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Energy landscape analysis of protein folding in an

off-lattice model

The protein folding is numerically analyzed in an off-lattice model in terms of potential energy landscape properties. Relevant landscape points (inherent structures, saddles) sampled by the system during the folding process are investigated. A landscape signature of the folding mechanism emerges. Complex systems (for which a potential energy function can be defined) are usually characterized by a very complex energy landscape [START_REF] Wales | Energy Landscapes[END_REF], with many local minima and stationary points, whose number is often exponentially large with the system size.

Naturally questions arise about the way such a landscape is explored. Are there relevant regions (for example associated to minima or saddles) visited by the system at fixed external parameters (as temperature or density)? Is there a characterization of such regions in terms of few observables which can be related to the complex behavior of the system? In the last decades positive answers to these questions have been obtained for a variety of interacting systems (from supercooled liquids and glasses to heteropolymers and proteins) indicating that the "landscape point of view" is a very useful tool for analyzing them [START_REF] Wales | Energy Landscapes[END_REF][START_REF] Debenedetti | [END_REF][3][4][5][START_REF] Leopold | Proc. Natl. Acad. Sci. USA[END_REF]. The problem is then to study the hypersurface defined by the total potential energy function V in a multidimensional space (the 3N -dimensional configurational space, with N the number of 3-dimensional interacting objects). More precisely, it would be interesting to obtain statistical information about the properties of the relevant points explored by the system and to relate these to possible critical behaviors (such a phase transitions, dynamical crossovers, polymer collapse, protein folding, . . . ). Here we apply the landscape viewpoint to the protein folding process [START_REF] Finkelstein | Protein Physics: A Course of Lectures[END_REF], focusing on the properties of generalized stationary points (minima and saddles) probed by the system during the exploration of the landscape.

The Model

The protein folding mechanism is studied numerically analyzing a coarse-grained off-lattice model protein. We consider a chain of N beads interacting with a potential energy which is a sum of four different terms,

V = V B + V A + V D + V N B , (1) 
where V B is an harmonic bond potential between nearest neighbors along the chain, V A is a bending potential defined by the angle between three adjacent beads, V D is a dihedral potential between planes defined by four adjacent beads, and V N B is a non-bonded potential term between all the non-neighbors beads [START_REF] Honeycutt | [END_REF][9][10]:

V B = N -1 i=1 kr 2 (|r i+1 -r i | -a) 2 , V A = N -2 i=1 kθ 2 (θ i -θ o ) 2 , V D = N -3 i=1 [A i (1 + cos φ i ) + B i (1 + cos 3φ i )], V N B = N -2 i=1 N j=i+2 4 C ij [( σ rij ) 12 -D ij ( σ rij ) 6 ]
, where r i the position vector of bead i, r ij = |r ij |, r ij = r i -r j , θ i the bond angle between r i,i+1 and r i+2,i+1 , φ i the dihedral angle between

n i = r i+1,i × r i+1,i+2 and n i+1 , k r = 100 /σ 2 , a = σ, k θ = 20 /rad 2 , θ o = 105 o .
Three different kind of aminoacids are considered, hydrophobic (B), hydrophilic (L) and neutral (N ). The last two potential energy terms are amino-acid dependent, with V D facilitating turn conformations when two or more neutral beads are present (A i = 0 and B i = 1.2 if at least two beads are neutral, A i = B i = 1.2 otherwise), and V N B being attractive for B -B interactions and repulsive otherwise (C ij = 1 and

D ij = 0 if i or j are neutral, C ij = 2/3 and D ij = -1 if i = L and j = L, B and viceversa, C ij = D ij = 1 if i = j = B).
Energy and length units are and σ respectively. We study a sequence of N = 22 amino-acids, LB 9 (N L) 2 N BLB 3 LB, which is known to form a β-sheet like native structure [9]. A Gō-like version [11] of the model is considered, which stabilizes the native-like contacts (only hydrophobic beads "in contact" in the native state interact through the V N B term). Performing standard molecular dynamics simulations, we started from random coil configuration at high temperature, followed by a slow quench in 5 • 10 8 total time steps [10]. Different equilibrium quantities were obtained as a function of T . A folding transition is observed at

T f 0.47 (2) 
signaled by a peak in the fluctuation of a suitable overlap function χ [START_REF] Camacho | Proc. Natl. Acad. Sci[END_REF], which measures the similarity of the sampled configuration at a given temperature and the native state. Also the specific-heat peak (associated to the collapse transition, from extended to non-native compact configuration) is located at this value, indicating that the considered model is a "good" folder [START_REF] Klimov | [END_REF]: when the protein collapses from an elongated conformation into a compact one, the latter is the native state.

Stationary Points of the Landscape

In order to explore the potential energy landscape we have determined the local minima and saddles close to thermal configurations visited by the system during the dynamic evolution at different temperatures. 2000 equilibrated configurations were collected at each temperature and, from these, minimizations of the total potential energy V and of the square forces |∇V | 2 have been performed respectively to locate minima and saddles. A collection of minima and saddles points has then been obtained at various T . Here we show their properties with respect to temperature change. The reported results are referred to a single simulation run, however a very similar behavior is obtained considering different runs.

Minima

Let's start with local minima (also called inherent structures). As expected for Gōlike models, besides the native state minimum, relatively few minima are largely occupied by the system during the exploration of the landscape. Indeed, it is possible to see that the energies v m (total potential energy per particle) of visited minima are scattered around few values (see points in Fig. 1). Averaging over the sampled minima at different temperatures, a T -dependent curve is obtained (full line in Fig. 1), which shows a clear crossover close to the folding temperature. Below T f the dominant visited inherent structures are those with lowest energies (and among these the native state one dominates) and a sudden decrease of the energy signals this event.

Saddles

Let's turn our attention to the sampled stationary points. Contrary to the case of minima, here there are not few saddles preferentially visited by the system, and energies v s are scattered continuously along the whole energy range (points in Fig. 2). However, a clear separation between two energy regions is observed in this case, the lower one being that predominantly visited below T f . Average energy value is shown as a full line in Fig. 2, with a very similar qualitative behavior to the previous inherent structure case.

Combining minima and saddles properties, it is possible to obtain some interesting information about the explored landscape. Indeed, plotting the saddle-tominima energy elevation v s -v m (the energy difference between probed saddles with respect to underlying minima) as a function of temperature, a non-monotone behavior is observed. The average value (full line in Fig. 3) shows a peak at T f , indicating a clear change in the properties of the sampled landscape close to this temperature. Though qualitative similar, the small difference in the T -dependence close to the folding temperature of minima and saddle energies (with a more pronounced decrease of the former) gives rise to a bump in the energy difference. It seems that the representative system point (in the 3N configurational space) gets trapped into high energy saddles when it starts to explore low energy inherent structures pertaining to the native state basin of attraction. One can argue that this finding is due to a not trivial organization of stationary points in the landscape, with low energy saddles (visited below T f ) of different nature with respect to high energy ones.

Conclusions

In conclusion, a landscape signature of the folding process has been observed in a coarse-grained off-lattice Gō-like model. Looking at stationary points (minima and saddles) of the potential energy landscape probed by the system, a clear bump in the saddle-to-minima barrier energy is observed as a function of temperature. Probed saddles seem then to contain relevant information about the folding mechanism. 

  of protein folding in an off-lattice model Luca Angelani a * a Research center SMC INFM-CNR, c/o Università di Roma "Sapienza" I-00185, Roma, Italy (Received 00 Month 200x; final version received 00 Month 200x)

Figure 1 :

 1 Figure 1: Energy v m of inherent structures visited at various temperatures. The line is the average value.

Figure 2 :

 2 Figure 2: Energy v s of visited saddles as a function of temperature. The line is the average value.

Figure 3 :

 3 Figure 3: Energy elevation of probed saddles from underlying minima, v s -v m , as a function of temperature. The line is the average value.
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