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the simplest repetitive structural elements in proteins. The folding behavior of
β-helix proteins has been studied intensively, also to gain insight on the formation of amyloid fibrils, which
share the parallel β-helix as a central structural motif. An important system for investigating β-helix folding
is the tailspike protein from the Salmonella bacteriophage P22. The central domain of this protein is a right-
handed parallel β-helix with 13 windings. Extensive mutational analyses of the P22 tailspike protein have
revealed two main phenotypes: temperature-sensitive-folding (tsf) mutations that reduce the folding
efficiency at elevated temperatures, and global suppressor (su) mutations that increase the tailspike folding
efficiency. A central question is whether these phenotypes can be understood from changes in the protein
stability induced by the mutations. Experimental determination of the protein stability is complicated by the
nearly irreversible trimerization of the folded tailspike protein. Here, we present calculations of stability
changes with the program FoldX, focusing on a recently published extensive data set of 145 singe-residue
alanine mutants. We find that the calculated stability changes are correlated with the experimentally
measured in vivo folding efficiencies. In addition, we determine the free-energy landscape of the P22
tailspike protein in a nucleation–propagation model to explore the folding mechanism of this protein, and
obtain a processive folding route on which the protein nucleates in the N-terminal region of the helix.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

A considerable fraction of proteins have repetitive elements in
their structure. These structural repeats often arise from internal
sequence repeats [1,2], but can also be elements without any sequence
similarity [3]. The repeats usually lead to an overall elongated shape of
the protein, for example to the superhelical shape of solenoid proteins
[4]. In the simplest cases, each structural repeat consists of just a few
secondary elements, such as two or three α-helices or β-strands, or a
combination of strands and helices [4]. A characteristic of repeat
protein structures is that the residue contacts are contacts within a
structural unit or between adjacent units. A central question is how
this characteristic structural feature affects the folding behavior of
these proteins [5–9].

A particularly interesting class of solenoid proteins includes proteins
that contain β-helices. In a parallel β-helix, the polypeptide backbone
winds up to form a right- or left-handed helix [10,11]. Each helical
winding consists of three shortβ-strands, which are connected by turns
and loop regions of different length. The strands form three elongatedβ-
sheets, which constitute the walls of a prism-like motif. Parallel β-helix
ll rights reserved.
structures are also assumed for amyloidfibrils [12–14], one-dimensional
protein aggregates that can cause severe diseases such as Alzheimer's,
Parkinson's, or the variant Creutzfeldt–Jakob disease [15]. Understand-
ing the folding and stability of β-helix proteins therefore may provide
important insights on these aggregates.

We focus here on a protein with a right-handed β-helix, the
tailspike protein of Salmonella bacteriophage P22. Right-handed
parallel β-helix motifs have been observed in different organisms,
e.g. in other bacteriophage tailspikes like Sf6 [16,17], HK620 [18] and
Det7 [19] and in many bacterial, plant and fungal enzymes involved in
degradation and modification of polysaccharides [20]. With computa-
tional methods, right-handed β-helices have been predicted for a
large number of proteins, mostly from bacteria and fungi [21–24].
Unlike other solenoid proteins, such as left-handed β-helix proteins,
leucine-rich-repeat proteins or ankyrins, right-handed β-helix pro-
teins do not show internal sequence repeats [2,4,25]. Nevertheless,
repetition as a structural feature seems to play an important role in
parallel β-helix stability and folding. In particular, linear side chain
stacking along the helix axis is presumably one of the major factors
contributing to their stability [26,27]. In such stacks, side chains of
adjacent coils are aligned and oriented in a similar direction. Three
different classes of stacks can be observed in right-handed β-helix
proteins: polar stacks of Asn, Cys and Ser residues, aliphatic stacks of
Ala, Val, Leu and Ile and aromatic stacks of Phe and Tyr [25].
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Fig. 1. Crystal structure of the isolated β-helix domain of the P22 tailspike protein
(residues 113 to 544) [28,30]. The three elongated β-sheets of the helix or indicated in
different colors. The N-terminus of thehelix is protected by an α-helical capping region.
Two of the loops that connect the strands of the β-sheets are partially unstructured in
the crystal (residues 402 to 408 and residues 510 to 514, see open ends in the structural
representation). The ‘dorsal fin’ of the protein is a long structured loop from residues
198 to 256.

Table 1
Comparison of experimental and calculated stability changes for mutants of the isolated
β-helix domain.

Mutation ΔΔGexp ΔΔGFoldX

D238S 1.0 2.2
G244R 2.4 2.2
V331A −0.7 0.6
V331G −1.4 −0.8
A334I −1.2 −2.8
A334V −1.7 −3.7

Experimental stability changesΔΔGexp are fromRef. [26]. The stability changesΔΔGFoldX

have been calculated at the temperature T=10 °C of the experiments with FoldX 3.0.
The calculated stability changes are averages over 10 independent runs with the FoldX
mutation command ‘BuildModel’, after minimization of the FoldX free energy for the
wildtype structure (protein data bank file 1TYV) with the command ‘RepairPDB’. Both
FoldX commands imply adjustments of side chain rotamers for fixed main chain atoms.
The stability changes are given in units of kcal/mol.
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The central domain of the P22 tailspike protein is a right-handed
parallel β-helix with 13 windings, flanked by a N-terminal capsid-
binding domain and an C-terminal trimerization domain [28,29]. The
stacks in the helix lumen contain predominantly hydrophobic
residues such as Val, Ile, Leu, Phe, and Met. Three P22 tailspike
protein monomers with a length of 666 residues form the trimeric
tailspike, which mediates binding and hydrolysis of the Salmonella O-
antigen polysaccharide [3,30,31]. The native tailspike trimer is highly
resistant to detergent denaturation by sodium dodecyl sulfate (SDS).
Via SDS–gel electrophoresis, the correctly folded, native tailspike
trimer therefore can be distinguished by its reduced mobility from
non-native oligomers and aggregates that are solubilised by SDS. Gel
electrophoresis thus allows to follow and characterize the folding
efficiency of P22 tailspike proteins, both in vivo and in vitro [32–35].

The folding of the P22 tailspike protein has been investigated via
extensive mutational analyses [26,35–39]. Twomain phenotypes have
been observed: Temperature-sensitive-folding (tsf) mutations reduce
the folding efficiency and lead to aggregation and inclusion body
formation at elevated temperatures. In contrast, global suppressor
(su) mutations increase the tailspike folding efficiency at high
temperatures. A link between these phenotypes and protein stability
has been found in mutational studies of an isolated tailspike fragment
(see Fig. 1). This fragment comprises only the central β-helix domain,
does not trimerize, and exhibits reversible folding transitions. The
reversible folding allows to measure the protein stability, the free-
energy difference between the native, folded state and the denatured,
unfolded state of the protein. Stabilities have been measured for the
wildtype, two tsf mutants, and four su mutants [26]. The two tsf
mutations decrease the protein stability, whereas the su mutations all
increase the stability.
Stability measurements for the full P22 tailspike protein are
complicated by the nearly irreversible trimerization of the protein. In
this article, we provide further evidence for a close link between the
folding efficiency and stability of the tailspike protein by calculating
the mutation-induced stability changes for a large number of tailspike
mutants. We observe significant correlations between the calculated
stability changes and experimentally measured folding efficiencies in
E. coli at the temperatures 18 °C, 30 °C and 37 °C. Our focus here is on
folding efficiency data from a recent extensive mutational analysis by
Simkovsky and King [35], in which 145 residues throughout the β-
helix domain of the tailspike protein have been individually mutated
to alanine. The calculations are performed with the program FoldX
[40,41], which has been specifically designed for determining stability
changes, and calibrated against a large set of mutational data on small
single-domain proteins.

In addition, we calculate the energy landscape of the P22 tailspike
protein. Helices are typically assumed to form via a nucleation–
propagation mechanism [42,43]. After nucleation, which may occur in
central or terminal helix regions, the helix grows during propagation
via successive addition of adjacent helical turns. In such a nucleation–
propagation scenario, partially folded states of the helix thus can be
characterized by a contiguous stretch of native-like structured
residues. Each of these states can be described by two variables, for
example the center and the length of the native stretch of residues.We
have calculated the stability of each partially folded state with the
program FoldX, which results in a three-dimensional energy land-
scape. This energy landscape reveals a dominant folding route on
which the protein nucleates in the N-terminal region of the helix, with
subsequent processive formation of the central β-helix region and C-
terminal region. The energy landscape sections that correspond to the
formation of the central β-helix region are rather flat, which may help
to understand why mutations in this region have a particularly strong
effect on the folding efficiency.

2. Results

2.1. Stability changes and folding efficiencies

Methods to predict mutation-induced stability changes have been
investigated intensively in the past years [40,41,44–51]. We calculate
here the stability changes for mutants of the P22 tailspike proteinwith
the program FoldX. The force field of the FoldX program includes
terms for backbone and sidechain entropies, which have been
weighted against other terms using experimental data from muta-
tional stability analyses of a variety of proteins [40]. FoldX has been
tested on a set of 1088 point mutants, and reproduces the stability
changes of 1030 of these mutants with a Pearson correlation
coefficient of 0.83 and a standard deviation of 0.81 kcal/mol [40].
Stability calculations with the FoldX program have been used in



Fig. 2. Calculated stability changes ΔΔGN–D versus in vivo folding efficiencies of P22
tailspike mutants at the temperatures 37 °C, 30 °C, and 18 °C. The experimentally
measured folding efficiencies [35] are given in % of the folding efficiency for the
wildtype protein. Mutations from glycene to the larger alanine are indicated by squares.
The large stability changes for some of these mutations result from Van der Waals
clashes, with may be overestimated since FoldX only relaxes side chain atoms but not
backbone atoms. However, the values of the Spearman correlation coefficient rS and
Pearson correlation coefficient rP only change by 1 or 2% if mutations from glycenes to
alanines are excluded. The p-values for the given Spearman correlation coefficients are
3.6·10−21, 1.2·10−19, and 8.0·10−8. Following a standard procedure, we have
calculated the p-values from a correspondence between the rS-distribution and
Student's t-distribution for large data sets [74].
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protein design [52], evolutionary fitness models [53–55], and folding
models [56–60].

As a first test, we compare here calculated stability changes with
experimentally measured stability changes for mutants of the isolated
β-helix domain of the P22 tailspike protein shown in Fig. 1. In contrast
to the full-length protein, the isolated β-helix domain exhibits
reversible folding transitions required for stability measurements.
Two of the six experimentally considered single-residue mutations
decrease the stability, while four mutations increase the stability [26].
As shown in Table 1, FoldX correctly predicts the sign of the stability
change for five of the six mutants and only errs on the sign for the
mutant V331A with the smallest experimentally measured stability
change.

The four stabilizing mutations of Table 1 increase the folding
efficiency of the P22 tailspike protein, while the two destabilizing
mutations decrease the folding efficiency, which has led to the
suggestion that the folding efficiency and stability of this protein are
closely linked [26]. We investigate this link here by comparing
calculated stability changes and in vivo folding efficiencies of a large
set of P22 tailspike mutants. In the mutational analysis of Simkovsky
and King [35], 145 non-alanine sites in the P22 tailspike protein were
individually mutated to alanine. These sites include 103 non-alanine
residues in the hydrophobic lumen of the β-helix, and all non-alanine
residues in the N-terminal and C-terminal capping regions of the
isolated β-helix domain. The mutants were expressed in E. coli at the
temperatures 18 °C, 30 °C and 37 °C, and the folding efficiency of the
SDS-resistant trimer was measured via gel electrophoresis.

We have calculated the stability change for 144 of these 145
mutations. The stability change for one of the mutations, the mutation
G511A, cannot be calculated since the mutated residue is part of a
short disordered loop that is not resolved in the crystal structure of the
protein [28,30], see Fig. 1. Plots of the experimentally measured
folding efficiencies of the P22 mutants versus the calculated stability
changes ΔΔG are shown in Fig. 2. Despite substantial scattering of the
data, a clear correlation between these two quantities can be
observed. The folding efficiencies tend to decrease with the stability
changes. At the temperature T=37 °C, relatively small changes of the
stability already have a rather drastic effect on the folding efficiency.
At the temperature T=18 °C, the folding efficiency is more robust
with respect to stability changes.

The correlations between stability change and folding efficiency
can be quantified by the Spearman correlation coefficient rS and the
Pearson correlation coefficient rP. In principle, the Spearman coeffi-
cient rS here is preferable to the Pearson coefficient rP since it tests for
monotous relations, not necessarily linear relations as the Pearson
coefficient. A Spearman coefficient of −1 indicates a monotonously
decreasing relation between two quantities, and a Spearman
coefficient of 1 a monotonously increasing relation. Nonetheless, the
Spearman coefficients obtained here also have to be interpreted with
care. At the temperature T=18 °C, for example, the folding efficiency
appears to be constant for mutations with small stability changes,
within error bounds, rather than nonlinearly decreasing. This results,
in absolute values, in a smaller Spearman coefficient of rS=−0.42 at
this temperature, compared to the coefficients rS=−0.68 and −0.66
at the temperatures T=37 °C and T=30 °C, respectively. However, all
three correlations are highly significant, with p-values of 3.6·10−21

for rS=−0.68, 1.2·10−19 for rS=−0.66, and 8.0·10−8 for rS=−0.42.
The p-value is the probability for obtaining the observed correlation, or
a stronger one, by chance.

Do stabilitychangeshavedifferent effects on the foldingefficiency in
different regions of the protein? The β-helix of the tailspike protein has
two main loops, a large structured loop from residues 198 to 256
(‘dorsal fin’, see Fig. 1), and a smaller partially unstructured loop from
residues 397 to 426. Simkovsky and King [35] have not considered
mutations in these loop regions. The performedmutations therefore fall
into three regions, divided by these two loops. Plots of the folding
efficiency versus the stability changes formutations in these regions are
shown in Fig. 3. We obtain high Spearman coefficients of rS=−0.76
and rS=−0.67 in the N- and C-terminal regions. In the central region,



1 For the models of Munoz and Eaton [63] and Wako and Saito [70], however, exact
solutions of equilibrium properties in the full state space have been found [71,72].

Fig. 3. Calculated stability changes ΔΔG versus in vivo folding efficiencies for P22
tailspike mutations in different regions at the temperature 37 °C. The experimentally
measured folding efficiencies for the mutants [35] are given in % of the wildtype folding
efficiency. In the N-terminal region, the mutated residue positions range from 122 to
195 (see also Table 2). The residue positions for the alanine substitutions range from
260 to 396 in the central region, and from 442 to 545 in the C-terminal region. The three
regions are separated by two loops in which no mutations have been performed by
Simkovsky and King [35]. Mutations from glycene to the larger alanine are indicated by
squares. The correlations here are quantified both by the Spearman coefficient rS and
the Pearson coefficient rP. The p-values for the Spearman correlation coefficients are
1.2·10−9, 6.0·10−9, and 8.4·10−6, respectively.
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the majority of mutations has a rather drastic effect on the folding
efficiency, even for small stabilitychanges,which results in a smaller yet
still highly significant Spearman coefficient of rS=−0.60. This is
in agreement with the clustering of the majority of the sites of tsf
mutations generated by randommutagenesis in the central part of the
β-helix domain [61].

The stabilities calculated here should not be confused with the
thermostabilities at 80 °C and 90 °C measured by Simkovsky and King
[35]. The thermostability, defined as the percentage of native chains
after heating, is a non-equilibrium quantity that reflects momomer-
ization and unfolding barriers of the protein. The stability, in contrast,
is the equilibrium free-energy difference between the native and the
denatured state. The thermostabilities at 80 °C and 90 °C measured by
Simkovsky and King are not correlated with the folding efficiencies of
the P22 tailspike protein mutants at 37 °C.

2.2. Energy landscape

Statistical–thermodynamical models of helix formation, pioneered
by Zimm and Bragg [42,43], usually assume that each residue can be in
either of two states: helically structured (H) or coil-like unstructured
(C). Partially folded states of a helix then can be described by
sequences of H's and C's, where each letter in the sequence indicates
whether the corresponding residue is in state H or C. In the past
decade, this modeling framework has also been widely used for
protein folding, with the central modeling assumption that each
residue of a protein is either native-like structured or unstructured
[56,62–70]. To reduce the number of possible partially folded states in
such models, the native-like structured residues are often taken to
occur in one, two, or three contiguous stretches.1

We present here a model for the β-helix domain of the P22 tailspike
protein inwhichwe assume that the native-like structured residues in a
partially folded state occur in a single contiguous stretch. This
assumption is reasonable for helices, which are typically thought to
form via a processive nucleation–propagation mechanism [42,73]. Each
partially folded state of the protein then can be described by two
variables, e.g. the numbers of the first and last residue of the native-like
structured stretch, or the centerand the lengthof this stretchof residues.
We use here the program FoldX to obtain stability estimates ΔGI–D for
each partially folded state I in thismodel.We first consider thewholeβ-
helix domain, which comprises the residues 113 to 544 of the P22
tailspike protein (see Fig. 1). After iterative energy minimization with
FoldX, we obtain the calculated stability ΔGN–D=−5.0 kcal/mol at
T=10 °C, which is close to the experimental stability of−7.6 kcal/mol
measured at this temperature [26]. To estimate the stability of a partially
folded state I of theβ-helix domain,we then simply ‘cut out’ the residues
structured in this state from the energy-minimized protein structure,
and calculate the stability of this ‘substructure’ with FoldX. The
unstructured ends of the protein in the partially folded state can be
neglected since their free-energy contribution in this state is close to the
free-energy contribution in the denatured state.

The obtained energy landscape for the isolated β-helix domain is
shown in Fig. 4. All mutations in the full-length protein considered by
Simkovsky and King lie in this domain. In the landscape, the native
state of the protein corresponds to the right corner of the triangle,
with low free energies shown in blue. In this state, the length of the
native-like structured stretch is equal to the length of the whole β-
helix domain. The denatured state corresponds to model states along
the left line of the triangle. The denatured state is separated from the
native state by a free-energy barrier shown in red. The folding routes
on this landscape are routes from the left line to the right corner of the
triangle. Folding nucleation steps correspond to reaching saddlepoints
of the red free-energy barrier, and propagation steps to diffusing
down the barrier towards the native state at the right triangle corner.
On the main folding routes, the high-energy sections of the landscape



Table 2
Calculated stability changes for P22 tailspike mutations.

Mutation ΔΔG

K122A 0.05
Y123A 1.04
S124A −0.14
V125A 1.92
K126A 1.33
L127A 3.54
S128A −0.58
D129A 0.42
Y130A 3.67
P131A 1.06
T132A 1.65
L133A 3.82
Q134A 1.54
D135A 0.38
S138A −0.09
V141A 0.45
D142A 0.02
G143A −0.44
L144A 4.31
L145A 2.21
I146A 3.99
R148A 1.41
Y150A 4.36
F152A 5.32
Y153A 1.30
E156A 1.11
V158A 3.67
F160A 5.61
K163A 1.03
L165A 3.67
T166A 0.86
I167A 5.24
C169A 0.93
K172A 1.29
F173A 5.61
G175A 10.14
L179A 4.56
F181A 5.15
L184A 4.28
S188A −0.05
I190A 4.87
V193A 2.47
M195A 4.61
S260A −0.22
L262A 4.50
I264A 4.53
C267A 0.91
V270A 3.2
V272A 3.82
G277A 7.88
F282A 5.69
F284A 5.24
C287A 0.56
C290A 0.61
M292A 4.43
V293A 2.43
P298A 3.43
G300A 2.38
G301A 7.13
I305A 2.66
I306A 4.92
F308A 5.52
N310A 1.89
N319A 2.85
V321A 3.51
G324A 9.83
T326A 0.76
G329A 2.95
S333A −0.76
F336A 5.37
N339A 2.06
G347A 2.62
V349A 3.94
F352A 5.04
S354A −0.25
G361A 4.58

Table 2 (continued)

Mutation ΔΔG

V362A 3.78
T364A 1.07
N376A 0.53
L379A 4.54
F381A 5.61
S384A −0.52
V386A 3.43
P389A 2.63
G393A 3.93
F394A 5.88
L396A 4.98
L424A 2.26
H426A 1.48
I428A 4.97
L431A 4.44
V433A 3.87
G440A 1.47
F441A 6.29
M443A 4.53
G445A 3.7
M448A 2.65
V450A 3.77
I453A 4.76
V455A 3.81
C458A 0.86
S461A −0.40
G462A 2.32
L465A 4.51
T467A 0.96
S470A −1.04
F472A 5.37
I475A 4.06
I477A 4.28
T480A 0.66
Q489A 0.70
I490A 4.67
I492A 4.31
S493A −0.51
C496A 1.14
V498A 3.93
N499A 0.59
L501A 5.36
L503A 5.11
T515A 1.03
I516A 4.80
S521A −0.60
T522A 0.60
V523A 3.85
S524A 0.51
G525A 3.05
I526A 3.51
T527A 0.37
G528A 5.36
M529A 0.12
V530A 1.27
D531A 1.98
P532A 1.86
S533A −1.22
R534A 1.56
I535A 3.87
N536A 1.83
V537A 3.12
N539A 0.08
L540A 2.80
E542A 0.48
E543A 0.04
G544A 0.33
L545A 0.58

ΔΔG values for tailspike mutants in units of kcal/mol calculated with FoldX 3.0 at the
temperature T=37 °C and the ionic strength 154 mM, which is an estimate for the ionic
strength in the interiorofSalmonella. Thevalues are averagesover 10 independent runswith
the FoldXmutation command ‘BuildModel’, after minimization of the FoldX free energy for
the wildtype structure (protein data bank file 1TYV) with the command ‘RepairPDB’. Both
FoldX commands imply adjustments of side chain rotamers for fixedmain chain atoms. The
calculated stability changes at the temperatures T=30 °C and T=18 °C are identical with
the values at T=37 °Cwithin the statistical errors estimated from the 10 independent runs.
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Fig. 4. Three-dimensional model energy landscapes of the isolated β-helix domain (see
Fig. 1) for the temperature T=10 °C at which the stability has been measured
experimentally [26], see text. In the model, partially folded states are characterized by
the length and the center position of the native-like structured stretch of residues. In
the state with length 41 and center 200 of the native-like stretch, for example, the
residues 180 to 220 are native-like structured, while all other residues are still
unstructured. The folded state corresponds to the right corner of the triangle where all
432 residues of the β-helix domain are structured. The colors represent FoldX free-
energy differences between the partially folded states and the unfolded state. Contour
lines are drawn every 5 kcal/mol. In calculating the energy landscape, we have assumed
that the two unstructured loop fragments (see Fig. 1) do not contribute to the free-
energy differences between partially folded states and the unfolded state.
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are avoided, and the protein nucleates either at the N- or the C-
terminus.

The dominant folding route on this landscapewith the saddlepoint
of lowest energy is the route on which the protein nucleates in the N-
terminal region. The saddle point of this route is located around the
partially folded state with length 100 and center 170 of the native
stretch of residues. The central region of the β-helix domain is a
propagation region on this route. Interestingly, mutations with small
stability changes in the central region have more drastic effects on the
folding efficiency, compared to mutations with similar stability
changes in the N- or C-terminal regions (see Fig. 3). This sensitivity
in the central region of the protein may be related to the fact that the
energy landscape on the N-terminal folding route beyond the saddle
point is rather flat up to states with a native stretch of 300 residues. On
this rather flat landscape section, green colors dominate, while blue
colors for negative free energies occur only close to the native state. A
relatively slow helix propagation on rather flat landscape sections
may be vulnerable to competing non-productive folding or aggrega-
tion processes and, therefore, highly sensitive to small mutational
stability changes. Overall, the relatively small experimentally mea-
sured stability of −7.6 kcal/mol at 10 °C for the β-helix domain [26]
makes it plausible that destabilizing mutations throughout this
domain affect the folding efficiency of the full-length protein.

A processive nucleation–propagation mechanism for the tailspike
protein has also been proposed by Simkovsky and King [35]. Based on
the more drastic effects of mutations in the central helix region on
folding efficiency, Simkovsky and King have proposed that nucleation
occurs in this region. On the landscape of Fig. 4, in contrast, nucleation
occurs in the N-terminal region of the helix, while the central helix
region is formed during propagation.

3. Conclusions

We have found highly significant correlations between calculated
stability changes and in vivo folding efficiencies of the P22 tailspike
protein at 18 °C, 30 °C and 37 °C. The folding efficiency of the protein
decreases with increasing temperature. Mutations with small stability
changes thus have a more drastic effect on the folding efficiency at
higher temperatures (see Fig. 2). At 37 °C, the central region of the
helix is particularly sensitive tomutations with small stability changes
(see Fig. 3). On the energy landscape of Fig. 4, the folding process
nucleates in the N-terminal region, and propagates in the central
region. The high sensitivity of the folding efficiency with respect to
mutations in the central region may be related to rather flat landscape
sections for helix propagation.
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