abstract: A multidisciplinary approach based on molecular dynamics (MD) simulations using

homology models, NMR spectroscopy, and a variety of biophysical techniques was used to

efficiently improve the thermodynamic stability of armadillo repeat proteins (ArmRPs). ArmRPs can
form the basis of modular peptide recognition and the ArmRP version on which synthetic libraries

are based must be as stable as possible. The 42-residue internal Arm repeats had been designed

previously using a sequence-consensus method. Heteronuclear NMR revealed unfavorable
interactions present at neutral but absent at high pH. Two lysines per repeat were involved in

repulsive interactions, and stability was increased by mutating both to glutamine. Five point

mutations in the capping repeats were suggested by the analysis of positional fluctuations and
configurational entropy along multiple MD simulations. The most stabilizing single C-cap mutation

Q240L was inferred from explicit solvent MD simulations, in which water penetrated the ArmRP. All

mutants were characterized by temperature- and denaturant-unfolding studies and the improved
mutants were established as monomeric species with cooperative folding and increased stability

against heat and denaturant. Importantly, the mutations tested resulted in a cumulative decrease

of flexibility of the folded state in silico and a cumulative increase of thermodynamic stability in
vitro. The final construct has a melting temperature of about 85�C, 14.5� higher than the starting

sequence. This work indicates that in silico studies in combination with heteronuclear NMR and

other biophysical tools may provide a basis for successfully selecting mutations that rapidly
improve biophysical properties of the target proteins.

Keywords: repeat protein; protein design; structural biology; implicit solvent

Abbreviations: 2D, two-dimensional; ANS, 1-anilino-8-naphthalene sulfonate; ArmRP, Armadillo Repeat Protein; CD, circular dichro-
ism; GdnHCl, guanidine hydrochloride; HSQC, heteronuclear single-quantum coherence; MD, molecular dynamics; NMR, nuclear
magnetic resonance; PCR, polymerase chain reaction; RMSD, root mean square deviation; RMSF, root mean square fluctuation;
SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; SEC, size-exclusion chromatography.

Additional Supporting Information may be found in the online version of this article.

Pietro Alfarano and Gautham Varadamsetty contributed equally to this work.

Grant sponsor: Swiss National Science foundation; Grant number: SINERGIA 122686.

*Correspondence to: Andreas Plückthun, Department of Biochemistry, University of Zürich, Winterthurerstrasse 190, CH-8057
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Winterthurerstrasse 190, CH-8057 Zürich, Switzerland. E-mail: caflisch@bioc.uzh.ch

1298 PROTEIN SCIENCE 2012 VOL 21:1298—1314 Published by Wiley-Blackwell. VC 2012 The Protein Society



Introduction
Molecular recognition is a very important aspect of

biochemistry and is involved in almost all biological

processes. Consequently, it is also the basis of

numerous procedures in biological research and bio-

medical applications. To extend the applications

beyond what is possible with antibodies, a number

of different protein scaffolds1–3 were explored over

the past two decades for the generation of designed

binding molecules using both rational and combina-

torial approaches.

Although many recognition processes involve the

mutual recognition of folded proteins, unstructured

regions also play an important role. They frequently

occur in linkers and termini of folded proteins, and

many posttranslational modifications (e.g., phospho-

rylation, acetylation, methylation, etc.) are usually

within extended regions of proteins. The recognition

of unstructured regions of proteins has important

applications in proteomics, as proteins frequently get

denatured or even need to be unfolded by denatur-

ants or detergents for analysis, such as for example

for Western blots or protein chips. Additionally, the

analysis by mass spectrometry frequently requires a

proteolytic digestion, in which the proteins also lose

all structural information. The sequence-specific rec-

ognition of unfolded proteins or extended regions or

termini could thus enable the identification or quanti-

tation of proteins or mutants in a very efficient way,

using numerous technologies.

Repeat proteins are made up of several tandem

repeats of defined structural units, which create an

extended superhelical structure. They are especially

attractive for designing binding proteins because of

the modular nature of their surface.2 Several repeat

proteins bind peptides, such as HEAT-repeats,6

Armadillo-repeats7–10 or TPR-repeats.11 We found

armadillo repeat proteins (ArmRPs) of particular in-

terest, since they bind a peptide in an extended con-

formation along a continuous surface contributed to

by each module,12 each of which can form contacts

to two consecutive amino acids.13–15

The ArmRP family received its name when the

first member discovered was found to be encoded by

the armadillo locus, the DNA region that codes for a

set of segment polarity genes required during Dro-

sophila embryogenesis.16,17 This protein is now rec-

ognized as the Drosophila homolog of b-catenin,

involved in Wnt signaling.18–20 Importin-a is another

important member of the family, recruiting the nu-

clear localization sequence (NLS) in the classical

import pathway of cargo molecules into the nucleus.

Armadillo repeats are made up of 42 amino

acids formed by three a-helices, named H1, H2, and

H3. Helix H3 forms multiple contacts with the

bound peptide, amongst them hydrogen bonds from

a conserved asparagine residue to main chain pep-

tide bonds. Other side chains on the binding surface

provide the specificity for the peptide sequence. In-

ternal repeats have a solvent-accessible surface and

two buried surfaces, where they contact neighboring

flanking repeats (Fig. 1). The first and last repeats,

called N- and C-terminal capping repeats (or N- and

C-caps for short), respectively, have only one buried

surface. In case of ArmRPs, the N-terminal cap is

shorter than the other repeats, as the N-cap only

begins with helix 2.

Several crystal structures of ArmRPs in complex

with different NLSs (a representative one is shown

in Fig. 1) revealed that the NLS peptide runs anti-

parallel to the direction of the importin-a main chain

and that the NLS peptide crosses helix H3 at an

angle of approximately 45�.13,14 In a first approxima-

tion, the complex of the NLS peptide to the ArmRP

can be described as an asymmetric antiparallel dou-

ble helix.

In our efforts to develop ArmRPs with defined

binding specificity we initiated a project aimed at

creating an ArmRP of utmost stability that will sub-

sequently serve as the scaffold from which libraries

are generated to select for specific peptide binding.

Previously, Parmeggiani et al.12 designed artificial

ArmRPs derived from a consensus sequence, opti-

mizing the hydrophobic core using a computational

Figure 1. An armadillo repeat protein bound to a peptide. Importin-a (PDB accession code: 1EE5 )21 in complex with a

nucleoplasmin NLS peptide is shown. Every repeat is colored differently and the NLS peptide is in stick representation.
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approach. The consensus sequence had been

obtained by multiple sequence alignments of single

armadillo repeat modules from both the importin-a
and the b-catenin families to generate a unique sta-

ble internal module sequence.

The aim of the present study was to further

improve the stability of these proteins. Prompted by

earlier studies,12 in which NMR spectra showed

markedly better spectra for these proteins at very

high pH, we investigated positions of potential elec-

trostatic repulsions at neutral pH in the internal

repeats. Moreover, we focused on the optimization of

the N- and C-terminal caps. Previous work in

designed ankyrin repeat proteins (DARPins) had

demonstrated a significant influence of cap engineer-

ing on the overall stability of the protein.22

While this study was carried out, no crystal

structure of a designed ArmRP was available, and

thus it was based on homology models largely

derived from importin-a. We used implicit solvent

molecular dynamics (MD) as well as explicit water

MD to assess the fluctuations of different regions in

the protein, notably the caps. Based on these simula-

tions, mutants were constructed and experimentally

tested. Using a systematic approach optimizing the

electrostatics of the internal repeats and the

sequence of the N- and C-terminal caps, proteins

could be constructed that are entirely monomeric,

posses melting temperatures as high as 85�C, and

display biophysical properties as well as NMR spec-

tra characteristic of well-folded and stable proteins

at neutral pH.

Results

The goal of ArmRP engineering is to create a stable

scaffold for the generation of libraries as the basis

for selecting a new type of sequence-specific peptide

binders, where the peptides are bound in an

extended conformation. For this purpose it is crucial

to create an ArmRP scaffold of utmost stability as a

starting point, since we expect that mutations

required to achieve binding will inevitably lower the

stability of the proteins. We describe here a combi-

nation of computational and biophysical approaches

to design and characterize the mutants.

Initially, attempts to crystallize the various con-

sensus ArmRP designs had been unsuccessful. Sug-

gestions for modifications of the sequences of the in-

ternal repeats came from early NMR studies and

homology models. Modifications of the caps were

largely derived from MD simulations based on

homology models. The MD simulations provided

insight into the molecular features that affect struc-

tural stability of these proteins. Promising mutants

were expressed, and assessed by heteronuclear NMR

regarding stability and side chain packing, as well

as by thermal and denaturant-induced unfolding

observed by optical spectroscopy. The tight interplay

of computational techniques with NMR and other

biophysical techniques helped to rapidly improve the

stability of the ArmRP.

To succinctly describe the proteins with regards

to repeat identity and repeat numbers we have

introduced a shorthand nomenclature, which should

be consulted in Materials and Methods. The protein

that was at the start of our studies is termed YM4A.

Optimization of the internal repeats using

heteronuclear NMR spectroscopy
15N,1H heteronuclear NMR spectroscopy represents

a suitable tool to investigate the state of folding of

small to medium-sized proteins. Although other bio-

physical data have indicated that YM4A is a well-

folded protein,12 spectra recorded at close to neutral

pH displayed very broad lines, indicating the pres-

ence of conformational exchange processes. Interest-

ingly, when the pH was adjusted to a value of 11,

most of the peaks in the 2D NMR spectrum

appeared well-resolved and narrow. Due to acceler-

ated amide exchange at that pH, however, peaks

arising from Gly residues, which are mostly located

in loops and hence not protected from exchange, dis-

appear [Fig. 2(c)]. As a result signal dispersion in

the 15N dimension is limited.

We suspected that the pH dependence of the

NMR spectrum may be attributed to the titration of

Lys residues, for which side chain pKas are typically

about 10.5. Accordingly, at pH lower than 10, the e-
amino group is charged, resulting in unfavorable

side-chain packing. Two Lys residues at positions 26

and 29 in each repeat are arranged such that they

may form repulsive interactions between the repeats

(Fig. 3). A series of mutants in which, in each

repeat, either one of these two Lys residues (data

not shown) or both were replaced by Gln [Fig. 2(d)]

indicated that the best spectra were obtained when

both Lys residues were replaced. The comparison of

spectra of YM4A (containing both Lys, thus KK-type)

[Fig. 2(a)] and YM4A (both mutated to Gln, thus QQ

type) [Fig. 2(d)] at pH 8.0 clearly illustrates the

much-improved properties of the QQ-mutant (see

Materials and Methods for nomenclature). We would

like to emphasize here that no assignments were

required at this stage of NMR analysis. In subse-

quent work the QQ-mutant was used as the scaffold

for further optimizations.

MD simulations suggest mutations at the N-cap
and C-cap that result in improved protein

stability

A series of MD simulations was carried out to pro-

vide suggestions for additional mutations aimed at

improving the general stability of the scaffold. An

initial explicit water simulation with the model of

the original YM4A (KK-type) provided evidence that

the overall fold was preserved during the trajectory.
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However, two water molecules permeated the inter-

face R4/C-cap close to a buried glutamine (Q240)

(Fig. 4). In the crystal structure of b-catenin (2BCT),

this position is occupied by a methionine (M662),

which is also buried. Furthermore, the C-cap dis-

played higher conformational instability than the in-

ternal repeats in both the implicit and explicit sol-

vent simulations (Supporting Information Figs. S2,

S3, and S4). These simulation results were used to

suggest the Q240L mutation C-cap, but the Met

mutant was also tested experimentally (see below).

At the same time, the simulation suggested to

mutate the solvent-exposed F241 to glutamine (Sup-

porting Information Fig. S2). The C-cap containing

the mutations Q240L and F241Q is termed ‘‘AII’’.

As the NMR data indicated that the QQ-mutant

displays better side chain packing at neutral pH, a

QQ-model (YM4A) was derived from the KK model

(YM4A). The RMSF plot of the KK-model showed

high flexibility in both the N- and the C-cap (see

Supporting Information Fig. S2). To reduce the flexi-

bility of the N-cap, three mutations were introduced

in the QQ-model (Supporting Information Fig. S5).

Their positions in the sequence are shown in

Figure 2. (a) to (c): Representative [15N,1H]-HSQC spectra of YM4A recorded at various values of pH: Top left: pH 8.0, top

right pH 9.0 and bottom left pH 11.0. Panel (d) displays the spectrum of YM4A, (¼ YM4A with the mutations K26Q,K29Q in

every repeat ¼ QQ type) at pH 8.0 for comparison.

Figure 3. YIIM4AII (QQ-type) model displaying the location of the stabilizing mutations as sticks. In the N-cap: R24 (blue) and

S27 (orange), the deletion site of R32 is marked by a black ball. In the four internal repeats: Q59, Q62, Q101, Q104, Q143,

Q146, Q185, and Q188; the glutamine at position 26 of each repeat is depicted in cyan, the one at position 29 in magenta. In

the C-cap: L240 (red) and Q241 (yellow). The locations of the N- and C-terminus of the protein are marked by blue and red

balls, respectively.
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Supporting Information Figure S1. The V24R muta-

tion was introduced to favor an inter-repeat salt

bridge with E64, and to remove the solvent exposed

V24. The R27 side chain was replaced by Ser, as

found in the internal repeats at this position. The

loop connecting the N-cap with the first repeat is

one residue longer than the ones between the inter-

nal repeats (Supporting Information Fig. S1). RMSF

analysis showed that the backbone R32 is highly

flexible. Hence, this residue was deleted to match

the length of the loops between internal repeats.

The N-cap with all three mutations is termed ‘‘YII’’

(cf. nomenclature in Materials and Methods).

The mutations investigated in silico are sum-

marized in Table I. To assess the effects of the muta-

tions on the flexibility of the whole protein, the qua-

siharmonic entropy was calculated (see Material and

Methods section). This quantity can be interpreted

as an approximation of the configurational entropy.

A reduced value corresponds to a reduction of the

flexibility and thus to an increase of structural sta-

bility. Surprisingly, the average value of the entropy

of the YM4A model is not significantly lower than

that of the YM4A model [Fig. 5(a)]. In contrast, the

YM4A-Q240L mutation provides a significant reduc-

tion of entropy. Also, the YIIM4AII model, which con-

tains mutations in the N- and C-caps, has the lowest

entropy among all variants, in agreement with the

NMR spectra (vide infra) and biophysical analysis.

Furthermore, to investigate the local effect of these

mutations, the entropy of the N-cap/R1, R1/R2, R2/

R3, R3/R4, and R4/C-cap pairs was calculated

[Fig. 5(b)]. The trend found when comparing the

total entropy of YM4A and YIIM4AII is reproduced:

the quasiharmonic entropy of YIIM4AII is lower than

that of YM4A for all the repeat pairs. Interestingly,

when comparing the results for YIIM4A (mutated

only in the N-cap) and YM4A-Q240L (mutated only

in the C-cap by a single point mutation), the entropy

reduction is mainly localized in the mutated capping

repeats themselves, without affecting the internal

repeats. An overall decrease of whole and local en-

tropy throughout the whole protein is observed only

for YIIM4AII, in which both caps are modified.

Similar conclusions can be drawn from a com-

parison of the root mean square fluctuations (RMSF)

[Fig. 5(c)] between the mutants and the wild-type

YM4A. Mutations at the N- and C-cap measurably

reduce the local flexibility of the backbone at the

mutation sites. Interestingly, the QQ mutation in

the internal repeats, introduced in the YM4A model,

reduces the flexibility of the wild type N-cap. More-

over, YIIM4A and YIIM4AII models have a compara-

ble flexibility, which is lower than that calculated for

the YM4A and YM4A-Q240L models. These observa-

tions support the robustness of the method.

To validate the results of the implicit solvent

simulations, three independent 80 ns MD simula-

tions with explicit solvent were run for the YM4A,

YM4A, and YIIM4AII models. Therein, the represen-

tative of the most populated cluster obtained from

the implicit solvent simulations served as starting

conformation. The RMSF profiles along the sequence

show similar flexibility for implicit and explicit sol-

vent simulations (Supporting Information Figs. S3

and S4). Moreover, the three simulations seem to

have converged as they individually yield similar

RMSF profiles.

To further assess the conformational flexibility,

global and local entropies were calculated. Similarly

to the implicit water simulations, the global entropy

plot [Fig. 6(a)] reveals that YIIM4AII is more rigid

than YM4A and YM4A. The partial entropy

Figure 4. Water molecules permeate into the R4/C

interface. In the explicit water simulation of YM4A, water

molecules permeate into the hydrophobic surface between

the fourth internal repeat and the C-cap, close to buried

Q240.

Table I. Mutants Investigated by MD Simulations

Format Name
Residue
26,29a Mutations

NR4C YM4A KK –
NR4C YM4A QQb K to Q at 60, 63, 102,

105, 144, 147, 186, 189c

NR4C YIIM4A QQ QQ þ V24R, R27S, DR32
NR4C YM4A–Q240L QQ QQ þ Q240L
NR4C YIIM4AII QQ QQ þ V24R, R27S, DR32,

Q240L, F241Q

a For the residue numbering of internal repeats see Sup-
porting Information Fig. S1.
b These eight mutations are collectively called QQ, and the
repeat is termed M. In combination with a YII cap these
positions are shifted to positions 59, 62, 101, 104, 143, 146,
185, 188 due to the deletion of R32.
c Numbering of the entire protein.
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[Fig. 6(b)] shows a trend similar to the one observed

in the implicit solvent simulations [Fig. 5(b)]. How-

ever, the average conformational flexibility of the

YM4A-model in the N-cap/R1 repeat pair is lower

than for YM4A or YIIM4AII. This result is in dis-

agreement with the implicit solvent simulations,

where the flexibility of the N-cap/R1 pair of YM4A is

higher than the one of YIIM4AII [Fig. 5(b)]. This

Figure 6. Analysis of explicit water MD simulations. Panel

(a) Per-residue quasiharmonic entropy derived from explicit

water simulations. Three explicit water simulations were run

per model. The small filled circles are the individual

calculations and the open circles represent the averages.

Panel (b) Effect of the mutations on the per-residue

quasiharmonic entropy of repeat pairs in explicit water

simulations. Panel (c) RMSF comparison of explicit water

simulations. The topmost plot is the RMSF plot of the YM4A-

model. Below, the RMSF difference to the YM4A-model is

plotted for every YM4A mutant. Negative values indicate

lower fluctuations than for the YM4A-model. Locations of the

Lys to Gln mutations in M are indicated by dashed lines,

mutations in the N-cap and C-cap by solid lines.

Figure 5. Analysis of implicit solvent MD simulations. Panel

(a) displays the per-residue quasiharmonic entropy of YM4A

variants. The small filled circles are the results from single MD

trajectories and the bigger open circles present their averages.

The entropy values are normalized to the number of residues

to allow comparing the models with and without the deletion

DR32 in the N-cap (YIIM4A and YIIM4AII). The mutation labels

are used as in Table I. Panel (b) displays changes in

quasiharmonic entropy of repeat pairs due to mutations. Error

bars represent the standard deviation. Error bars are only

shown for YM4A and YIIM4AII simulations. The entropy values

are normalized to the number of residues in the repeat to

allow comparison with the DR32 deletion mutants. Panel (c)

displays differences in RMSFs of the various YM4A cap

variants, using the RMSF of the YM4A model as reference.

Negative values indicate lower fluctuations relative to the

reference. The Lys to Gln mutations introduced in the internal

repeats (YM4A to YM4A mutations) are indicated by vertical

dotted lines, while mutations at the N-cap and C-cap are

indicated by vertical solid lines.
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discrepancy, as well as the slight increase in the

flexibility of the N-cap [Fig. 6(c)], is in part a conse-

quence of limited sampling in the explicit solvent

simulations. For the other repeat dimers flexibility

decreases as YM4A > YM4A, > YIIM4AII, in agree-

ment with the implicit solvent simulations.

It is interesting to analyze the effects of the dou-

ble mutation R27S and V24R introduced in the YII

cap on the stability of the salt bridges engaged by

residue E64. In the original N-cap of YM4A we

observed that E64 strongly interacts with R27. In

YII, as a result of the structural proximity of the

newly introduced arginine and the deletion of R27,

the salt bridge is formed with R24 (Fig. 7 right). We

measured the stability of the salt bridges as the ra-

tio of MD snapshots where the distance between the

Arg-Cf and the Glu-Cd is lower than 4 Å. The com-

parison between the frequency histograms calculated

for the three mutants (Fig. 7 left) reveals that the

salt bridge introduced in the YIIM4AII sequence is

more stable than the original one. It is worth noting

that this result is more pronounced in the explicit

than in the implicit solvent simulations. The treat-

ment of the long-range electrostatic interactions and

solvation effects are more accurate in the explicit

solvent calculations, which may have an influence

on the salt-bridge distance range, considering the

relatively high solvent exposure of the two side

chains involved in the salt bridge.

Biophysical characterization of the

M- and M-type proteins
Our investigations aimed at constructing very stable

consensus ArmRPs have included analysis of the

internal repeats, as well as the capping repeats.

When changing the Lys residues at position 26 and

29 of the original M repeat (KK-type) to Gln (indi-

vidually or collectively, but always in all repeats),

we found that the QK version led to aggregating

molecules and was not pursued further. Both KQ-

and QQ-types displayed improved NMR spectra,

with the QQ-type (the M repeat) showing the strong-

est effects [see Fig. 2(d) above]. We thus concen-

trated on comparing molecules containing M-type

repeats with those based on the original M-type.

This was done in the context of many different cap

combinations, which will be discussed below.

To compare the biophysical properties of differ-

ent ArmRP variants, we carried out expression and

solubility tests, CD spectroscopy, thermal and chemi-

cal denaturation, and [15N,1H]-HSQC NMR analysis.

All variants were completely soluble and in this

respect comparable with the wild-type protein

YM4A. Expression in E. coli XL1-blue at 37�C

yielded up to 100 mg/L of soluble protein, with simi-

lar results for all variants. Immobilized metal-ion af-

finity chromatography (IMAC) purification yielded

pure protein in a single step, as judged by SDS-

PAGE (15%). The expected molecular mass values

were confirmed by mass spectroscopy.

The CD spectra of all IMAC-purified protein

samples [Figs. 8(a,e) and 9(a), and Supporting Infor-

mation Fig. S7] display the expected a-helical sec-

ondary structure with minima at 222 nm and 208

nm. The mean residue ellipticity (MRE) of the

mutants is similar, but those stabilized in the C-cap

show a slightly more pronounced peak at 208 nm

(Table II).

Figure 7. Left: Distance distribution of the salt bridge between the N-cap (R27 in YM4A and YM4A, R24 in YIIM4AII) and the

first repeat (E64 in YM4A and YM4A, E63 in YIIM4AII). The solid and dotted lines refer to the explicit and implicit solvent

simulations, respectively. The salt bridge distance distribution in the case of R27 (top and middle) is less peaked than in the

case of R24 (bottom). Right: Ribbon model of the N-cap and the first internal repeat with the salt bridge and mutations. The

conformation of YIIM4AII used for starting explicit solvent simulations is depicted in green and side chains from YM4A are

colored in white after superposition of the N-cap/R1 segments. The salt bridges between R27 and E64 (in YM4A and YM4A)

and R24 and E63 (in YIIM4AII) are indicated by dashed lines. The side chains of K60 and K63 are shown to illustrate the two

residues of the first repeat mutated to glutamines in the YM4A and YIIM4AII models.
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The CD signal at 222 nm was chosen to monitor

thermal and denaturant-induced unfolding. At 10 lM
protein concentration, heat denaturation was com-

pletely reversible for all proteins (data not shown).

Since both the M and M variants with four in-

ternal repeats were modified with analogous capping

repeats, we could directly compare the influence of

the charge repulsion on a variety of biophysical

parameters (Fig. 8 and Table II). For all investigated

YM4A constructs, regardless of the caps, the melting

temperature is 4–5�C higher than for the corre-

sponding YM4A constructs. Similarly, the midpoint

of GdnHCl denaturation is 0.2M–0.4M higher. This

indicates that the removal of the charge repulsion

within the internal ArmR is clearly stabilizing the

protein. These results also mean that the effect of

Figure 8. Biophysical characterization of designed ArmRP with different consensus repeats M and M and cap variants. (a–d)

YM4A (KK in the internal repeats) and (e–f) YM4A (QQ in the internal repeats). Identical cap variants have been constructed for

both types of internal repeats: Y and YII for the N-cap; A, A-Q240L, A-Q240M, and A-Q240M-F241Q for the C-cap, as

indicated in the figure legends. (a),(e) CD spectra; (b),(f) thermal denaturation curves; (c,g) GdnHCl-induced denaturation

curves. The denaturation experiments were followed by CD. The values of MRE at 222 nm are reported. (d),(h) ANS binding.

The values without buffer subtractions are shown. The protein concentration was 10 lM.
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the cap variants is quite independent of the internal

repeats, thus offering two independent and additive

measures to increase stability in ArmR proteins.

We also compared the hydrophobicity of the pro-

teins by evaluating the binding to the fluorescent

dye 1-anilino-8-naphthalene sulfonate (ANS) that

binds to solvent-exposed hydrophobic patches or to

pockets of molten-globule state proteins.23 When

comparing YM4A and YM4A constructs with the

same caps, ANS binding was very similar [Fig.

8(d,h)]. The caps themselves, however, do influence

ANS binding (see below).

Biophysical characterization of various cap

mutants allows identifying mutants with much

improved stability
The MD simulations have suggested a set of muta-

tions in the caps that should increase the stability of

the protein. For validation the new cap variants

were constructed in designed ArmRP with both

types of internal repeats, YM4A and M4A. The pro-

teins were expressed, purified and characterized bio-

physically. All three N-cap mutations were intro-

duced at once to create the second generation ‘‘YII’’

N-cap: V24R, R27S, and DR32 (a deletion mutant).

Figure 9. Biophysical characterization of designed ArmRPs YM4A and its cap variants (YIIM4A, YM4AII, and YIIM4AII). (a) CD

spectra, (b) thermal denaturation curves and (c) GdnHCl-induced denaturation curves. The denaturation experiments were

followed by CD. The values of MRE at 222 nm are reported. (d) SEC and MALS of designed ArmRPs. The absorbance at 280

nm from SEC is shown on the left y-axis, the calculated MW from MALS on the right y-axis. V0 indicates the void volume of

the column. Bovine serum albumin (MW ¼ 66 kDa), and carbonic anhydrase (MW ¼ 29 kDa) were used as molecular weight

markers, and the corresponding elution volumes are indicated by the arrows. (e) ANS binding. The values without buffer

subtractions are shown. The protein concentration was 10 lM in a–c and e and 30 lM in d.
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Mutations in the C-cap were investigated individu-

ally (Q240L or Q240M), and as double mutant

(Q240L/F241Q, denoted as AII) (Tables I and II). All

mutations were tested in the context of the M and

the M series, and some mutations were also tested

in the YM3A format (Table II).

The thermal stabilities of the cap variants were

compared with the respective precursor proteins

YM4A [see Fig. 8(b)] and YM4A [Fig. 8(f)]. All pro-

teins displayed a significant slope prior to the main

transition and an indication for a cooperative dena-

turation step at higher temperature.

The modified N-cap in YIIM4A results in a Tm of

77.5�C that is 1.5�C above the transition midpoint of

YM4A wild-type (i.e., Tm ¼ 76�C), suggesting that

the N-cap engineering was successful, although its

contribution to overall stability is only modest [Table

II, Fig. 8(b,f)].

For the C-cap, the replacement of Gln-240 by a

hydrophobic residue resulted in a significant

increase in stability to 80�C or 82.5�C for YM4A-

Q240M or YM4A-Q240L, respectively, compared with

YM4A (Table II). Stability can be further improved

by additionally mutating Phe-241 to Gln, with

YM4A-Q240M-F241Q and YM4A-Q240L-F241Q (also

called YM4AII) displaying transition temperatures of

81 or 83�C, respectively.

We also investigated unfolding induced by

GdnHCl [Fig. 8(c,g)]. All proteins displayed coopera-

tive denaturation in these equilibrium-unfolding

experiments. The transition point for the curves

shifted to higher GdnHCl concentrations for the C-

cap mutants Q240M, Q240L, and Q240M-F241Q,

both in the YM4A and the YM4A format. On the

other hand, the transition of constructs with the

original Y N-cap was almost identical with those

carrying the YII N-cap, again both in the YM4A and

the YM4A format [Fig. 8(c,g)]. The most significant

shift in the transition midpoint was observed for the

Q240L mutation in the C-cap, and this could again

be improved further by additionally mutating Phe-

241, to result in Q240L-F241Q (also called YM4AII

or YM4AII).

Similar to the results for heat denaturation,

equilibrium denaturation by GdnHCl revealed that

the influence of the N-cap engineering is rather

minor (cf. YM4A with YIIM4A or YM4A with YIIM4A),

whereas the effect of the C-cap mutation is very sig-

nificant, with the single mutation Q240L increasing

the midpoint of YM4A from 3.7M to 4.2M GdnHCl

(Table II), and the double mutation present in

YM4AII even to 4.25 M GdnHCl.

The purified proteins differ slightly in their run-

ning behavior when analyzed by SDS-PAGE (Sup-

porting Information Fig. S6). Remarkably, the C-cap

mutation Q240L and the double mutations Q240L-

F241Q present in the AII cap are characterized by a

higher mobility in SDS-PAGE, both in the context of

Table II. Biophysical Properties of Designed ArmRPs with Different Capping Repeats

Constructsa Type
Residues
(repeats)b pIc

MWcalc

(kDa)d
Oligom.
Statee

MWobs

(kDa)f MWobs/calc
g

CD222

(MRE)h
Tm

(�C)i
DTm

(�C)j
CD GdnHCl

(M)k

YM4A M 253 (6) 4.5 27.1 Monomer 32.3 1.22 �19255 71.0 0 3.50
YIIM4A M 252 (6) 4.5 27.0 n.d. n.d. n.d. �19007 72.0 1.0 3.55
YM4A-Q240M M 253 (6) 4.5 27.1 n.d. n.d. n.d. �20192 76.0 5.0 3.65
YM4A-Q240L M 253 (6) 4.5 27.1 n.d. n.d. n.d. �20763 79.0 8.0 3.80
YM4A-Q240M-F241Q M 253 (6) 5.1 27.1 n.d. n.d. n.d. �19577 76.5 5.5 3.65
YM4A-Q240M M 253 (6) 4.5 27.1 Monomer 32.5 1.2 �19476 80.5 9.5 4.10
YM4A-Q240L M 253 (6) 4.5 27.1 Monomer 32.5 1.2 �20457 82.5 11.5 4.20
YM4A-Q240M-F241Q M 253 (6) 5.1 27.1 Monomer 32.2 1.19 �20018 81.0 10.0 4.10
Cap combinations
YM4A M 253 (6) 4.5 27.1 Monomer 32.3 1.19 �19162 76.0 5.0 3.70
YIIM4A M 252 (6) 4.5 27.0 Monomer 31.6 1.17 �19553 77.5 6.5 3.80
YM4AII M 253 (6) 4.5 27.1 Monomer 31.4 1.16 �19921 83.0 12.0 4.25
YIIM4AII M 252 (6) 4.5 26.9 Monomer 31.2 1.16 �20401 85.5 14.5 4.40
YM3A M 211 (5) 4.7 22.8 Monomer 27.5 1.21 �17714 70.0 – 2.80
YIIM3A M 210 (5) 4.6 22.6 Monomer 28.0 1.24 �18096 72.0 – 2.90
YM3AII M 211 (5) 5.2 22.7 Monomer 27.1 1.19 �18579 76.5 – 3.40
YIIM3AII M 210 (5) 4.6 22.6 Monomer 27.5 1.22 �19015 77.0 – 3.60

a Constructs in boldface have been studied by MD simulations (see Table I).
b The number of residues includes the MRGSH6 tag; the number of repeats includes capping repeats.
c Isoelectric point (pI).
d Molecular weight calculated from the sequence; masses were confirmed by mass spectrometry.
e Oligomeric state as indicated by multiangle static light scattering.
f Observed molecular weight as determined by SEC.
g Ratio between observed and calculated molecular weight MWobs/calc.
h Mean residue ellipticity at 222 nm expressed as deg�cm2/dmol.
i Tm observed in thermal denaturation measured by CD.
j Difference in Tm relative to YM4A.
k Midpoint of transition in GdnHCl-induced denaturation measured by CD.
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the original M-type and of the M-type, whereas N-

cap mutations have a smaller effect. This faster run-

ning behavior suggests a higher compactness of

these proteins and/or an incomplete unfolding by

SDS.

The consensus-designed YM4A and YM4A and

their cap variants display different behavior in ANS

binding experiments. The difference between the

curves of corresponding constructs differing only by

the Q240L mutation [Fig. 8(d,h)] indicates that this

mutation in the C-cap reduces the hydrophobic sol-

vent-exposed surface or accessible interface. The

mutation probably stabilizes the hydrophobic core

indicated by the increase in the midpoint of transi-

tion both in thermal and GdnHCl- induced denatu-

ration [Fig. 8(b–c, f–g)].

Biophysical characterization of cap

combinations

Having established that the YII N-cap and the AII C-

cap variants result in the highest improvements in

stability, it became of interest to test whether the

observed effects are additive or even synergistic. We

thus generated the combinations YIIM4AII and

YIIM4AII and investigated their properties in more

detail.

The stability of the combined cap mutant

YIIM4AII was assessed by thermal and GdnHCl-

induced denaturation [Fig. 9(b,c)]. YIIM4AII pos-

sesses a melting temperature of Tm ¼ 85.5�C [Fig.

9(b) and Table II]. When compared with the variant

with the original N-cap (YM4AII), the increase in

stability is 2.5�C, or 8�C compared with the variant

with the original C-cap (YIIM4A). This demonstrates

that most of the additional stability is contributed

by the engineered C-cap. These data also reveal that

the cap improvement is additive to a first approxi-

mation, suggesting negligible cooperative interac-

tions throughout the whole protein. In summary,

when the engineered YII- and AII- caps are com-

bined, an increase in the melting point by almost

10�C is observed, compared with YM4A, and almost

15�C are obtained relative to the original YM4A (Tm

¼ 71�C), demonstrating the success of our engineer-

ing efforts (Table II).

In the GdnHCl-induced unfolding experiments

of YM4AII and YIIM4AII the transition point for the

curves are shifted to higher GdnHCl concentrations,

compared with YM4A, whereas the transition of

YIIM4A was almost superimposable with that of

YM4A [Fig. 9(c)]. The highest shift in the transition

point was observed for YIIM4AII, consistent with the

data obtained in temperature-induced unfolding (Ta-

ble II). Again, the effect was only modest for N-cap

engineering (YM4A ! YIIM4A and YM4AII !
YIIM4AII shifted by 0.1M or 0.15M GdnHCl, respec-

tively), and more pronounced for C-cap engineering

(YM4A ! YM4AII and YIIM4A ! YIIM4AII shifted by

0.55M or 0.6M GdnHCl, respectively), and the

effects were again additive to a first approximation.

The difference between the curves of YM4A and

YIIM4AII in the ANS binding experiments demon-

strates that the cap mutations reduce the solvent-

exposed hydrophobic surface [Fig. 9(e)]. SEC-MALS

analysis displayed single symmetric peaks for all

variants, and the determined mass indicates a

monomeric state [Fig. 9(d)]. The smaller elution vol-

ume than for the globular proteins of the standard

(Table II) is thus almost certainly due to the elon-

gated shape of the molecules. Similar trends and

results (Supporting Information Fig. S7) were

observed when the cap mutations were introduced

into YM3A, and are summarized in Table II.

Considering the inherent error in the stability

measurements, the data are consistent with a fairly

constant gain in stability while going from YM3A to

YM4A, independent of the caps. In summary, we

could increase the stability of designed ArmRPs by

four additive components: by engineering the N-cap,

the C-cap, and electrostatics of the internal modules

(M ! M), and by increasing the number of internal

repeats.

Heteronuclear NMR allows to rank YM3A and
YM4A cap mutants according to their

conformational stability

The potential of (heteronuclear) NMR to judge the

conformational stability of proteins has been increas-

ingly exploited in the course of structural genomics

projects.24 In this study, 1D 1H NMR spectra of all

proteins were recorded (data not shown) in order to

preliminarily evaluate the influence of different

mutations or combinations of mutations in the cap-

ping repeats of YM3A and YM4A with respect to con-

formational rigidity. Wild-type consensus proteins

and their mutants were ranked according to signal

dispersion in the amide- and methyl-region as well

as the linewidth of their proton resonances. A subset

of these, namely the original consensus proteins

YM3A and YM4A, and the improved cap mutants YII

and AII described above (Table II), which all

appeared to be well structured in 1D proton NMR

spectra, were expressed in uniformly 15N-labeled

form and analyzed using [15N,1H]-HSQC spectra.

Since preliminary work (data not shown) had

revealed that the single Gln mutants (QK and KQ

for pos. 26 and 29 in the M-repeats) displayed less

favorable properties, they were not further pursued

here.

The repetitive nature of the sequence and the

inherently reduced signal dispersion in purely a-hel-

ical proteins is expected to result in limited signal

dispersion (Fig. 10). This feature is seen particularly

well in the center of the spectrum (see the region

between 7.9 and 8.4 ppm in the 1H dimension in

Fig. 10). Due to overlap of peaks fewer than the
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expected number of peaks were usually observed, for

example, for YIIM3AII 170 out of the expected 192

cross-peaks were visible. Nevertheless, signal disper-

sion is remarkably good, and significantly further

improved in the cap mutants, when compared with

the original YM3A and YM4A. The line widths sug-

gest that all proteins are monomeric, in agreement

with results obtained by size-exclusion chromatogra-

phy and MALS experiments [Fig. 9(d) and Support-

ing Information Figure]. Interestingly, the effects

due to the C-cap mutations Q240L and F241Q (AII)

again are stronger than those of the N-cap muta-

tions (V24R, R27S, and the deletion of R32; YII), a

feature that was also observed in the MD simula-

tions and in the biophysical characterization of the

mutants. The combination of N- and C-cap muta-

tions displays a synergistic effect, resulting in the

best signal dispersion and comparably narrow lines

for YIIM3AII (Fig. 10).

Spectra for the M4 series displayed similar

trends although the increase in line width due to

the larger size was significant (Supporting Informa-

tion Fig. S8). Again, the results for the YIIM4AII con-

struct are consistent with the observations from

equilibrium unfolding studies and the MD

simulations.

Discussion

Engineering of proteins for increased stability is a

prerequisite for using them as a starting point for

randomization, as is needed in the creation of libra-

ries for the selection of binding molecules. Although

we have used consensus engineering initially12 and

have already applied a computationally guided opti-

mization of the hydrophobic core of the internal

ArmRs, the stability of the resulting proteins was

still unsatisfactory.

Herein we have developed a method in which

stability of proteins is improved using a rational

approach that results in the expression of only a few

mutants but nevertheless very effectively increased

the stability. The approach uses MD simulations

based on homology models of the repeat proteins to

provide important information for suggesting the

mutations. Furthermore, heteronuclear NMR helped

to detect a charge repulsion problem in the internal

repeats that resulted in destabilization of the protein

and improper side-chain packing. In general, NMR

was useful to correctly rank the stability of proteins

even in the absence of any backbone assignments.

Improvements were obtained by removal of elec-

trostatic repulsions within the internal repeats.

However, cap re-engineering guided by MD simula-

tions made the largest contribution. NMR measure-

ments and a variety of biophysical measurements

confirmed that the newly designed N-and C-cap

mutants are significantly more stable and better

structured. The largest increase in stability is due to

modifications of the C-cap, and in particular to the

Q240L mutation, as demonstrated by thermal and

chemical denaturation experiments [Fig. 8(b,c,f,g)].

Furthermore, NMR measurements confirm that the

newly designed YII and AII mutants (as present in

YIIM4AII and YIIM3AII) are significantly more stable

and better structured than the corresponding initial

constructs YM3A and YM4A. The reduced line width

observed in the [15N,1H]-HSQC spectra is most

likely due to better packing of side chains. Hence,

Figure 10. [15N, 1H]-HSQC spectra of designed ArmRP YM3A (a) and its cap variants YIIM3A (b), YM3AII (c), and YIIM3AII (d) at pH

7.4. All spectra were recorded at 310 K in 50 mM phosphate buffer and 150 mM NaCl. The protein concentration was 0.5 mM.

Alfarano et al. PROTEIN SCIENCE VOL 21:1298—1314 1309



the NMR data are in good agreement with predic-

tions from MD simulations and results from thermal

and chemical unfolding experiments and the ANS-

binding behavior of the tested proteins. The more

stable AII cap therefore ‘‘couples’’ better to the rest of

the protein. In summary, the weak link in the artifi-

cially designed original C-cap has been strengthened

by our engineering, inspired by MD simulations.

Apparently, the better packing of the C-cap

against internal repeats due to this modification pre-

vents local unfolding events that may eventually

trigger complete unfolding. This observation is sup-

ported by results from our previous study of proteins

with Ankyrin repeats, in which we observed a simi-

lar influence of the stability of capping repeats on

the overall protein stability.22,25,26 In fact, the Ising

model predicts that the stability of these proteins

arises from mutual stabilization of neighboring

repeats,25–28 and these effects are therefore expected

to propagate throughout the entire protein. In prin-

ciple, the stabilization should be similar for all

repeats, but our experience has shown that the

potential for optimization is the largest for the cap-

ping repeats. A very important result of this study is

that both caps could be re-engineered independently,

and that improvements resulting from the modified

caps were additive (and perhaps synergistic) to a

first approximation. In MD simulations a lower flexi-

bility of the internal repeats was seen only when

both caps are mutated, otherwise stabilization

remained a local effect.

This work highlights several strategies for

improving the stability of repeat proteins. Similar to

the original work by Parmeggiani,12 where the

hydrophobic core of the internal repeats has been

optimized, here the hydrophobic core of the caps was

improved. Additionally, electrostatic repulsions in

the internal repeats were found to be a main con-

tributor, as shown in the conversion of the M-type

modules to the M-type modules. In the caps an addi-

tional attractive interaction has conferred more ri-

gidity. Because of the modular nature of repeat pro-

teins, the improvements in the internal repeats and

the caps can easily be combined. Finally, the very

simple addition of more internal increased the sta-

bility of the repeat proteins.

In summary, this work has brought consensus-

designed ArmRPs through various generations of

engineering to a point that they can now form the

basis of libraries for the construction of sequence-

specific peptide binders. Evolved ArmRP, based on

the YM4AII sequence and engineered for binding to

neurotensin, allowed their successful study by NMR

due to the much-improved stability of these muta-

tions. In contrast, initial work on mutants based on

the YM4A design was unsuccessful because the

derived proteins rapidly oligomerized and/or precipi-

tated (data not shown). Our experience therefore

underlines the value of optimizing the basic skeleton

before introducing mutations for ligand binding. The

present work indicates that this optimization process

can be guided and accelerated by computational

studies.

Materials and Methods

Nomenclature
The consensus armadillo proteins investigated here

consist of an N-terminal capping repeat, derived

from yeast importin-a, termed ‘‘Y.’’ It is followed by

several consensus repeats, which are termed ‘‘M’’

and have been described previously,12 and their

number in the protein is given as a subscript.

Finally the protein contains a C-terminal capping

repeat, which was artificially designed,12 termed ‘‘A.’’

A protein with four internal repeats is thus called

YM4A. To indicate improved (e.g., second generation)

versions of the capping repeats, the caps are labeled

with a roman numeral, for example, YIIM4AII.

The sequences of Y-type N-cap, M-type internal

repeat and A-type C-cap are shown in Supporting

Information Figure S1. In the present study, we

have also investigated the effect of mutating Lys26

and Lys29 to Gln (numbering of individual repeats),

individually or in combination. This was always

done for every repeat in a protein at once. We thus

refer to these two residues in the single-letter code:

the original M-type internal repeat12 with Lys26 and

Lys29 is thus referred to as the KK-type, and from

this QK, KQ and QQ have been generated. Thus,

the YM4A (QQ-type) sequence carries mutations of

lysine residues 60, 63, 102, 105, 144, 147, 186, and

189 (numbering based on the whole protein). To

abbreviate the nomenclature further, we refer to the

original M-repeat (KK-type) as ‘‘M’’ and the newly

engineered M-repeat (QQ-type) as ‘‘M.’’ Thus, the

proteins would be termed, for example, YM4A and

YM4A.

When it is necessary to specify an individual in-

ternal repeat, Ri stands for the ith internal repeat,

and Ri-Rj stands for the repeat pair composed by

the ith to jth repeats.

MD simulations
Langevin dynamics simulations were performed at

300 K using the program CHARMM29 and the

implicit solvent FACTS.30 The protein was modeled

according to the united atom CHARMM PARAM19

force field.31 The protonation state of the side chains

was chosen to reproduce pH 7.4 of the CD and NMR

experiments: aspartate and glutamate side chains as

well as the C-terminal carboxyl group were

negatively charged, lysine and arginine side chains

together with the N-terminal amino group were pos-

itively charged and histidine residues were kept
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neutral. All bonds between hydrogen and heavy

atoms were constrained using SHAKE,32 allowing

an integration step of 2 fs. Different initial random

velocities were assigned to every simulation. Unless

differently specified, each simulation consisted of

three phases: 0.2 ns heating, followed by 0.4 ns

equilibration, and 30 ns production. About 10.5 h on

a core of a XEON 5410 Quadcore CPU running at

2.33 GHz are required for a 1 ns trajectory of the

KK model (nearly 2220 atoms).

Explicit solvent MD simulations were performed

at 300 K using the program CHARMM. The protein

was modeled according to the all-hydrogen

CHARMM force field (PARAM22 with CMAP correc-

tion)33,34 and TIP3P water model35 with the same

protonation state discussed above. The protein was

inserted into a water-filled orthorhombic box whose

dimensions were determined such that each atom of

the protein had at least 13 Å distance from the

boundary. Chloride and sodium ions were added to

neutralize the total charge of the system at a con-

centration of 200 mM. To avoid finite-size effects,

periodic boundary conditions were applied. Different

initial random velocities were assigned to every sim-

ulation. Coulombic and van der Waals interactions

were calculated up to a cutoff distance of 12 Å,

whereas long-range electrostatic effects were

accounted for by the Particle Mesh Ewald summa-

tion method.36 The temperature was kept constant

by the Nos�e-Hoover thermostat,37,38 whereas the

pressure was held constant at 1 atm by applying the

Langevin piston. Hydrogens were constrained with

SHAKE,32 allowing an integration step of 2 fs.

Lookup tables39 for the calculation of pairwise non-

bonded interactions (van der Waals and Coulomb)

were used to increase efficiency.

Clustering of trajectories
Clustering was applied to the MD snapshots (saved

every 20 ps) to obtain the most populated conform-

ers for iterative restarting of implicit solvent MD

simulations. The first nanosecond of every trajectory

was discarded. Pairs of snapshots were compared

using the positional root mean square deviation

(RMSD) upon optimal structural overlap, and clus-

tering was performed by the Leader algorithm as

implemented in the trajectory analysis program

Wordom.40

The conformations of contiguous repeat pairs

were clustered as follows: the N-terminal cap and

the first internal repeat (N-cap/R1); the last internal

repeat and the C-terminal cap (R4/C-cap); and all

the internal repeats (Rn/Rnþ1). As the pairs R1/R2,

R2/R3, and R3/R4 are topologically identical, the

conformations of the internal repeat pairs (R1/R2,

R2/R3, and R3/R4) were collected together to

increase the statistics and generate a single model

for the internal repeat pair. Structures were clus-

tered using the RMSD of Ca atoms (except for the

first two residues for the N-cap and the last residue

of the C-cap) and Cc atoms to account for the side

chain orientation in the hydrophobic core. We

excluded Cc atoms of lysine, glutamine, asparagine,

glutamate, and arginine residues because they are

usually exposed to the solvent. Based on visual

inspection of the structural dispersion of the most

populated clusters, we selected a cutoff for RMSD

clustering of 1.5 Å. For each cluster found its repre-

sentative was extracted as the structure with the

lowest RMSD from all the other cluster members.

Trajectory analysis
RMSD and root mean square fluctuation (RMSF)

were calculated using as reference structures,

respectively, the starting structure used in the dy-

namics and the structures averaged over 2 ns trajec-

tory segments.

The quasiharmonic entropy was computed from

the covariance matrix of the atomic fluctuations41

using the trajectory analysis program Wordom.40

Global entropies, calculated on all Ca atoms, were

normalized by the number of residues in order to

compare models of different lengths (e.g., YM4A and

YM4A have 243 residues, whereas their variants YII-

M4AII and YIIM4AII have 242 residues). Local entro-

pies were calculated for a subset of atoms spanning

individual repeat dimers (i.e., N-cap/R1, R1/R2, R2/

R3, R3/R4, and R4/C-cap).

Model generation
The initial armadillo model was derived from three

homology models built with Insight II (Accelrys Inc.)

by mapping the YM4A (KK type) sequence onto the

crystallographic structure of three natural ArmRPs:

yeast karyopherin (importin-a), mouse importin-a,

and murine b-catenin (PDB accession codes: 1EE4,

1Q1T, and 2BCT, respectively). A single implicit sol-

vent MD simulation was run for each homology

model, whereas for further generation models, six

MD simulations were run (data not shown).

The optimization of the initial position of hydro-

gens and subsequent energy minimization were per-

formed with the CHARMM PARAM19 united atom

force field with distance-dependent dielectric func-

tion. Loops connecting a-helices were relaxed through

four minimization cycles consisting of 100 iterations

of steepest descent and 200 steps of conjugate gradi-

ent algorithms with gradually decreasing harmonic

restraints on the Ca atoms of the helices (i.e., force

constants of 10, 5, 1, and 0.1 kcal mol�1 Å�2).

The system was further optimized using the

implicit solvent model FACTS30 without restraints

by 100 steps of steepest descent and 200 iterations

of conjugate gradient, followed by an adopted basis

Newton-Raphson minimizer, until an energy gradi-

ent of 0.02 kcal mol�1 Å�1 was reached.
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Design and synthesis of DNA encoding
designed ArmRPs, protein expression and

purification

Individual modules for the KK-type were assembled

from overlapping primers (Supporting Information

Table 1) as described previously12 and cloned into a

vector. Subsequently, to form proteins with identical

internal modules, the single modules were PCR-

amplified from the vectors and assembled as

described.12 Point mutations at position 26 and/or 29

(KK, QK KQ and QQ) were introduced into the M-

type consensus using site-directed mutagenesis

(QuikChange, Stratagene). The modules were then

digested from the vector with the type IIS restriction

enzymes BpiI and BsaI and directly ligated together

with similarly assembled original Y and A caps as

described previously.12 BamHI and KpnI restriction

sites were used for insertion of the whole genes into

the vector pPANK and the plasmids were sequenced.

For a more detailed description of the cloning proce-

dure see the Methods in Supporting Information.

Protein purification
All unlabeled ArmRP variants were expressed in E.

coli XL1-blue, and purified as described previously.12

Proteins for NMR studies were produced in the E.

coli strain M15 (Qiagen) additionally containing the

plasmid pREP4 (encoding lacI). Cells were grown in

minimal medium with 15N-ammonium chloride as

the sole nitrogen source. The medium was supple-

mented with trace metals, 150 lM thiamine and 30

lg/ml kanamycin and 100 lg/ml ampicillin. Expres-

sion and purification by IMAC and gel filtration

were performed as described previously.12 Protein

size and purity were assessed by 15% SDS-PAGE,

stained with Coomassie PhastGel Blue R-350 (GE

Healthcare, Switzerland). The expected protein

masses were confirmed by SDS-PAGE and mass

spectroscopy. Elution fractions from IMAC were

passed over a desalting column (PD-10, GE Health-

care) to remove imidazole from the elution buffer.

Circular dichroism spectroscopy
All CD measurements were performed on a Jasco J-

810 spectropolarimeter (Jasco, Japan) using a 0.5

mm or 1 mm circular thermo cuvette. CD spectra

were recorded from 190 to 250 nm with a data pitch

of 1 nm, a scan speed of 20 nm/min, a response time

of 4 s and a band width of 1 nm. Each spectrum was

recorded three times and averaged. Measurements

were performed at room temperature unless stated

differently. The CD signal was corrected by buffer

subtraction and converted to mean residue ellipticity

(MRE). Heat denaturation curves were obtained by

measuring the CD signal at 222 nm with tempera-

tures increasing from 20 to 95�C (data pitch, 1 nm;

heating rate, 1�C/min; response time, 10 s; band-

width, 1 nm). GdnHCl-induced denaturation meas-

urements were performed after overnight incubation

at 20�C with increasing concentrations of GdnHCl

(99.5% purity, Fluka) in phosphate-buffered saline

(pH 7.4).

ANS fluorescence spectroscopy

The fluorophore 1-anilino-naphthalene-8-sulfonate

(ANS) binds to exposed hydrophobic patches or pock-

ets in proteins, thereby increasing its fluorescence

intensity. The measurements were performed at

20�C by adding ANS (final concentration 100 lM) to

10 lM of purified protein in 20 mM Tris�HCl, 50 mM

NaCl, pH 8.0. The fluorescence signal was recorded

using a PTI QM-2000-7 fluorimeter (Photon Technol-

ogy International). The emission spectrum from

400–650 nm (1 nm/s) was recorded with an excita-

tion wavelength of 350 nm. For each sample, three

spectra were recorded and averaged.

Size exclusion chromatography and multiangle

light scattering

The mass and oligomeric state of selected ArmRP

was determined using a liquid chromatography sys-

tem (Agilent LC1100), Agilent Technologies, Santa

Clara, CA) coupled to an Optilab rEX refractometer

and a miniDAWN three-angle light-scattering detec-

tor (both Wyatt Technology, Santa Barbara, CA). For

protein separation a 24 ml Superdex 200 10/30 col-

umn (GE Healthcare Biosciences, Pittsburg, PA) was

run at 0.5 ml/min in PBS. Typically, 50 ll of solution

containing 30 lM protein was injected. Analysis of

the data was performed using the ASTRA software

(version 5.2.3.15; Wyatt Technology).

NMR spectroscopy

Buffers used for NMR measurements of the internal

repeat module optimization (KK- to QQ-type) con-

tained 20 mM deuterated Tris�HCl, 30 mM NaCl,

and the pH was adjusted to pH values of pH 8–11

using NaOH. All cap variants were analyzed in PBS

buffer containing 150 mM NaCl and 50 mM sodium

phosphate at pH 7.4. Proteins were concentrated to

0.5–1.0 mM for NMR measurements.

Proton-nitrogen correlation maps were derived

from [15N,1H]-HSQC experiments42 utilizing pulsed-

field gradients for coherence selection and quadra-

ture detection43 and incorporating the sensitivity

enhancement element of Rance and Palmer.42,43 All

experiments were recorded on a Bruker AV-700 MHz

spectrometer equipped with a triple-resonance cry-

oprobe at 310 K. Spectra were processed and ana-

lyzed in the spectrometer software TOPSPIN 2.1

and calibrated relative to the proton water reso-

nance at 4.63 ppm, from which the 15N scale was

calculated indirectly using the conversion factor of

0.10132900.
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