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We discuss two Monte Carlo studies based on a simple all-atoctel for proteins. The first
study explores the early aggregation steps @fié 22, an amyloid fibril-forming 7-residue
fragment of Alzheimer's 8 peptide. The other study deals with the mechanical and tlerm
unfolding of ubiquitin, a 76-residue protein that was siadin recent single-molecule constant-
force experiments.

1 Introduction

Protein aggregation into amyloid fibrils is a recurrent tleeim several human disorders,
including Alzheimer’s and Parkinson’s diseases)d there is evidence that amyloid struc-
tures can have a functional role, t@he mechanisms of amyloid formation are currently
being intensely investigated, both experimentally and bmputer simulations. These
studies are not limited to fibrillar aggregates; small agd&®s get more and more atten-
tion, because of findings that link soluble oligomers to paigy> A broad set of se-
guences is studied, from disease-associated proteinshigkélzheimer's AG peptide to
designed amyloid sequences like the hexapeptide STVIIE.

Here we discuss a study of small assemblies of thdragment AG;_22,%> which was
performed using an all-atom model with a simplified energyction. In addition, we dis-
cuss a study of the mechanical and thermal unfolding of utiig® ’ based on exactly the
same model. This model was developed through folding ssunfi@ set of well charac-
terized peptide&,? includinga-helical as well ag-sheet peptides. For these peptides, the
model was found to give a good description of both structngethermodynamic$.

Mechanical unfolding has been studied experimentallyasthgle-molecule level for
several proteins. These studies have provided valuahghiissinto the elastic properties
of, e.g., the muscle protein titif:* Typically, these experiments focus on the extension-
versus-force behavior. Computer simulations have thenpiat¢o provide information not
captured by the experiments, and thereby give a more coenpieture of the unfolding
process.

2 Model and Methods

The model we use contains all atoms of the protein chaing direg hydrogen atoms,
but no explicit water molecules. It assumes fixed bond les)gtlbhnd angles and peptide
torsion angles80°), so that each amino acid only has the Ramachandran tonsglasa
¢, ¥ and a number of side-chain torsion angles as its degreesaxfdm.
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The energy function
E = FEioc+ Eev+ Enp + Ehp (1)

is composed of four terms. The terBy is local in sequence and represents interactions
between adjacent backbone dipoles along the chain. Thetbtiee terms are non-local in
sequence. The excluded volume teffigy is a1 /712 repulsion between pairs of atomS,,
represents two kinds of hydrogen bonds: backbone-backibonds and bonds between
charged side chains and the backbone. The lastiggmepresents an effective hydropho-
bic attraction between non-polar side chains. It is a singalewise additive potential
based on the degree of contact between two non-polar sideschfadetailed description

of all the different terms can be found elsewhgfe.

Despite its simplicity, this energy function is able to feleverak-helical ands-sheet
peptides with about 20 amino aciti©ne type of interaction that the model neglects is the
Coulomb interaction between charged side chains. For d peyatide, these charges tend
to be exposed to, and therefore screened by the solvent. dol&é¢o study larger proteins
and protein aggregates, we expect that it will be neceseagfine the energy function to
take into account, e.g., the interactions between sidarcharges.

All our studies were carried out using PROFASIwvhich is a Monte Carlo software
package for simulations of this model.

Let us stress that the amino acid sequence is the only inghetmodel. All model
parameters were thus kept the same in our different studies.

3 ApBi6_22 Aggregation

A characteristic “crosg”’ X-ray fiber diffraction pattern reveals that the core sttuwe

of amyloid fibrils is composed of-sheets whose strands run perpendicular to the fibril
axis®® For AB3¢_o fibrils, it has been found, by solid-state NMR, that thetrands have
an antiparallel organizatiol:*> The A3;6_22 sequence (Ac-KLVFFAE-NK) consists of
five inner residues that are hydrophobic, and two end resithag are oppositely charged.
Coulomb interactions between such charges provide a gessiplanation for the antipar-
allel g-strand organization in Byg_oo fibrils.

Computer simulations of Big_22 aggregation have been reported by several
groupg®% In our calculations, we studied systems of one, three ané 8is_22 pep-
tides. The simulations were started from random configomatiand the energy function
was exactly the same as in our folding studies.

The isolated M16_22 peptide turned out to be disordered in our simulations. The
three- and six-chain systems, on the other hand, self-ddsdnmto orderedg-strand-rich
aggregates. There was no single dominating free-energynuin, but rather a number of
more or less degenerate minima. Fig. 1 shows two snapshstebfminima.

The-strand organization in these structures is interestimgesbur model neglects the
interactions between charged side chains, which might g@oresible for the antiparallel
organization seen in Bys_ oo fibrils. A detailed analysis showed that mixed configuragion
with both parallel and antiparallgl-strand pairs were common in our simulations, but
nevertheless there was a clear statistical preferencééoarntiparallel organization over
the parallel one. Our model thus favors the antiparallebpization despite that these
Coulomb interactions are neglected. This, of course, doemean that these interactions
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Figure 1. Two typical low-energy structures from our sintiolas of six A316_22 peptides: a five-strandeg-
sheet (left), and two three-strandgdsheets “sandwiching” several of their hydrophobic sidairch between
them (right). Drawn with RasMd1®

are unimportant, but it suggests that other factors (eyglrdgen bond geometry) play
a significant role, too. We also did some simulations withaatton/repulsion between
unlike/like side-chain charges. Not unexpectedly, thistie an increased preference for
the antiparallel organization.

A configuration type that did not occur at all in these simolas was closed barrel-
like structures. For this sequence, it seems that six clamsot enough to permit the
formation of such structures. By contrast, we have seerotfmedtion of closed barrel-like
structures in simulations for nine#s_22 peptides.

4 Mechanical and Thermal Unfolding of Ubiquitin

Ubiquitin is a 76-residue./ 5 protein, whose unfolding and refolding properties havenbee
extensively studied experimentafly.Its native structure contains arhelix and a five-
stranded3-sheet (see Fig. 2).

The mechanical unfolding of ubiquitin was recently invgated by the Fernandez
group by single-molecule methoé&2° One study examined the unfolding behavior under
a constant stretching force, using end-to-end linked duityuitin 2> Here, the time evolu-
tion of the end-to-end distaneewas followed, and a total of about 800 unfolding traces
were collected. In most cases, unfolding occurred in ong, diat several examples of
unfolding through intermediate states were also observid.size of the unfolding step
to the typical intermediate state was consistent with wiatwould expect if thex-helix
and the N-terminaB-hairpin (A and B in Fig. 2) remain folded in this state, whesehe
rest of the molecule is unfolded. Interestingly, these timoctures have been found to be
the most stable ones in several different experiments atfpece?!

We studied the unfolding of ubiquitin under a constant shigig force using the same
strengths of the applied force as in the experiments (L0A@RpN and 200 pN}® The
energy function wasly = FE — f 7, where the internal energy is the same as before
(see Eq. 1)fis the applied force, andis the end-to-end vector. Because of the existence
of multiple unfolding pathways, we performed a set of 500srfar each force.

As in the experiments, we saw both one-step unfolding andldimig through interme-
diate states in our simulations. Furthermore, properties ss the size of the unfolding
step, the frequency of occurrence of intermediate state$ tlee position of the typical
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Figure 2. The native structure of ubiquitin with our labets §econdary-structure elements, A-E. Left: A 3D
model (PDB code 1d3z, first modé) drawn with RasMoE° Right: The organization of thg-sheet.

intermediate state were all found to be in reasonable agreewith experimental data.
Having verified these properties, we performed more detaileasurements which, in
particular, aimed at characterizing the typical interrnageistate.

For this purpose, we investigated the order of breaking ef$acondary-structure ele-
ments, labeled A—E (see Fig. 2). The structure A isdkweelix, whereas B—E are the four
pairs of adjacent strands in the five-strandiesheet. To determine the order of breaking,
the native hydrogen bonds in these structures were moditts@ function of the end-to-
end distance (r increased essentially monotonically with time). Fig. 3 suamizes the
results of this analysis, at 100 pN. From this figure it is india&ely clear that the structures
A-E do not break in a random order but instead in a statifigmeferred order, namely
CBDEA. C and B tend to break below the typiedfor intermediate states;,; ~ 12 nm,
whereas D, E and A tend to break abayg. Our results thus suggest that the typical
intermediate is composed of D, E and A rather than A and B.

Fig. 3 shows averages over all events, and therefore dodslhbbw strong the sta-
tistical preference is for the unfolding order CBDEA. To @stigate this, we also did an
event-by-event analysis, and found that 61 % of the evefitsffed the unfolding pathway
CBDEA. Another 23 % of the events had the order of B and D apybrinterchanged,
the path being CDBEA. In these events, B does unfold befotmiDpartially reforms after
D is gone. The partial refolding of B is not a step back towduel native state, because
when B reforms, D is gone, andis larger. Hence, 84 % of the events followed the same
basic pathway.

Several aspects of this calculated unfolding order can benstood in terms of native
topology and pulling geometry. That C breaks first is indMia the other parts cannot
sense the force until C is broken. The native state is mechlyiresistant because C is
pulled longitudinally, so that several hydrogen bonds niwstk at the same time. Once
C is gone, nothing keeps B from unzipping, one bond at a tim&zipping requires less
force than separation by longitudinal pulling. Therefdreeems reasonable that B breaks
soon after C, as it did in our simulations.

That B breaks early implies that ubiquitin shows a differbahavior in these sim-
ulations than in various experiments at zero force. In paldr, there are experiments
suggesting that B along with A are the thermally most stahléspf ubiquitin?®2” There-
fore, one must ask whether one actually sees a differenegbatmechanical and thermal
unfolding in our model. To address this question, we pertatra set of 800 thermal un-
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Figure 3. Frequency of occurrence of native hydrogen bamdse structures A—E against end-to-end distance.
Each curve represents an average over all the native hyaigels in a given structure and over all events.

folding simulations at a fixed temperaturén a majority of these events, A and B unfolded
after C and D (E was not analyzed due to noisy data), whicheiddgin agreement with
the experiments. The agreement with experimental dataeiriitbrmal case strengthens
our proposed mechanical unfolding order, which remainstoedsified experimentally.

Acknowledgments

We thank Sandipan Mohanty for useful discussions. Thiglarts based on work sup-
ported in part by the Swedish Research Council.

References

1.

2.

For a review, see C. M. Dobsohhe structural basis of protein folding and its links
with human diseasé>hil. Trans. R. Soc. Lond 356, 133-145 (2001).

D. M. Fowler, A. V. Koulov, C. Alory-Jost, M. S. Marks, W. Balch, and J. W. Kelly,
Functional amyloid formation within mammalian tiss&0S Biol. 4, e6 (2006).

. S. Lesng, M. T. Koh, L. Katilinek, R. Kayed, C. G. Glabe, Yang, M. Gallagher,

and K. H. AsheA specific amyloid3 assembly in the brain impairs memoiature
440, 352—-357 (2006).

. M. Lbpez de la Paz and L. Serraisgquence determinants of amyloid fibril formation

Proc. Natl. Acad. Sci. USAOQ1, 87-92 (2004).

. G. Favrin, A. Irback, and S. Mohani@ligomerization of amyloid Bys_22 peptides

using hydrogen bonds and hydrophobicity ford&®phys. J87, 3657-3664 (2004).

. A. Irback, S. Mitternacht, and S. Mohanfissecting the mechanical unfolding of

ubiquitin, Proc. Natl. Acad. Sci. USA02, 13427-13432 (2005).

. A. Irback and S. Mitternachf,hermal versus mechanical unfolding of ubiquitio

appear in Proteins.

. A. Irback, B. Samuelsson, F. Sjunnesson, and S. Walliermodynamics af- and

(-structure formation in protein®Biophys. J85, 1466-1473 (2003).

. A.Irback and S. Mohantyrolding thermodynamics of peptid&iophys. J88, 1560—

1569 (2005).

19



10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

. M. Rief, M. Gautel, F. Oesterhelt, J. M. Fernandez, an& Hsaub,Reversible un-
folding of individual titin immunoglobulin domains by AFBcience76,1109-1112
(1997).

M. S. Z. Kellermayer, S. B. Smith, H. L. Granzier, and C.sBunentefolding-
unfolding transitions in single titin molecules charadted by laser tweezerSci-
ence276,1112-1116 (1997).

A. Irback and S. MohantffROFASI: a Monte Carlo simulation package for protein
folding and aggregatioto appear in J. Comp. Chem.

M. Sunde and C. Blak&he structure of amyloid fibrils by electron microscopy and
X-ray diffraction Adv. Protein Chem50, 123-159 (1997).

J. J. Balbach, Y. Ishii, O. N. Antzutkin, R. D. Leapman,W. Rizzo, F. Dyda, J.
Reed, and R. TyckoAmyloid fibril formation by &,5_22, a seven-residue fragment
of the Alzheimer's3-amyloid peptide, and structural characterization by ddadtate
NMR, Biochemistry39, 13748-13759 (2000).

D. J. Gordon, J. J. Balbach, R. Tycko, and S. C. Mereltitmeasing the amphiphilic-
ity of an amyloidogenic peptide changes theheet structure in the fibrils from an-
tiparallel to parallel, Biophys. J86, 428-434 (2004).

B. Ma and R. Nussino@tabilities and conformations of Alzheimefsamyloid pep-
tide oligomers (8622, AG16—35, and AG1o_35): sequence effegtBroc. Natl. Acad.
Sci. USA99, 14126-14131 (2002).

D. K Klimov and D. ThirumalaiPissecting the assembly of3fs_»> amyloid pep-
tides into antiparallel3 sheetsStructurell, 295-307 (2003).

S. Santini, N. Mousseau, and P. Derreumduaxsilico assembly of Alzheimer’s
AB16_22 peptide intg3-sheetsJ. Am. Chem. So&26, 11509-11516 (2004).

S. Gnanakaran, R. Nussinov, and A.E. GarAtamic-level description of amyloid
B-dimer formation J. Am. Chem. Socl128 2158-2159 (2006).

R. A. Sayle and E. J. Milner-White, RasMol: biomolecwudaaphics for all, Trends
Biochem. Sci20, 374-376 (1995).

For a review, see S. E. Jacksttiquitin: a small protein folding paradigmOrg.
Biomol. Chem 4, 1845-1853 (2006).

G. Cornilescu, J. L. Marquardt, M. Ottiger, and A. B¥alidation of protein structure
from anisotropic carbonyl chemical shifts in a dilute cajhe phaseJ. Am. Chem.
Soc.120 6836—6837 (1998).

M. Carrion-Vazquez, H. Li H, H. Lu, P. E. Marszalek, A. Fo@hauser, and J. M.
FernandezThe mechanical stability of ubiquitin is linkage dependédt. Struct.
Biol. 10, 738-743 (2003).

J. M. Fernandez and H. Lkprce-clamp spectroscopy monitors the folding trajectory
monitors the folding trajectory of a single proteiicience803 1674-1678 (2004).
M. Schlierf, H. Li, and J. M. Fernandekhe unfolding kinetics of ubiquitin captured
with single-molecule force-clamp techniqué&soc. Natl. Acad. Sci. USAO0],
7299-7304 (2004).

F. Cordier and S. Grzesiekemperature-dependence of protein hydrogen bond prop-
erties as studied by high-resolution NMR Mol. Biol. 317, 739752 (2002).

H. S. Chung, M. Khalil, A. W. Smith, Z. Ganim, and A. Toknadflk Conformational
changes during the nanosecond-to-millisecond unfoldihghaquitin, Proc. Natl.
Acad. Sci. USA102 612-617 (2005).

20



