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The ABRI peptide is involved in the neurodegenerative disease Familial British Dementia, which has its origin in the misfolding
of the peptide. Characterizing the most probable conformations of the monomer in solution can provide insights as how mis-
folding could occur in the steps prior to aggregation. Specifically, we analyzed the structural effects caused by the formation
of a single disulfide bond, which has been reported to be important in the amyloid assembly1–4. We used all-atom molecular
dynamics simulations with an enhanced sampling technique to obtain the lowest free energy conformations for two cases:the
peptide with and without the disulfide bond between residues5Cys and 22Cys. Whereas bulk measurements on the conforma-
tions agree with experiments by elucidating ABRI as a disordered peptide. We find remarkable differences at the microscopic
level between the most probable structures, with the disulfide bond the peptide is compact andα-helical, without the bond it is
partially extended with slightβ -bridges.

1 Introduction

Familial British Dementia (FBD) is a neurodegenerative dis-
ease which causes dementia and is similar to Alzheimer’s
and Parkinson’s disease, among others5. These diseases
are caused by the misfolding of a protein into a pathologi-
cal state, where it does not perform its biological function
and forms insoluble fibrillar amyloids, mostly in brain tis-
sue6. The cause of misfolding is still an open problem and
these diseases have no definite cure. Nevertheless, experi-
mental and therapeutic methods may be employed to further
our understanding of amyloid formation. Currently, antibod-
ies and inhibitors are successfully being used as preventa-
tive/therapeutic medicines5,7–9. Theory and computer sim-
ulations also provide detailed information concerning initial
states, nucleation steps to aggregation10–15, and the effects of
disulfide bonds on oligomers16,17.

The core peptide involved in FBD, denominated ABRI, is
quite small, only 34 amino acids, and has its origin in a single
nucleotide mutation of the stop-codon in the BRI gene that
generates a longer reading frame and adds 11 extra amino
acids to BRI218, a type II transmembrane protein. BRI2 is

† Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/
aDepartment of Theoretical Biophysics, Max Planck Institute of Biophysics,
60438 Frankfurt am Main, Germany. Fax: +49 (0) 69 6303-4502;Tel: +49
(0) 69 6303-0; E-mail: pilar.cossio@biophys.mpg.de.
b Instituto de F́ısica, Universidad de Antioquia, Calle 70 No. 52-21.
A.A.1226, Medellı́n, Colombia.
∗ Corresponding author: pilar.cossio@biophys.mpg.de

cleaved by the prohormone convertase furin19 and, in wild-
type conditions a soluble peptide of 23 amino acids is re-
leased. The mutated form of the ABRI peptide is deposited
in the extracellular membrane generating amyloid fibrils that
cause neuronal dysfunction and dementia18.

Earlier experimental studies established the importance of
the disulfide bond (SS-bond) formed between the peptide’s
residues 5Cys and 22Cys1–4,20, this bond can be either intra-
or inter-molecular depending on the environmental conditions.
Due to the peptide’s location in the extracellular tissue, a
first possibility is that the disulfide bond is intra-molecular.
However, in the absence of reducing agents, the bond might
be inter-molecular and may form disulfide-bonded multimer
amyloids. The aggregation effects of oxidized and reduced
ABRI (with and without the SS-bond, respectively) have been
studied, over long incubation times, for different pH and
molecular concentrations. These studies suggest that ABRI
aggregation and protofibril formation are very pH-dependent,
and at slightly basic pH (8-10) the 5Cys-22Cys disulfide bond
is scrambled leading to the formation of covalently linked
inter-molecular aggregates21. Circular dichroism (CD) mea-
surements show that, after prolongated incubation times (∼

weeks), both forms of reduced and oxidized ABRI have ten-
dencies to adoptβ -structure aggregates at neutral pH2,22, but
when identical studies were conducted with reducing agents
(such as 1 mM cysteine) the CD signal showed no peptide
precipitation indicating the importance of the disulfide bond
formation for aggregation23. For short incubation times (∼
minutes), CD experiments showed that the conformational
weighted average of oxidized ABRI is predominantly disor-
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dered at neutral pH21. However, robust structural character-
ization of the ABRI monomer is still lacking. Ideally, one
would like to obtain X-ray or NMR structures to character-
ize the structural ensemble prior to aggregation, unfortunately,
this is quite difficult mainly due to the peptide’s flexibility.
Several homology models of ABRI suggest a predominantβ -
sheet structure2,23 but they do not propose a proper confor-
mational ensemble or take into account the formation (or ab-
sence) of the disulfide bond.

In contrast to homology-based studies, we use molecular
dynamics (MD) simulations as a “microscope” into the atomic
world. Together with an enhanced sample method, we ob-
tain converged probability distributions of the configurations
of oxidized and reduced monomeric ABRI. We find substan-
tial differences between the most populated structures. Our
results indicate that the peptide without the disulfide bond,
which is mostly non-compact and flexible, is prone to have
initial β -content formation and could possibly be easier to ini-
tiate aggregation.

2 Methods

The initial conformation of the ABRI peptide, with primary
sequence EASNCFAIRHFENKFAVETLICSRTVKKNIIEEN
was built to a completely unfolded state using the xLeap tool
of the AMBER package24. The peptide was introduced in a
cubic-box of 321.42 nm3 (68.5Å per edge) with 10242 wa-
ter molecules. A large box permits the enhanced sampling
method to fully explore the conformational space, limited by
the protein adopting unfolded states. No extra ions were
needed to achieve electroneutrality. Periodic boundary con-
ditions were applied. The AMBER99sb**25 and TIP3P26

force fields were used for the protein and water molecules,
respectively. The particle-mesh Ewald method27 was used
for the long-range electrostatics with a cut-off of 0.9 nm, as
well as for the short-range neighbor list. The radius cut-off for
the Lennard-Jones potential was 1nm. Temperature coupling
was done through the Nosé-Hoover thermostat28,29, and the
Andersen-Parrinello-Rahman scheme30 was used for isotropic
pressure coupling to 1 bar. MD simulations ran with the Gro-
macs software31, the final time step was 2fs. Energy mini-
mization was ran for 100,000 steps at 0K, then the system was
heated to its final temperature, 300K, by increasing intervals
of 50K for 50ps each. MD equilibration was done for 10ns at
300K.

To avoid getting trapped in local energy minima, we used
an enhanced sampling method, bias exchange metadynamics
(BEM)32, to explore extensively the conformational space and
obtain the free energy population of the system. Since the ini-
tial configuration of the peptide was completely unfolded, and
our interest is to characterize it with and without the disulfide
bridge, we first performed a broad BEM simulation to obtain

conformations where the Cys residues were in contact (details
are provided in Supplementary Text). A conformation with
contacting 5Cys-22Cys was selected randomly from a wide
sample, and was the starting configuration of our two main
BEM studies, which differed only in the presence (or not) of
the disulfide bond. The SS-bond was represented as an addi-
tional harmonic-bond restraint over the two sulfur atoms ofthe
Cys residues with binding constant 10000 kJ and equilibrium
position at 2.5̊A. The simulation without the SS-bond had no
restraint over these atoms. All other parameters and initial
conditions were identical for both simulations. The PLUMED
package33 was used to run the BEM methodology. Both sim-
ulations, ran BEM over 12 replicas of the system, 11 of which
biased a differentΨ dihedral angle of the peptide, correspond-
ing to 6F, 8I, 10H, 12E, 14K, 16A, 18E, 20L, 23S, 25T, and
27K, with periodicity in [-π,π]. This collective variable (CV)
setup was chosen in a similar way to previous studies34. The
biasing Gaussians were deposited every steps of 10 ps, with
height of 1.5 kJ and width equal to the standard deviation of
the CV’s value in an unbiased MD run. Biasing potentials
were exchanged every 40ps following the BEM protocol32,35.
Each replica ran for 88ns, giving a total simulation time of
∼ 1µs for each of the BEM studies (with and without the SS-
bond).
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Fig. 1 Calculated free energy profiles ofΨ dihedral angles for the
first half (black line) and second half (red line) of the trajectories
after filling time of 35ns. Shown are profiles for residues 12GLU,
16ALA, 18GLU and 23SER for the setup without the disulfide bond.
The average profile within∼ 1kcal/mol of error is shown in blue.

The METAGUI tool36 was used to analyze the convergence
and obtain the lowest free energy conformations of the system.
Convergence was found after 35ns by analyzing the evolution
of the free energy profiles. As an example of convergence, in
Figure 1 we present the free energy profiles of several dihedral
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angles calculated for the first half (black line) and second half
(red line) of the trajectories after a filling time of 35ns, for the
setup without the SS-bond. Calculated profiles are very alike
within ∼ 1kcal/mol of error (blue line Figure 1), and similar
results were found for the other CVs and BEM simulations.
To obtain the lowest free energy structures, the BEM trajec-
tory frames were grouped into clusters in a collective vari-
able space37. 9 CVs corresponding to dihedral anglesΨ of
residues 6F, 8I, 10H, 12E, 14K, 16A, 18E, 20L, and 23S were
used for clustering with grid spacing of 1.04 rad and periodic-
ity in [-π,π]. Frames belonging to each cluster are structurally
similar within 3Ȧ of RMSD of the Cα atoms. The free en-
ergy of each cluster was estimated by a weighted-histogram
approach37,38. The analysis was done for two different filling
times and correlated free energies confirm the convergence of
the results (Suppl. Figure 1). Clustering and free energy anal-
ysis were identical for both disulfide bond studies.

3 Results

Figure 2 shows representative structures belonging to the most
populated cluster of the ABRI peptide in solution, for two dif-
ferent cases: BEM simulations with and without a disulfide
bond between residues 5Cys and 22Cys. We find that the most
probable structures for oxidized ABRI are compact with anα-
helix between residues 18 to 26, and hydrophobic residues are
mostly buried in the core of the peptide (left column Figure 2).
Two salt bridges are found between residues 14K-18E, and
2E-28K. In contrast, reduced ABRI structures are less com-
pact with aβ -bridge component, and hydrophobic residues
are slightly more exposed to the solvent (right column Figure
2). Sulfur atoms are at an average distance of 7.8Å, and a
salt-bridge is found between residues 9R and 32E. Both pep-
tide forms present a flexible region in their last 11 residues
(C-terminus), corresponding to the amino acids that are added
in the mutated protein form of patients with the FBD disease.
This flexibility might be due to the large number of charged
residues in the tail (5 out of 11).

To gain insight into the differences between the two most
probable states, in Figure 3 we plot the two-dimensionalφ ,Ψ
dihedral angle probability distribution (Ramachandran plot)
for oxidized and reduced ABRI . We find that the oxidized
form has its global maximum aroundφ ≈ −65◦,Ψ ≈ −45◦

which corresponds to theα-helical region, whereas reduced
ABRI has its maximum nearφ ≈ −70◦,Ψ ≈ 130◦ located
within the β -structure region of the Ramachandran plot (red
arrows in Figure 3). In Suppl. Figure 2 (top), for each dihedral
angle pair, we compare the values of these two distributions
by calculating the Z-score of their difference with respectto
the mean difference over the full set. P-values of the areas of
the Ramachandran plot at a threshold of 5% (two-tail) signif-
icance are shown Suppl. Figure 2 (bottom). Distinct features

Fig. 2 Lowest free energy cluster of the ABRI peptide with (left)
and without (right) the disulfide bond between residues 5Cys and
22Cys. Secondary structure content is shown asnew-cartoon
representation,α-helices are shown in violet andβ -sheets in yellow.
Hydrophobic residues are in transparent blue, and atoms of Cys
residues are shown as spheres. Two different views (A and B) are
shown for each.N andC indicate the peptide’s termini.

are found between theα-helical preference with the SS-bond
in comparison to theβ -like character when it is broken. Even
though the two distributions substantially differ, we notethat
most of the residues do not form secondary structure and have
no overall effect.

To further characterize the structural properties caused by
the effect of the disulfide bond on the most relevant states,
we calculated several observables, such as the radius of gyra-
tion, hydrophobic exposed surface area, and secondary struc-
ture content. We completed this analysis for the structures
belonging to the 20 lowest free energy clusters of each BEM
simulation. The average value of observableO is calculated
as< O >= ∑i Oie−Fi/kBT , wherei is the cluster index andFi

is the free energy of clusteri calculated with a WHAM ap-
proach (see Methods). We find notable differences between
the structural observables for the two simulations. Figure4A
shows the distribution of the solvent accessible surface area
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Fig. 3 Normalized probability distribution of theφ ,Ψ dihedral angle
(Ramachandran plot) for oxidized (top) and reduced (bottom)
ABRI. Arrows indicate global maximum for each distribution, and
the corresponding secondary structure element.

(SASA) of the hydrophobic residues of ABRI with and with-
out the SS-bond (black and blue distributions, respectively).
Hydrophobic residues of oxidized ABRI are less exposed to
the solvent than those in the reduced form, with average hy-
drophobic SASA of 13.21 and 14.45 nm2, respectively. This
is consistent with the fact that structures with the SS-bondare
more compact. Probability distributions of the radius of gy-
ration are shown in Figure 4B, average values are 1.01 and
1.13 nm, respectively for oxidized and reduced ABRI. In Fig-
ure 4C, we present the distribution of the average number
of residues in secondary structure, calculated with the DSSP
tool39. Oxidized ABRI has more residues in secondary struc-
ture elements than in the reduced form, with average values
of ∼ 6 and∼ 2 residues, respectively. This result also in-
dicates that, for both disulfide bond conformations, the sec-
ondary content is low with most residues unstructured. Inter-
estingly, residues in secondary elements areα-helical when
the SS-bond is formed whereas residues are predominantly
found inβ -bridges in the absence of the SS-bond (as shown in
Figure 2 and 3 for the most populated cluster). The breakage
of the disulfide bond could induce anα to β transition in the
initial steps of aggregation, as reported for other amyloido-
genic peptides40. This hypothesis should be confirmed with
accurate and convergent free energy calculations from the ox-
idized to the reduced folded state. However, to obtain prelim-
inary insights into the stability of theα-helical state in the lo-
cal thermodynamic basin, we performed several unbiased MD
simulations starting from the most probable conformation of

oxidized ABRI (left column Figure 2) with and without the
SS-bond. In Suppl. Figure 3A, we present the root-mean-
square-deviation (RMSD) from the initial configuration as a
function of time for three simulations each with or without the
disulfide bond. We find that if the disulfide bond is broken,
after∼ 8ns the configurations have a larger RMSD to the ini-
tial structure than in the oxidized form, indicating that there
is a less stable thermodynamic basin if no SS-bond is present.
This is also confirmed in Suppl. Figure 3B by comparing the
probability distributions of the RMSD after 20 ns of simula-
tion time in both ABRI forms.

So far we have described the microscopic picture of ABRI’s
conformational states, with small but notable differencesbe-
tween its most probable structures in oxidized or reduced
form. Ideally, one would like to compare these computational
results with a variety of experiments such as NMR and CD
spectroscopy of the peptide under the conditions simulated.
However, few experimental studies are available in these con-
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0 2 4 6 8
Average Num. of Residues with Secondary Structure 
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2
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Fig. 4 Probability distributions of theA) hydrophobic surface area
(nm2), B) radius of gyration (nm), andC) number of residues in
secondary structure content. Results for simulations of oxidized and
reduced ABRI are shown in black and blue colors, respectively.
Distributions are calculated over the 20 most probable clusters of
each simulation.
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ditions, mainly, because the purified ABRI peptide has limited
solubility in aqueous solution at neutral pH. This insolubil-
ity is mostly attributed to a high aggregation state of the dry
ABRI peptide (pre-existing “seed”) before dissolution. Never-
theless, in Ref.21 CD spectra of oxidized ABRI at 5µM con-
centration, pH 6.9 and 7.8, after 5min of incubation time are
presented. Both experimental spectra show a sharp minimum
around 198nm indicating a disordered-like conformation. We
used the DichroCalc41 program for calculating the theoreti-
cal CD spectra from the most probable ABRI configurations,
and also from several structural classes ofα, β and random-
coil PDB structures. Results are shown in Suppl. Figure 4.
We find that both ABRI forms present similar theoretical CD
spectra as those of random-coil/disordered proteins, and dif-
fer significantly from those ofα-helical orβ proteins. How-
ever, as mentioned in Refs.42,43 the parameters for calculat-
ing the CD spectra of random-coil proteins are not yet com-
pletely optimized and the sign of the peak is wrong (Suppl.
Figure 4). Thus, we are limited to only a qualitative compari-
son with both theory and experiments consistently suggesting
a predominantly disordered structure to the ABRI peptide un-
der the conditions simulated. These results are in agreement
with the low number of residues found in secondary structure
elements (Figure 4C).

Whereas a single bulk measurement presents a hazy picture
of ABRI as a random-coil, with our computational study we
demonstrated the importance of having a detailed microscopic
description to elucidate the differences between oxidizedand
reduced ABRI. The atomic picture suggests a possible initial
mechanism towards aggregation from anα-helical state into
β -forming structure when the disulfide bond is broken.

4 Conclusions

The intrinsic flexibility of the peptides involved in neurode-
generative diseases render their experimental characterization
quite difficult. Here, we used sophisticated computational
tools to obtain the conformational ensemble of the ABRI pep-
tide involved in Familial British dementia. Specifically, we
studied the effects of the formation, and absence, of a disulfide
bond between residues 5Cys and 22Cys. We find significant
differences between the most populated states of oxidized and
reduced ABRI. If the disulfide bond is formed, conformations
are compact, with anα-helical component and a hydropho-
bic core. Whereas when the disulfide bond is broken, the
main configurations are expanded, have more solvent exposed
hydrophobic residues, and have slightβ secondary structure
components. For both cases, with and without the SS-bond,
residues are mostly unstructured, and the last 11 amino acids
(those added in the mutated form) are very flexible. The re-
sults are consistent with the available experimental CD spec-
tra at similar conditions21, that suggest the early stages of

monomeric ABRI may be best characterized as disordered
peptide. Yet the detailed atomic description of the struc-
tural ensembles confirm the relevance of disulfide bonds in
amyloidogenic peptides3. Our analysis suggests that reduced
ABRI has a set of characteristics, such as exposed hydropho-
bic residues andβ -secondary structure, that have been sug-
gested to facilitate polymeric assembly and agglomeration5,44.
However, we have only structurally characterized monomeric
ABRI in solution, and further simulations of dimers, trimers
and multimers10, including all possible permutations of the
disulfide bonds (such as in Refs.16,17) are still needed to ob-
tain a clear idea of the general mechanism of amyloidogenesis.
Moreover, monitoring the effects of pyroglutamate residues20

might also be of fundamental relevance.
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