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The ABRI peptide is involved in the neurodegenerative disdgamilial British Dementia, which has its origin in the foiding

of the peptide. Characterizing the most probable confaonatof the monomer in solution can provide insights as hog+ mi
folding could occur in the steps prior to aggregation. Sfmdly, we analyzed the structural effects caused by thenéion

of a single disulfide bond, which has been reported to be itapbin the amyloid assembly*. We used all-atom molecular
dynamics simulations with an enhanced sampling technigudbtain the lowest free energy conformations for two cafies:
peptide with and without the disulfide bond between residi@@gs and 22Cys. Whereas bulk measurements on the conforma-
tions agree with experiments by elucidating ABRI as a diemrd peptide. We find remarkable differences at the micpisco
level between the most probable structures, with the didRilfiond the peptide is compact amehelical, without the bond it is
partially extended with slighB-bridges.

1 Introduction cleaved by the prohormone convertase ftitiand, in wild-
type conditions a soluble peptide of 23 amino acids is re-

Familial British Dementia (FBD) is a neurodegenerative dis leased. The mutated form of the ABRI peptide is deposited

ease which causes dementia and is similar to Alzheimer's the extracellular membrane generating amyloid fibrikst th

and Parkinson’s disease, among otfiersThese diseases cause neuronal dysfunction and demettia

are caused by the misfolding of a protein into a pathologi-

cal state, where it does not perform its biological function

ange fo_lr_rr?s msolubl;a f'.b:c'”%r. amylo![q”s, mostly in bbrlaln t's'd residues 5Cys and 22C¥%-? this bond can be either intra-
Sue- € cause of mistolding IS Sl an open problem and , ;e molecular depending on the environmental cooddi

these diseases have no definite cure. Nevertheless, €XPeHue to the peptide’s location in the extracellular tissue, a

mental and therapeutic methods may be employed to furth%st possibility is that the disulfide bond is intra-moleaul

our unde_rstquing of amyloid formatioq. Currently, antbo However, in the absence of reducing agents, the bond might
€S and |nh|b|.tors ar'e'succgssfully being used as prgvent%e inter-molecular and may form disulfide-bonded multimer
t|ve/_therapeut|c m_edlcmés?_ ' _Theory _and comput_er Sim- amyloids. The aggregation effects of oxidized and reduced
ulations also p_rowde detailed information concernindianhi ABRI (with and without the SS-bond, respectively) have been
s;ate; nucleation st(_aps to aggrega’tf’ohﬁ and the effects of studied, over long incubation times, for different pH and
d"?’:'de bonds (t)g OI.'goTe%?. ' FBD. d inated ABRI. i molecular concentrations. These studies suggest that ABRI
it € cor”e pelp '32 involve .'3 d he”?tm'”‘?‘_e . . 'T aggregation and protofibril formation are very pH-depemden
quite smal, only 52 amino acids, and has Its ongin in a |NG1 , 4 4t gjightly basic pH (8-10) the 5Cys-22Cys disulfide bond

nucleotide mutation of the stop-codon in the BRI gene th"ﬁs scrambled leading to the formation of covalently linked

gi%ir?éegsl Z!Lc;n%e{ riaﬁ'?g:;?n”;?nz?gn:dd;ti; exéréll ;T;'qﬁter—molecular aggregatés Circular dichroism (CD) mea-
atyp P ' surements show that, after prolongated incubation times (
T E | . €s) able: et of weeks), both forms of reduced and oxidized ABRI have ten-
Electronic Supplementary Information (ESI) available: &ilet of any ; _
supplementary information available should be included Jhefgee DOI: denC|e_s to ‘?‘dom St!’ucture aggregates at neUtral ?pﬂ but
10.1039/b000000X/ when identical stud|e§ were conduqted with reducing agents
aDepartment of Theoretical Biophysics, Max Planck Institat Biophysics, ~ (such as 1 mM cysteine) the CD signal showed no peptide
?(%fggggkéugam _'I\/la',?y Gefmafngaﬁ +49 (0)d69 6303-450@t: +49  precipitation indicating the importance of the disulfidentdo
-0; E-mail: pilar.cossio@biophys.mpg.de. : - : : -

b Instituto de Fsica, Universidad de Antioquia, Calle 70 No. 52-21. fo_rmatlon for aggreg_atlo%?. For short incubation tlmes\(_
A.A.1226, Medeih, Colombia. mlr_lutes), CD experiments showed _that the c_onforma_nonal
* Corresponding author: pilar.cossio@biophys.mpg.de weighted average of oxidized ABRI is predominantly disor-

Earlier experimental studies established the importaiice o
the disulfide bond (SS-bond) formed between the peptide’s
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dered at neutral pA. However, robust structural character- conformations where the Cys residues were in contact (detai
ization of the ABRI monomer is still lacking. ldeally, one are provided in Supplementary Text). A conformation with
would like to obtain X-ray or NMR structures to character- contacting 5Cys-22Cys was selected randomly from a wide
ize the structural ensemble prior to aggregation, unfatiely, sample, and was the starting configuration of our two main
this is quite difficult mainly due to the peptide’s flexibylit BEM studies, which differed only in the presence (or not) of
Several homology models of ABRI suggest a predomitfiant  the disulfide bond. The SS-bond was represented as an addi-
sheet structurg?? but they do not propose a proper confor- tional harmonic-bond restraint over the two sulfur atomthef
mational ensemble or take into account the formation (or ab€ys residues with binding constant 10000 kJ and equilibrium
sence) of the disulfide bond. position at 2.3. The simulation without the SS-bond had no
In contrast to homology-based studies, we use molecularestraint over these atoms. All other parameters and linitia
dynamics (MD) simulations as a “microscope” into the atomicconditions were identical for both simulations. The PLUMED
world. Together with an enhanced sample method, we obpackagé® was used to run the BEM methodology. Both sim-
tain converged probability distributions of the configisas  ulations, ran BEM over 12 replicas of the system, 11 of which
of oxidized and reduced monomeric ABRI. We find substan-biased a differen¥ dihedral angle of the peptide, correspond-
tial differences between the most populated structures: Oung to 6F, 81, 10H, 12E, 14K, 16A, 18E, 20L, 23S, 25T, and
results indicate that the peptide without the disulfide hond 27K, with periodicity in [41,71]. This collective variable (CV)
which is mostly non-compact and flexible, is prone to havesetup was chosen in a similar way to previous stutfiehe
initial B-content formation and could possibly be easier to ini-biasing Gaussians were deposited every steps of 10 ps, with

tiate aggregation. height of 1.5 kJ and width equal to the standard deviation of
the CV’s value in an unbiased MD run. Biasing potentials
2 Methods were exchanged every 40ps following the BEM protdédP.

Each replica ran for 88ns, giving a total simulation time of
The initial conformation of the ABRI peptide, with primary "~ 1HS for each of the BEM studies (with and without the SS-
sequence EASNCFAIRHFENKFAVETLICSRTVKKNIIEEN Pond).
was built to a completely unfolded state using the xLeap tool
of the AMBER packagé&". The peptide was introduced in a
cubic-box of 321.42 nf(68.5A per edge) with 10242 wa- 10
ter molecules. A large box permits the enhanced sampling 0
method to fully explore the conformational space, limited b
the protein adopting unfolded states. No extra ions were
needed to achieve electroneutrality. Periodic boundarny co
ditions were applied. The AMBER99sb?® and TIP3F
force fields were used for the protein and water molecules,
respectively. The particle-mesh Ewald metRbavas used
for the long-range electrostatics with a cut-off of 0.9 nm, a
well as for the short-range neighbor list. The radius ctifayf
the Lennard-Jones potential was 1nm. Temperature coupling
was done through the NesHoover thermost&#2°, and the 20
Andersen-Parrinello-Rahman schethwas used for isotropic 30
pressure coupling to 1 bar. MD simulations ran with the Gro-
macs softwaré!, the final time step was 2fs. Energy mini-
mization was ran for 100,000 steps at OK, then the system wasig. 1 Calculated free energy profiles Wfdihedral angles for the
heated to its final temperature, 300K, by increasing interva first half (black line) and second half (red line) of the trajectories
of 50K for 50ps each. MD equilibration was done for 10ns atafter filling time of 35ns. Shown are profiles for residues 12GLU,
300K. 16ALA, 18GLU and 23SER for the setup without the disulfide bond.

To avoid gett|ng trapped in local energy minima, we usedThe average profile within- 1kcal/mol of error is shown in blue.

an enhanced sampling method, bias exchange metadynamics
(BEM)?32, to explore extensively the conformational space and The METAGUI tool*® was used to analyze the convergence
obtain the free energy population of the system. Since the in and obtain the lowest free energy conformations of the syste
tial configuration of the peptide was completely unfoldedj a Convergence was found after 35ns by analyzing the evolution
our interest is to characterize it with and without the disiel  of the free energy profiles. As an example of convergence, in
bridge, we first performed a broad BEM simulation to obtainFigure 1 we present the free energy profiles of several dithedr
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angles calculated for the first half (black line) and secaafl h ; ;
(red line) of the trajectories after a filling time of 35nst, fhe With SS-bond Without SS-bond
setup without the SS-bond. Calculated profiles are vergalik '
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 spacé’. 9 CVs corresponding to dihedral anghésof
residues 6F, 8l, 10H, 12E, 14K, 16A, 18E, 20L, and 23S were
used for clustering with grid spacing of 1.04 rad and pededi
ity in [- 77,71]. Frames belonging to each cluster are structurally
similar within 3A of RMSD of the G, atoms. The free en-
ergy of each cluster was estimated by a weighted-histograr
approacl”38 The analysis was done for two different filling
times and correlated free energies confirm the convergehnce |
the results (Suppl. Figure 1). Clustering and free energy-an
ysis were identical for both disulfide bond studies.

3 Results

Figure 2 shows representative structures belonging to tst m
populated cluster of the ABRI peptide in solution, for twé di
ferent cases: BEM simulations with and without a disulfide
bond between residues 5Cys and 22Cys. We find that the mo
probable structures for oxidized ABRI are compact withoan
helix between residues 18 to 26, and hydrophobic residees al
mostly buried in the core of the peptide (left column Figure 2 . )
Two salt bridges are found between residues 14K-18E, anf'9: 2Lowest free energy cluster of the ABRI peptide with (left)
2E-28K. In contrast, reduced ABRI structures are less Com{;md without (right) the disulfide bond between residues 5Cys and

t with brid i d hvdrobhobi id 22Cys. Secondary structure content is showneag-cartoon
pact with aj3-bridge component, and hydrophobic resi ueSrepresentatiornr-helices are shown in violet argtsheets in yellow.

are slightly more exposed to the solvent (right column Fegur yqrophobic residues are in transparent blue, and atoms of Cys

2). SL_J”UF atoms are at an average distance 8A7and a  yesidues are shown as spheres. Two different views (A and B) are
salt-bridge is found between residues 9R and 32E. Both pegshown for eachN andC indicate the peptide’s termini.

tide forms present a flexible region in their last 11 residues
(C-terminus), corresponding to the amino acids that are@dd
in the mutated protein form of patients with the FBD diseaseare found between the-helical preference with the SS-bond
This flexibility might be due to the large number of chargedin comparison to th@-like character when it is broken. Even
residues in the tail (5 out of 11). though the two distributions substantially differ, we ndtat

To gain insight into the differences between the two mostmost of the residues do not form secondary structure and have
probable states, in Figure 3 we plot the two-dimensign¥i  no overall effect.
dihedral angle probability distribution (Ramachandraat)l To further characterize the structural properties caused b
for oxidized and reduced ABRI . We find that the oxidized the effect of the disulfide bond on the most relevant states,
form has its global maximum aroung~ —65°,W ~ —45° we calculated several observables, such as the radius af gyr
which corresponds to the-helical region, whereas reduced tion, hydrophobic exposed surface area, and secondaig stru
ABRI has its maximum neap ~ —70°,% ~ 130 located ture content. We completed this analysis for the structures
within the B-structure region of the Ramachandran plot (redbelonging to the 20 lowest free energy clusters of each BEM
arrows in Figure 3). In Suppl. Figure 2 (top), for each dileédr simulation. The average value of observablaes calculated
angle pair, we compare the values of these two distributionsis< & >=5; oie Fi/ksT wherei is the cluster index an
by calculating the Z-score of their difference with respiect is the free energy of clustercalculated with a WHAM ap-
the mean difference over the full set. P-values of the aréas roach (see Methods). We find notable differences between
the Ramachandran plot at a threshold of 5% (two-tail) signif the structural observables for the two simulations. Figlke
icance are shown Suppl. Figure 2 (bottom). Distinct feaure shows the distribution of the solvent accessible surfaea ar

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-6 |3
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180 oxidized ABRI (left column Figure 2) with and without the
120 SS-bond. In Suppl. Figure 3A, we present the root-mean-
60 square-deviation (RMSD) from the initial configuration as a
0 function of time for three simulations each with or witholoet
disulfide bond. We find that if the disulfide bond is broken,
i -60 " - T after ~ 8ns the configurations have a larger RMSD to the ini-
8 -120 With SS-bond tial structure than in the oxidized form, indicating thagrté
& 180 # L # is a less stable thermodynamic basin if no SS-bond is present
2 120 | This is also confirmed in Suppl. Figure 3B by comparing the
B probability distributions of the RMSD after 20 ns of simula-
60 T tion time in both ABRI forms.
0 : So far we have described the microscopic picture of ABRI's
-60 . i conformational states, with small but notable differences
120 |- T Wi 2> i | tween its most probable structures in oxidized or reduced
L ithout SS-bond f . ,
=™ orm. Ideally, one would like to compare these computationa
-180 === 1 1 1 results with a variety of experiments such as NMR and CD
-180 -120 60 0 60 120 180 spectroscopy of the peptide under the conditions simulated

¢ (degrees) However, few experimental studies are available in thege co

Fig. 3 Normalized probability distribution of the,W dihedral angle
(Ramachandran plot) for oxidized (top) and reduced (bottom) A)
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 SSTbond.(bIack and. plue distributions, respegtjvel L L L L L

Hydrophobic residues c_>f oxidized ABRI are Igss exposed to Hydrophobic Surface Area (fn

the solvent than those in the reduced form, with average hy-

drophobic SASA of 13.21 and 14.45 Anrespectively. This B) — m— \With SS-bond

is consistent with the fact that structures with the SS-bemed === Without SS-bond

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®SS ‘ ‘ ‘ ‘ ‘ ‘

tool*®. Oxidized ABRI has more residues in secondary struc- 09 vl 12 L3 14
. . Radius of Gyration (nm)

ture elements than in the reduced form, with average values

of ~ 6 and~ 2 residues, respectively. This result also in- C)

dicates that, for both disulfide bond conformations, the sec

ondary content is low with most residues unstructured.rinte

estingly, residues in secondary elements @feelical when

the SS-bond is formed whereas residues are predominantly

found inB3-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 anto  transition in the 0 2 4 6 8

.. . . Average Num. of Residues with Secondary Structure

initial steps of aggregation, as reported for other amyloid

genic peptide®’. This hypothesis should be confirmed with Fig. 4 Probability distributions of thé) hydrophobic surface area

accurate and convergent free energy calculations fromxhe o (nm?), B) radius of gyration (nm), an@) number of residues in

idized to the reduced folded state. However, to obtainipreli secondary structure content. Results for simulations of oxidized and

inary insights into the stability of the-helical state in the lo- reduced ABRI are shown in black and blue colors, respectively.

cal thermodynamic basin, we performed several unbiased MDistributions are calculated over the 20 most probable clusters of

simulations starting from the most probable conformatibn o €ach simulation.

4| Journal Name, 2010, [vol] 1-6 This journal is © The Royal Society of Chemistry [year]
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ditions, mainly, because the purified ABRI peptide has Bahit monomeric ABRI may be best characterized as disordered
solubility in aqueous solution at neutral pH. This insolubi peptide. Yet the detailed atomic description of the struc-
ity is mostly attributed to a high aggregation state of the dr tural ensembles confirm the relevance of disulfide bonds in
ABRI peptide (pre-existing “seed”) before dissolutionMde  amyloidogenic peptidels Our analysis suggests that reduced
theless, in Ref! CD spectra of oxidized ABRI atfBV con-  ABRI has a set of characteristics, such as exposed hydropho-
centration, pH 6.9 and 7.8, after 5min of incubation time arebic residues angB-secondary structure, that have been sug-
presented. Both experimental spectra show a sharp minimumgested to facilitate polymeric assembly and agglomerattén
around 198nm indicating a disordered-like conformatiom W However, we have only structurally characterized monoeneri
used the DichroCalf¢ program for calculating the theoreti- ABRI in solution, and further simulations of dimers, triraer
cal CD spectra from the most probable ABRI configurations,and multimers®, including all possible permutations of the
and also from several structural classesrof3 and random-  disulfide bonds (such as in Re¥é1%) are still needed to ob-
coil PDB structures. Results are shown in Suppl. Figure 4tain a clear idea of the general mechanism of amyloidogsnesi
We find that both ABRI forms present similar theoretical CD Moreover, monitoring the effects of pyroglutamate resife
spectra as those of random-coil/disordered proteins, &d d might also be of fundamental relevance.

fer significantly from those ofi-helical or proteins. How-

ever, as mentioned in Refg:*3 the parameters for calculat-

ing the CD spectra of random-coil proteins are not yet com-Acknowledgments

pletely optimized and the sign of the peak is wrong (Suppl.

Figure 4). Thus, we are limited to only a qualitative compari The authors acknowledge Dr. Gareth Bland for useful with
son with both theory and experiments consistently sugugsti the statistics and revising the manuscript. PC was supgorte
a predominantly disordered structure to the ABRI peptide unby the Max Planck society, and simulations were performed
der the conditions simulated. These results are in agreemem the Centro Regional de Simuléci y clculo Avanzado

with the low number of residues found in secondary structurd CRESCA) of the University of Antioquia.

elements (Figure 4C).

Whereas a single bulk measurement presents a hazy pictu
of ABRI as a random-coil, with our computational study we
demonstrated the importance of having a detailed micrascop 1
description to elucidate the differences between oxidened
reduced ABRI. The atomic picture suggests a possible lnitia 2
mechanism towards aggregation from @#helical state into
B-forming structure when the disulfide bond is broken.

4

5

4 Conclusions .

The intrinsic flexibility of the peptides involved in neuwd -
generative diseases render their experimental charzatier 8
quite difficult. Here, we used sophisticated computational

tools to obtain the conformational ensemble of the ABRI pep- ©
tide involved in Familial British dementia. Specificallyew
studied the effects of the formation, and absence, of afdisul
bond between residues 5Cys and 22Cys. We find significant;
differences between the most populated states of oxidiadd a

reduced ABRI. If the disulfide bond is formed, conformations 12
are compact, with amr-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 slighsecondary structure 15
components. For both cases, with and without the SS-bond,
residues are mostly unstructured, and the last 11 amine acid®
(those added in the mutated form) are very flexible. The ret
sults are consistent with the available experimental Cz-spe ;g
tra at similar condition&', that suggest the early stages of

10
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