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Abstract Recently, the design of LL-sheet proteins and con-
comitant folding studies have attracted increasing attention. A
unique natural all-LL domain occurs in a family of cytolytic
bacterial toxins, the so-called RTX toxins. This domain consists
of a variable number (about 6^45) of tandem repeats of a glycine-
rich nine-residue motif with the consensus sequence GGXG-
XDX(L/I/F)X. The analysis of the three-dimensional structure of
alkaline protease from Pseudomonas aeruginosa which possesses
six of these repeats revealed that they fold into a novel 'parallel
LL-roll' where calcium is bound within the turns connecting the
LL-strands. A 75-mer peptide of the sequence NH2-WLS-
[GGSGNDNLS]8-COOH was chemically synthesised. Circular
dichroism spectroscopy showed that this polypeptide folds in the
presence of Ca2+ and polyethylene glycol into a LL-structure
which is presumably identical with the parallel LL-roll. This
synthetic LL-roll behaves similarly to the isolated LL-roll domains
from Escherichia coli haemolysin or Bordetella pertussis
cyclolysin in terms of calcium binding and polymerisation
behaviour.
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1. Introduction

RTX toxins (RTX = repeats in toxins) are a family of
mostly cytolytic toxins which are secreted by Gram-negative
bacteria into the medium [1,2]. The secretion pathway does
not involve an N-terminal signal peptide but rather a C-ter-
minal secretion signal as was shown for the ¢rst time for
Escherichia coli haemolysin [3]. The name RTX stems from
a glycine-rich sequence motif GGXGXDX(L/F/I)X which
precedes the secretion signal. This sequence motif is tandemly
repeated and the number of repeats varies between di¡erent
proteins. It is found in all proteins which are secreted by the
haemolysin pathway, so for example also in the alkaline pro-
tease from Pseudomonas aeruginosa [4] or a lipase from Pseu-
domonas £uorescens [5]. The exact function of these repeats
remains somewhat obscure, they have been suggested to be
receptor binding domains [6], enhancers of secretion [7] and
internal chaperones [8]. In the three-dimensional structure of

the alkaline protease from P. aeruginosa [8] it was found that
these sequence repeats constitute a new calcium binding struc-
ture, called a parallel L-helix or parallel L-roll (Fig. 1), where
the ¢rst six residues of each motif form a turn which binds
calcium and the remaining three residues build a short
L-strand. The consecutive L-strands are connected in such a
way that a right-handed helix of parallel L-strands is formed.
One turn of this helix consists of two consecutive nine-residue
motifs (Fig. 1). The requirements for the particular amino
acids at the individual positions in the nona-sequence can
be rationalised easily: G2 and G4 have backbone dihedral
angles which are unfavourable for non-glycine residues, a
Cb on G1 would cause steric clashes. The side chain of posi-
tion 8 forms the hydrophobic core of the L sandwich and is
ideally leucine which nicely interdigitates with the correspond-
ing residue of the next repeat. The aspartic acid on position 6
bridges two calciums and neutralises the positive charge of
these buried metal ions. Residues 3 and 5 are small and
mostly hydrophilic. It can be seen from Fig. 1 that the parallel
L-roll is a highly regular super-secondary structure with cal-
cium ions as an integral part. The calcium cannot be removed
by EGTA or similar chelators under native conditions with
the exception of those located at the edges of the roll which
are solvent-exposed. This parallel L-roll is di¡erent from the
parallel L-helix found in the pectate lyase [9] or the P22 tail-
spike protein [10]. This latter parallel L-helix does not consist
of a repetitive sequence and involves three L-sheets rather
than two.

Despite the importance of L-sheet structures as regular sec-
ondary structure elements the principles underlying their for-
mation and stability are not well understood. Until now, most
information has been derived from mutagenesis experiments
[11,12] and recently through the study of de novo designed
L hairpins [13,14]. A major obstacle is the tendency of isolated
L-sheets to aggregate, an example of this is the formation of
amyloid ¢brils in Alzheimer's disease.

The parallel L-roll [GGXGXDXLX]n found in RTX toxins
seems to be an attractive system to study L-sheet formation:
the size is amenable to chemical synthesis and the folding
process can presumably be triggered by calcium ions. Studies
on isolated L-roll domains from RTX toxins have been per-
formed in the past on the Bordetella pertussis adenylate cy-
clase toxin (about 45 repeats [15]) and E. coli haemolysin
(about 15 repeats [16]). In the former there are blocks of 8^
12 repeats which are separated by intervening sequences. Both
protein constructs show a large conformational rearrangement
upon calcium binding.

We report here the design of a L-roll with eight identical
sequence motifs NH2-WLS-[GGSGNDNLS]8-COOH and
folding studies on this system.
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2. Materials and methods

2.1. Sequence design
The sequence motif was designed according to the rules outlined

above. Positions 3, 5, 7 and 9 were occupied by Ser and Asn, with the
intention of having polar residues on the outside of the sheet. These
residues were also thought to be capable of forming an asparagine or
serine hydrogen bond ladder similar to the ones observed in [9]. The
model was constructed on an interactive graphics display using the
program O [17] and energy-minimised using X-PLOR [18]. Sequence
search for nine-residue motifs was done using the PATTERFIND
server at ISREC, Lausanne, Switzerland.

2.2. Synthesis of the peptide sequence
The synthesis of the peptide with 75 amino acid residues began by

solid-phase peptide synthesis using Fmoc-protected amino acids on a
Ser-Pep Syn-KA resin in a Milligen Model 9050 peptide synthesiser. A
four-fold excess of Fmoc L-amino acid was activated for 7 min with
TBTU/DIEA and recirculated through the resin for 30 min. The side
groups of Asn, Asp and Ser were protected by Trt, OBut, and But,
respectively. Fmoc-protected amino acids and TBTU were purchased
from Perseptive Biosystems. The Fmoc group was removed by wash-
ing the resin with 20% (v/v) piperidine in DMF for 7 min. After
cleavage from the resin by tri£uoroacetic acid (TFA)/anisole/dithio-
threitol and precipitation with diethylether, the 75-mer peptide was
puri¢ed by preparative HPLC on a Waters model 600E system
equipped with a Waters DeltaPak C18 PrepPak column (40U
300 mm, 15 Wm) with a linear gradient of water/acetonitrile containing
0.1% TFA at a £ow rate of 10 ml/min. The correct sequence was
veri¢ed by ESI mass spectrometry on a Finnigan model TSQ700
yielding 6818.2 Da (theoretical 6818.9 Da). Contaminating peptides
with one or two Asp/Asn missing were lower than 10/3%, respectively.
Other details were as described [19].

2.3. Spectroscopy
Analyses of secondary structure were performed by circular dichro-

ism (CD) spectroscopy in the far-UV region using a spectrometer
Aviv 62 D. Spectra were monitored at a protein concentration of
0.1 mg/ml. The samples were incubated at 20³C for at least 12 h.
Kinetics of structure formation were analysed by diluting the unstruc-
tured protein (in water) in the respective bu¡er and following the
change in the CD signal at 220 nm over time. For all measurements
a 1-mm cuvette was used.

Based on the lag phase of structure formation upon folding the
minimum protein concentration for structure formation was calcu-
lated according to:

y � a� b=�x3c� �1�
where y is the time of the lag phase, x is the initial monomeric protein
concentration, c is the minimum protein concentration and a and b
the asymptotic boundary values.

The size of the nucleus of the polymerisation process was estimated
from the slope of the lag phase using:

v � k�cp �2�
where v is the initial velocity, k is a constant independent of protein
concentration and c is the initial concentration of monomeric protein
[20]. The value of p represents the number of molecules involved in
the formation of the nucleus.

3. Results and discussion

3.1. Structure formation of a synthetic L-roll
The synthetic L-roll polypeptide was completely soluble in a

bu¡er of low ionic strength or even in water. The molecular
mass determined by analytical ultracentrifugation was
Mr = 7420, very close to the calculated value of 6818 Da
(data not shown). However, as shown by a comparison of
CD spectra of the protein in bu¡er and 6 M guanidinium
hydrochloride (GdmCl) it did not possess any regular second-
ary structure (Fig. 2). Even the addition of millimolar concen-
trations of Ca2�, which is a speci¢c low-a¤nity ligand for this

type of L-roll, did not lead to structure formation. Only in the
presence of Ca2� and polyethylene glycol (PEG) as an unspe-
ci¢c stabilising agent a L-sheet structure could be induced
(Fig. 2). The absolute requirement of PEG for structure for-
mation was a ¢rst indication of the low intrinsic stability of
this structure.

Fig. 1. The parallel L-roll. A: One turn of the L-roll. Residues of
the ¢rst nine-residue motif are labelled G1, G2 etc. while the resi-
dues of the next motif have a prime, e.g. G1P, G2P. If G1 is at posi-
tion n in the sequence and G2 at position n+1, then G1P is at the
position n+9 and G2P at n+10 and so forth. Calciums are shown as
green balls. B: Two orthogonal views of the L-roll found in alkaline
protease from P. aeruginosa. Calciums are shown as green balls.
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The induced L-helix seemed to be comparable to that of the
respective parts of natural proteins from which it was de-
duced, since its ability to speci¢cally bind Ca2� was very sim-
ilar to that of adenylate cyclase toxin or of haemolysin which
bind Ca2� with a dissociation constant in the millimolar range
[15,16,21]. In the presence of 25% PEG the protein was half
saturated with Ca2� at about 3 mM (Fig. 3). It should be
noticed that this binding cannot be described by a dissociation
constant (the same holds for the data presented in the liter-
ature) since Ca2� binding was not reversible. Addition of
EDTA did not lead to a release of the ions (data not shown).
Furthermore, the molecular basis of Ca2� binding depends
not only on binding but also on the induction of folding
and polymerisation of the protein (see below). Thus, thermo-
dynamic parameters characterising the interaction of Ca2�

ions with the L-roll protein could not be drawn from the
data. Nevertheless, the properties of apparent cooperative
Ca2� binding at millimolar concentrations were very similar
to that of haemolysin or adenylate cyclase toxin. Other ions
such as Mg2� or Tb2� were not bound by the peptide and as a
consequence did not induce the L-roll structure. Without

being a ¢nal proof this speci¢c Ca2� e¡ect at least suggests
a similar topology of the induced L-sheet structure as com-
pared to natural L-roll proteins.

In order to analyse the induction of structure in more detail
we measured the kinetics of folding. Surprisingly, this process,
monitored by far-UV CD, was characterised by a pronounced
lag phase followed by cooperative structure formation. The
overall kinetics showed a strong concentration dependence
(Fig. 4). After completion of folding no monomeric or dimeric
species could be observed by analytical ultracentrifugation
(data not shown). Thus, structure formation quantitatively
led to polymerisation of the protein. Variations of tempera-
ture and concentration of Ca2� and PEG in£uenced the ki-
netics of folding. However, in all cases tested folding and
polymerisation occurred simultaneously (data not shown).

Fig. 2. Structure formation of the synthetic L-roll. CD spectra of
the L-roll were measured after 12 h incubation at 20³C in 50 mM
Tris, pH 7, supplemented with 100 mM CaCl2 (a), 25% PEG 8000
(b), 6 M GdmCl (R) and 100 mM CaCl2, 25% (w/v) PEG 8000
(solid line), respectively. The protein concentration was 0.1 mg/ml,
light path 1 mm.

Fig. 3. Binding of Ca2� to the L-roll peptide. The L-roll peptide at
a concentration of 0.1 mg/ml in 50 mM Tris, pH 7, 25% PEG was
incubated at di¡erent concentrations of CaCl2 for 16 h at 20³C.
The CD signal at 220 nm was monitored.

Fig. 4. Kinetics of structure formation. Unstructured peptide (1 mg/
ml) in 50 mM Tris, pH 7 was diluted in Tris bu¡er with ¢nal con-
centrations of 100 mM CaCl2, 25% PEG and protein concentrations
of 50, 100, 125 and 150 Wg/ml. The time course of structure forma-
tion was measured by CD at 220 nm. The di¡erent starting values
of the kinetics represent the (not bu¡er-corrected) signal of dena-
tured protein at the respective concentrations.

Fig. 5. Polymerisation of the L-roll peptide. Folding of the peptide
at a concentration of 100 Wg/ml was induced by diluting it in 50 mM
Tris, pH 7, 100 mM CaCl2, 25% PEG (curve a). After 50 min a
further 100 Wg/ml unstructured peptide was added and the kinetics
of structure formation determined (curve b). The solid line repre-
sents a ¢t to a single ¢rst-order reaction with a rate constant of
4.5U1033 s31. For comparison of the amplitude of both reactions
the CD data at 220 nm were normalised.
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3.2. Mechanism of polymerisation
The kinetics of structure formation characterised by a long

lag phase and a subsequent cooperative folding reaction in-
dicated a nucleated polymerisation process based on struc-
tured monomers with the nucleation as the rate-limiting
step. This was con¢rmed by analysing the e¡ect of preformed

structured L-roll on the kinetics of folding of unstructured
protein (Fig. 5). In the presence of already structured and
polymerised protein the folding kinetics of unfolded protein
occurred without a detectable lag phase. Instead, the folding
kinetics obeyed an apparent ¢rst-order reaction. Thus, the
preformed polymers acted as nucleation sites for the added
denatured protein.

A nucleation reaction is characterised by (i) a minimum
concentration necessary to start the reaction, (ii) the size of
the nucleus and (iii) the polymerisation rate. The minimum
concentration necessary to initiate the overall polymerisation
reaction was determined in two di¡erent ways. First the de-
pendence of the measured CD signal on the protein concen-
tration was analysed (Fig. 6A). The extrapolation yielded a
minimum protein concentration of ca. 9 Wg/ml necessary for
structure formation. In another approach the length of the lag
phase was measured with respect to protein concentration.
The lag phase was de¢ned as the time in which only a linear
change in the CD signal over time was observed. Extrapola-
tion of this relation according to Eq. 1 showed that at 15 Wg/
ml the time of the lag phase became in¢nite (Fig. 6B) which
means below a protein concentration of 15 Wg/ml no folding
and polymerisation would occur.

The lag phase of the time course of folding also contains
information on the size of the nucleus of polymerisation. The
initial rate of structure formation in the lag phase depends on
the protein concentration. According to Eq. 2 a double loga-
rithmic plot of the initial rate versus protein concentration
should result in a straight line with a slope characterising
the size of the nucleus. The analysis of the data is shown in
Fig. 6C. From the slope of this curve the size of the nucleus
was calculated to be three monomers.

These results indicate that the protein designed on the basis
of the consensus sequence of several L-roll motifs is able to
form a L-helix. In this ¢rst approach, however, intramolecular
interactions are too weak to stabilise this structure in the
monomeric state. In the presence of stabilising additives poly-
merisation is not only a dominant side reaction but instead
the analysis of the nucleation reaction suggests that intermo-
lecular interactions are essential to stabilise the L-roll. Re-
cently, for another L-helix protein, the P22 tailspike protein,
it was demonstrated that the polymerisation of folding inter-
mediates leads to the formation of amyloidogenic ¢brils [22].
Therefore, we investigated whether or not in our case the
aggregates were amyloidogenic. Neither by Congo red stain-
ing nor by electron microscopy could speci¢c ¢brillar aggre-
gates be observed (data not shown).

In summary, the synthetic parallel L-roll behaves in a sim-
ilar manner as the isolated domains from B. pertussis adenyl-
ate cyclase toxins or E. coli haemolysin. The calcium binding
in the millimolar range is of the same order. The synthetic
protein is characterised by a strong tendency to polymerise in
the presence of stabilising additives. The intermolecular inter-
actions caused by polymerisation are essential to stabilise the
L-roll structure in this designed peptide. A reason for the only
marginal stability of the folded state of the synthetic L-roll
could be a sub-optimal consensus sequence NH2-WLS-
[GGSGNDNLS]8-COOH used in this study. Sequence align-
ment of 124 nine-residue motifs GGXGXDXXX revealed that
the ideal consensus sequence would be GGAGNDILV. Espe-
cially in position 7 no asparagines are found at all in the data
base but rather residues with higher L-sheet propensities [23],

Fig. 6. Characterisation of the nucleation process. Structure forma-
tion of the L-roll peptide at di¡erent protein concentrations was in-
duced as described in Fig. 4. A: The amplitude of the CD signal at
220 nm is plotted against the protein concentration. A linear extrap-
olation of the data indicate that below 9 Wg/ml no amplitude and,
therefore, no folding would be detected. B: The duration of the lag
phase of folding was analysed with respect to protein concentration.
A ¢t of the data according to Eq. 1 showed that below 15 Wg/ml
the time of the lag phase reaches in¢nity. C: The initial rate of fold-
ing was analysed dependent on the protein concentration. The slope
p in a double logarithmic plot corresponds to the number of mole-
cules in the nucleus. The ¢t yielded a value of p = 3.27.
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namely Ile (16.1%) or Thr (14.5%), Phe (11.3%) and Tyr
(10.5%). In position 9, Ser is present only in 3.2% of all cases,
but Val (16.9%), Tyr (10.5%), aspartate (12.1%) and gluta-
mate (11.3%) dominate. Also in position 3 Ser (7.3%) is dis-
favoured compared to Ala (21.0%). The other positions are
optimally occupied in our current sequence.

Despite the sub-optimal sequence used in this study a L-roll
structure could be induced in the polypeptide, similar to the
structure of natural L-roll proteins. These results are quite
encouraging to design a new polypeptide with an optimal
consensus sequence.
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