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Abstract
We describe the BEMuSE computational tool that combines the advantages of distributed Grid computing infrastructure with the power
of bias-exchange metadynamics, an enhanced sampling methodology
specifically tailored for simulating complex conformational changes in
biomolecules. By using this combined approach the Advillin headpiece is folded on a Grid infrastructure with moderate usage of resource
(about 10 computational nodes) using an accurate but computationally
expensive potential energy function describing the solvent molecules explicitly. Benchmarking analysis shows that, despite of the small amount
of information that is exchanged among the processes on the Grid, the
performance of the combined approach is not reduced with respect to
the original MPI implementation. Using our algorithm on the largescale Grid resources that are available nowadays can potentially make
folding simulations of large proteins accessible.
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Introduction

Molecular dynamics simulations with accurate all-atom force fields [1, 29, 17]
are a precious tool for studyng the mechanism of complex biophyiscal processes, such as protein folding and enzymatic reactions. Unfortunately, the
time scale of direct simulation is limited to a few nanoseconds per processor
per day, while proteins require between a microsecond and several seconds to
fold. Even longer times may be required to observe the binding/unbinding
between drugs and enzymes, or other biophysical processes.
Large and distributed computing facilities such as Grid infrastructures offer an invaluable occasion to face this problem, and bridge the time-scale gap
between computer simulations and experiments. A succesful approach based
on this idea has been recently proposed by the group of V.S. Pande (Folding@Home project) [25]. The algorithm consists in running short molecular
dynamics simulations on thousands of home PCs, communicating through
the Internet. Each simulation starts from an unfolded geometry of the protein and runs independently from the others. When one of the simulations,
by a random thermal fluctuation, performs a transition to a different conformation of the protein, some of the simulations are restarted in this new
state. This is iterated until the folded state is reached. By this approach,
the 36-amino acids villin headpiece protein has been folded starting from an
extended structure, obtaining a folding rate compatible with experiments [7].
However, the computational time required for this approach is impressive,
of the order of 1000 years of CPU time divided among tens of thousands of
processors.
In order to explore more efficiently the configuration space it is convenient to exploit some methodology that is capable to accelerate rare events.
Several methods have been developed with this scope in the last years, and
important advances have been made in many fields, ranging from solid-state
physics to biochemistry [3]. A recent approach that has been successfully
applied to study protein folding is bias-exchange metadynamics (BEM) [21].
The algorithm allows to obtain, at a moderate computational cost, detailed
thermodynamic and kinetic information on the folding process [18]. For
small proteins, such as the Trp-cage (20 amino acids), Insulin (30 amino
acids) and Advillin (36 amino acids) it allows to predict the folded state using an accurate explicit water Hamiltonian using ∼ 10 parallel simulations of
only ∼ 100 ns each [21, 22, 28]. The same methodology has been successfully
applied to the study of enzymatic reactions and binding processes [15, 24].
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Here we demonstrate that it is possible to combine the advantages of Grid
computing, namely the availability of a large pool of loosely coupled computational resources, with the power of BEM [14, 13], which uses efficiently the
available computer time. The two approaches were combined by developing
a specific and optimized computational tool (BEMuSE), aimed at performing large simulation using BES algorithms in a simple and efficient way on
different and unrelated computational infrastructures. We find that, remarkably, the performance of the BEM algorithm on the Grid is comparable to
the one of its MPI implementation. This ultimately relies on the loosely
coupled nature of the algorithm, that fits perfectly on the Grid paradigm,
where multiple geographically distributed computational resources cooperate together. We anticipate that the features of the combined algorithm will
extend the scope of Grid facilities and of BEM in the quantitative study of
biomolecules by computer simulations.
This paper is organized as follows: in section 2 we review shortly the
BEM algorithm. In section 3 we present the Grid-enabling procedure and
describe the BEMuSE tool in detail. In Section 4 we discuss the results
obtained with the approach. Finally, in section 5 we draw some conclusions.

2
2.1

Methods
Bias-exchange metadynamics

BEM [21] is a technique that allows overcoming the free-energy barriers associated to slow conformational motions that are common in biomolecules,
providing at the same time a detailed reconstruction of the free-energy landscape of the system as a function of a large number of reaction coordinates.
It is based on the combined use of replica-exchange [27, 11, 8] and metadynamics [14]. A set of ∼ 10 collective variables (CVs) are chosen, which
are expected to be relevant for describing the process (i.e. the number of
hydrophobic contacts and hydrogen bonds, the helical content, the gyration
radius, etc.). Then, a number of MD simulations are run in parallel, biasing each replica with a history-dependent potential VG (x, t) in the form of
potential-energy Gaussians added along the trajectory, acting on just one
or two CVs. At fixed time intervals, swaps of the history dependent potentials between pairs of replicas are attempted. The swap is accepted with a
probability:
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where xa and xb are coordinates of replica a and b. In this manner each trajectory evolves through the high-dimensional free-energy landscape defined
by the CVs, sequentially biased by low-dimensional potentials acting on one
or two CVs at each time. Details on the choice of the CVs and of the other
parameters of the simulation are given in the Results section. The BEM
algorithm has been implemented in a modified version of the Gromacs 3.3
package [16].

2.2

Computational analysis of the BEM algorithm

A detailed analysis of the computational requirements of the BEM algorithms has been carried out in order to identify the best porting strategy.
This was done in strict cooperation with BEM developers and users who
actually guided the development of the application along their needs. We
identified the favorable algorithm characteristics with respect to the Grid
infrastructure at disposal in terms of network bandwidth usage and latency
requirements.
The BEM algorithm can be classified as CPU intensive and loosely coupled. I/O requirements are negligible. The original MPI implementation
was based on a slightly modified version of Gromacs [6] where the BEM
algorithm was actually implemented as an MPI wrapper around the MD
engine.
Every MPI process can thus be regarded as an almost independent
“walker” evolving a molecular dynamics trajectory (called from now on a
MD walker) and periodically exchanging information on the phase space
sampling with all the other walkers. The data exchanged are indeed negligible in size. Moreover, the frequency of the exchanges is very low (order
of tens of minutes). This makes the algorithm scalable over a large number
of processors without any need of the high speed networks that are typical
of an HPC platform. This makes BEM quite suitable for EGEE/gLite Grid
infrastructures, mainly composed by farm-like computational resources geographically distributed, each of them identified as a Computing Element
(CE). However, MPI support on such an infrastructure is far from optimal
and usually limited within each Computing Element. Thus, no MPI program
can run across different geographically distributed resources.
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We therefore decided to avoid the porting of the original MPI implementation of the algorithm in favor of a client/server architecture where
computational nodes behind the CE (the so-called Worker Nodes (WNs))
can be recruited among different Computing Elements and exchanges among
them can be managed by the server. Such an approach not only overcomes
the above problem but allows the dynamic recruiting of computational resources. This means that relatively large BEM complex experiments can
be performed in a asynchronous way, without being forced, as in the MPI
synchronous approach, to wait until all the required CPUs are available.
Such a scenario modifies significantly the normal BEM workflow: one
wonders how does the algorithm react to the asynchronous scheduling and
availability of the resources on a heterogeneous Grid infrastructure, and
how MD walkers running on different CPUs (and thus at different speed)
contribute to the simulation. We will discuss these issues in section 4.

3

Grid enabling deployment

Client and Server were implemented in python 2.5 and designed with the
following important aspects in mind:
• Modularity. The idea is to keep scientific application as much as possible decoupled from the technical implementation of the client/server
mechanism. The scientific code is thus kept oblivious about how and
where the simulation is running. All the exchanges are performed in
a higher, separated layer, which hides all the computational infrastructure complexity. This approach guarantees the easiness of further
enhancement of the scientific aspects of the algorithm and keeps the
python layers compatible with future versions of it.
• Portability and Interoperability. The client/server mechanism
should be easily portable in different environments. Moreover, the software should be able to interoperate in different computational infrastructures at the same time: i.e. one single simulation can be performed
on resources belonging to different platforms (like Grid infrastructure,
desktop computers and HPC resources) even at the same time.
• Fault Tolerance. We consider of outmost importance to provide
fault tolerance mechanisms to cope with failure in the underlying infrastructure. The software is responsible to maintain the integrity of
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the simulation even in the event of numerous client crashes, with a
limited external intervention by the user.
Our client/server modular implementation coexists with the original MPI
implementation: it is possible to run the same gromacs executable in both
client/server and MPI mode. This was achieved including only a small patch
in the modified gromacs package that allows clean shutdown of the Grid
functionalities.
The exchanges required in BEM are no longer performed by the MD
program, but are now implemented in our server: this means that with a
minimum effort we can adapt our client/server approach to execute the same
simulation with a different molecular dynamics engine, provided that normal
metadynamics is implemented.
Figure 1 presents the BEMuSE architecture and we will refer to it in the
subsequent discussion where server and client components are presented in
detail.

Figure 1: The overall architecture of BEMuSE. The server is launched by the users and
then monitored. Job submission mechanism is handled externally.
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The server

The server, which runs on a resolved host (usually but not necessarily on
the top of the User Interface (UI)) actually implements the BEM algorithm:
it has the task to accept the connections from the WN, associate them to a
MD walker (by sending specific input data) and bridge the communication
among them at each Bias Exchange.
It receives the connections from the clients as soon as the submitted
Grid jobs start executing on WNs (possibly rejecting them if the maximum
number of walkers is reached), handling at each time the Bias exchange
procedure with the available clients (if any).
At fixed time intervals, the server randomly groups all available clients
into couples and verifies if, for each pair, the bias exchange should be accepted or not. Moreover, it downloads all simulation data from each client
to synchronize itself in the case of a client failure. Finally, if the exchange
is accepted, sends the bias of the first client to the second and vice versa.
This setup offers several advantages: it synchronizes the exchanges between different walkers and provides a centralized clock to the simulation.
Moreover, the approach not only enables communication among WNs belonging to different Computing Elements (CE) but also among resources
belonging to different computational infrastructures. It also deals with job
failures, keeping a synchronized copy of the data in order to cope with sudden crashes of the worker nodes. Finally, it ensures that all the restart files
not saved during exchanges are periodically stored in the server filesystem
by downloading them in background from each client.
The synchronization of most of the physical data allows the researcher to
constantly keep track of the status of the simulation, to check its correctness
and to run statistical analysis tools on the data. The server stores also
detailed logs on the status of each client (updated in real time) which can
be used for debugging as well as to gather statistics on the performance of
all the processes on the Grid.

3.2

The client

The client software will be executed on the WN and requires at most four
parameters: two for the location of the server (host and port), a password for
authentication and an optional label which will identify the computational
infrastructure where it will run on. The label allows the server to provide the
correct information about the environment in a complete and transparent
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way to the user.
Once the job has landed on the WN, a bootstrapping bash script is
executed in order to download and install the correct version of python if
not available locally, and then launch the python client.
The client has the task to start an MD walker, to stop it when requested
by the server (at every exchange cycle), to handle data transfer from and to
the server and to restart the MD walker, if requested by the server. This
approach is simple and completely transparent to the MD engine executed on
the WN: this means there is no need to make it aware of the computational
environment where it is executed
In more details: at the beginning the client contacts the server and, after
a basic authentication, receives a storage location1 where to retrieve the
gromacs binary (which can be specifically tailored for each infrastructure),
the data required to start the simulation, and another storage location where
to upload the statistical data.
The client then launches the simulation in background and contacts the
server to inform it is waiting for the next exchange cycle. Gromacs, the
molecular engine, is highly optimized and easily portable to a wide range
of computational architectures: this is indeed a quite favorable situation for
Grid approach due to the heterogeneity of the resources available on the
Grid.

3.3

How the computational resources are obtained

The task to recruit computational resources is actually completely decoupled
from our client/server software. The user is demanded to submit a certain
number of identical jobs according to his needs.
We provided a dedicated interface (using the curse library, to accomodate the lack of graphic in the majority of the UIs), to configure a simple
simulation and submit the jobs on a Grid-like environment. However, this
is not strictly needed and even better results can be obtained by manually
configuring and submitting the jobs. This allows the user to carefully choose
computational resources that can deliver better performance both in terms
of speed and reliability.
We note that the decoupling of the submission mechanism provides an
easy way to make the whole application interoperable among different com1

a variety of different protocol can be employed: gsiftp:, ftp:, http: and other
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putational platforms, including desktop computers which can be used without any installation of specialized software.
Tests have been successfully executed in scenarios involving heterogeneous infrastructures where Grid, HPC and desktop computers were all used
at once in the same simulation: this can be very advantageous and allows
tackling simulations with a large number of walkers.

4
4.1

Results
Benchmarking run

As a benchmark to test the performance of the Grid implementation of BEM
compared to MPI, we simulated the folding of a 36-amino acids protein, the
human Advillin c-terminal headpiece subdomain (pdb code 1UND [20]). The
protein is formed by three highly packed alpha helices and an hydrophobic
core. Due to its fast folding rate, Advillin has been used as a benchmark
system for several computational investigations of protein folding, including
massive distributed computing [7].
We performed NPT molecular dyanmics simulations at p = 1 atm and
T = 330.15K, using Berendsen barostat and thermostat with relaxation
times of 4 and 2 ps, respectively. We adopted the Amber03 all-atom force
field [4] and TIP3P water model [12]. The protein was solvated with 3633
water molecules in a 121 nm3 cubic periodic box. The net positive charge
of the system was neutralized with two Cl-ions. The particle-mesh Ewald
method [2, 5] was used for long-range electrostatic with a short-range cutoff
of 0.8 nm. A cutoff of 0.8 nm was also used for the Lennard-Jones interactions. All bond lengths were constrained to their equilibrium distance with
the LINCS algorithm [9]. Overall, the molecular dynamics setup is identical
to that of Ref. [22].
For BEM we used the following five collective variables (CVs): helical
content in the first and second half of the protein, number of backbone
hydrogen bonds, number of hydrophobic contacts, number of salt bridges.
None of these variables requires the a priori knowledge of the folded state.
Details on the definition the CVs can be found in Ref. [22]. Each CV is
biased by a metadynamics potential on a different walker. The Gaussian
have a height of 0.2 kJ/mol and a width of 0.8, 0.8, 2, 4, and 0.5, along the
five CVs. Gaussians are deposited every ps. On the Grid, bias exchanges are
attempted every 30 min of clock time, corresponding to typical simulation
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times between accepted exchanges of 20–700 ps, depending on the CPU
model. In the MPI simulation, used for comparison, bias exchanges were
attempted every 20 ps [22].
Simulations have been run on different numbers of clients (8, 16), on different CPU architectures, both homogeneous and heterogeneous, and with
different degrees of synchronization between processes. In this way the performance of our algorithm in a realistic Grid infrastructure can be directly
compared to an MPI simulation with the same setup on 8 processors. In
Fig. 2 we report the fraction of protein conformations explored as a function of simulation time/processor. This fraction is evaluated by dividing
the five-dimensional CV space explored by the MPI simulation in small cubic cells (approximately 4000), and by counting how many of these cells
are explored by at least one process during the Grid simulation. As is evident in Fig. 2, all the typologies of Grid simulations explore efficiently the
conformation space. This is an important result, which points to the fact
that, in passing from MPI to Grid, the loss of synchronization between processes and the heterogeneous architecture of the CPUs does not lead to a
sizable loss of performance. Instead, exchanging the bias potential less often marginally improves the performance of the algorithm. This apparently
surprising result can be rationalized considering the features of BEM, in
which the enhanced sampling is achieved by successively biasing different
variables on each replica. The performance turns out to be optimal if each
replica retains the bias for a sufficiently long time, in such a way that it performs a significant conformational change before getting biased in a different
direction.
Four different trajectories of the Grid simulations (16 proc. hetero in
Fig. 2) reach conformations close to the experimental folded state, measured
as 3.5 A RMSD from the NMR positions of the α-carbons (neglecting the
first and last three residues of the chain, which are mobile in experiments).
In Some of the structures with RMSD < 4Å are shown in Fig. 3: clearly
their fold is very similar to the native state, with the three α-helices formed
and a correct overall topology.
Beside the C-α RMSD, another insightful indicator of the progress of
folding is the cartesian distance, in CV space, between the folded state and
the simulated trajectory (Fig. 4). For a same total simulation time, the
Grid simulations tend to approach the folded region in CV space faster than
MPI. This is consistent with the faster exploration of CV space reported in
Fig. 2. Again, the more efficient exploration can be explained by the longer
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Figure 2: Explored fraction of conformational space as a function of the total simulation
time. The reference conformations are taken from a converged BEM MPI simulation.

average exchange time in Grid simulations compared to MPI.

4.2

Production runs

As further validation of our Grid implementation of BEM several other systems have been simulated. First, the folding process of the 56-residues protein src-SH3 (pdb code 1SRL) [26, 10] has been simulated in explicit water
using the BEMuSE approach and the same molecular dynamics setup described above. The native fold of this protein contains three beta strands
and a small alpha helix, with a complicated topology which leads to an experimental folding time of several seconds. To date systems of this size and
complexity are considered out of reach for accurate atomistic simulations.
We employed BEM simulations on the Grid with up to 40 replicas, starting from extended states and biasing either C α inter-residue distances or
contacts, defined by a switching function (see Ref. [22]). Preliminary results
show the systematic exploration of a very large number of structures with
different topologies. The formation of beta sheets turns out to be the bottleneck in the exploration of protein structures. The large amount of data
collected shed light on the complexity of the folding free energy landscape
and enabled significant optimization of the simulation setup, in particular of
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Figure 3: NMR native state of Advillin-headpiece (red) compared with three similar
structrues (C − α RMSD < 4Å) obtained by BEM on the Grid (blue).

the reaction coordinates driving the formation of beta sheets [23].
Finally, using BEMuSE we simulated the binding of a peptide substrate
(Thr-Ile-Met-Met-Gln-Arg, cleavage site p2-NC) to HIV-1 protease [24]. Inhibition of this enzyme is the primary pharmaceutical strategy to treat AIDS,
and a better understanding of the mechanism by which drug molecules bind
to the protein would help designing more effective inhibitors less subject to
mutation-induced drug resistance [19]. The binding process has been simulated for the first time in full atomistic detail, including the flexibility of the
receptor and explicit water molecules. The detailed BEM setup is described
in Ref. [24]. Up to 30 Grid nodes have been employed, biasing 7 reaction
coordinates. The performance of BEMuSE is once more shown to be comparable to a reference standard MPI simulation which employed 8 replicas.
In particular, for a given total simulation time a comparable number of configurations and volume of CV-space are explored. The good performance
of BEMuSE opens the possibility to exploit the availability of large Grid
computational resources to compare the mechanism of binding of several inhibitors, which might improve the effectiveness of the ongoing drug-design
research effort.
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Figure 4: Minimum distance in CV-space from the folded state as a function of the total
simulation time. The widths of metadynamics Gaussians are employed as units for the
CV-space in order to compute the distance.

5

Conclusions

We reported and discussed a Grid-enabling procedure of the BEM algorithm
and the BEMuSE tool originated by such work. Our benchmarking analysis
shows that our approach is comparable in performance with the original MPI
approach executed on HPC platforms. Using such a tool on the nowadays
available large-scale Grid infrastructure can potentially increase the range of
accurate protein folding simulations to larger proteins. We designed our tool
to be as much as possible independent from the computational infrastructure
ensuring in this manner portability and easiness of usage. The approach
used guarantees as well that BEMuSE can be easily run across different
computational infrastructures. This allows BEMuSE users to aggregate large
scale computational resources to perform a BEM simulation.
The reported simulations of protein folding and protein-drug interaction
demonstrate that the BEMuSE environment is well suited to address prominent scientific problems of great complexity. We expect several important
researches to be carried out in the near future using this facility, in particular the comparison of the binding pathways of different drugs to important
targets like HIV-1 protease and prion protein, and the elucidation of the
folding process of proteins of larger and larger size.
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