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Abstract and General Proposal Description 

The aim of this project is to model mesoscopic systems of biological interest, such as 
cell membranes and micelles or other smaller macromolecular aggregates resulting from 
specific recognition mechanisms, and to explore their dynamic and thermodynamic behaviour 
either by numerical simulations, like Molecular Dynamics (MD) and Monte Carlo (MC) 
methods, or by means of a more speculative approach based on stochastic equations of the 
Langevin type. The first strategy is more suited in the case of systems endowed with 
translational or rotational symmetries, like cell membranes and micelles, while the second is 
more appropriate in the study of the slow dynamics that controls protein-protein or protein-
DNA aggregate formation.  

Directly in the first case and indirectly in the second one, because of the need of 
computing diffusion coefficients and other physical quantities entering in the diffusion 
equations, deterministic MD simulations or MC methods will play in any case a central role. 
The problem with these algorithms is that their computational complexity grows quadratically 
with the number of elementary components (atoms) of the system, thus limiting in a 
substantial way the size of the system that can be studied and the length of the simulated 
trajectory or the number of independent configurations that can be generated. We plan to 
significantly improve over this situation by implementing the most advanced and 
sophisticated MD and MC simulation strategies, like Multiple-Time-Step (MTS) integration, 
Hybrid MC (HMC) or Jump-Walking Hybrid MC (JWHMC) algorithms, etc., on the most 
powerful parallel platforms that are today available in Europe. These are the computers of the 
CRAY and APE series to which we have access, as users belonging to the scientific 
Institutions participating to this project.     
 

• We will model cell membranes as bilayers of phospho-lipid molecules, each layer 
being composed by an adequately large number of molecules, typically O(1000) 
molecules. A similar kind of amphiphilic molecules is used to construct (inverse or 
direct) micelles. These are spherical aggregates formed by about 20 such molecules, 
in the interior of which an appropriate number of positive counter-ions (to balance the 
negative charge carried by the heads) and water molecules are segregated. Inverse 



micelles are formed when the amphiphilic molecules are immersed in an apolar 
solvent. The interest of studying inverse micelles is twofold. On one hand they 
represent useful simplified models of lyposomes, on the other they offer the unique 
possibility of investigating the peculiar properties of confined water. The development 
of efficient codes on parallel machines will allow to analyse the thermodynamic 
properties of both bilayers and inverse micelles and, in particular, the study of the 
structure of their phase diagram [1] as function of temperature, density or of other 
relevant physical parameters.    

• The mechanisms that mediate the recognition processes between biological 
macromolecules are at the basis of the events that, among others, modulate the 
immunological response and regulate the DNA expression. Their investigation in terms 
of deterministic processes guided by classical dynamics is both physically inadequate 
(many essential features of the interaction that are usually modelled by various kinds 
of stochastic forces are completely ignored) and numerically impossible to carry out in 
practice (the energy landscape of the system is as complicated as that of a spin glass 
[2], a problem which computationally is known to belong to the class of NP-complete 
problems). Exploiting the fact that there is a strong experimental evidence showing 
that only short portions of the involved macromolecules play a role in the interaction, 
we propose, instead, to attack the problem in terms of stochastic diffusive equations in 
which one fragment of the first macromolecule diffuses in the average local potential 
due to the presence of the other interacting system. 

 
State of the Art 

Theoretical models describing the dynamic and/or the thermodynamic properties of 
mesoscopic systems, such as cellular membranes or other molecular aggregates of 
biological relevance, are based either on a detailed atomistic description of the system, 
whose dynamics is then investigated by means of the deterministic approach of Molecular 
Dynamics (MD) [3], or on stochastic evolution equations describing appropriate diffusive 
processes in an average force field [4].  

The first strategy is more useful in the study of cellular membranes and micelles, 
although also Monte Carlo (MC) [5] methods in their various formulations have proved to be 
of much help in modelling the solvent or in investigating the equilibrium properties of the 
system. MD and MC are, in fact, complementary algorithms in this respect, as they allow to 
sample the micro-canonical and the canonical ensemble of a system, respectively. As it is well 
known, MD simulations give also access to dynamic and off-equilibrium properties.  

The second approach is more suited for attacking the problem of understanding the 
nature and the molecular basis of the processes underlying the various known instances of 
recognition mechanisms both among proteins and between DNA fragments and proteins. 
Parameters entering in the diffusion equations are anyway computed by means of 
deterministic MD simulations or MC methods. Let us discuss in turn what is the scientific 
background behind the two approaches. 

1) As is well known, MD provides a microscopic classical description of the system, 
which consists in following its time evolution by solving numerically the Newton equations of 
motion of its elementary constituents (atoms). The MC algorithm is, instead, based on the 
construction of a Markov process by means of which a sequence of configurations of the 
system is generated, that are distributed with probability given by the Boltzmann energy 
factor. In both cases the existence of pair-wise interactions between the atoms of the system 



make the complexity of the computation grow like the square of the number of atoms,  N2. 
This circumstance puts a severe limit on the size of the system that can be studied and on 
the length of the dynamical trajectory or on the number of (independent) configurations that 
can be generated in MD or in MC simulations, respectively. It is then clear that in any 
research project in this domain a lot of effort must be devoted to the problem of trying to beat 
the intrinsic  N2-law of this type of numerical methods.  

A good deal of work has already been done by the Roma2 INFM group in this 
direction. In connection with the present research project we list below some of the most 
significant scientific results achieved in this domain.  

• Simple models of lipid bilayers, formed by up to 2x256 phospho-lipid molecules have 
been constructed and a first survey of their thermodynamics properties has been 
carried out by means of extensive MD simulations performed by using the APE100 
parallel platforms [6]. 

• A Hybrid Monte Carlo (HMC) algorithm [7] has been implemented both on parallel and 
on more standard serial computers. The novelty of this work lies in the fact that the 
MTS integration method is employed to most efficiently carry out the MD simulation 
part of the algorithm by which trials configurations are constructed. 

• A model of realistic dimensions of an inverse micelle with counter-ions and water 
molecules in its interior has been constructed. The study of the interaction of the full 
system with an apolar solvent (CCl4 ), equilibrated by using the HMC algorithm 
described above, has already been started [8].  

 
 2) Different levels of approximation of the Mode-Coupling Diffusive Dynamics have 
been developed in the literature, starting from the lowest order one, given by the Optimised 
Rouse-Zimm Local Dynamics [9][10]. Higher order corrections have been constructed in the 
maximum correlation approximation [11]. This general computational set up has been 
successfully used to deal with the dynamics of various types of macromolecules, ranging 
from elastomers and proteins to polysaccharides and DNA fragments in double helix 
configurations. Results of this approach have been compared to the exact solution in simple 
cases [12] and, in more complicated ones, shown to match with available NMR relaxation 
data [13].  
 From a methodological point of view especially interesting are the applications of this 
computational strategy to study the slow dynamics of DNA fragments (such as double helix 
bending, groove deformation, etc.), as the latter is directly related to the DNA biological 
activity [14][15]. Different levels of approximations have been tried, leading to results in rather 
good agreement with NMR experimental numbers. The interplay between deterministic MD 
simulations and the stochastic evolution equations that drive the dynamics of the system is 
crucial in this case, as the different approximated forms of the employed diffusive operator 
are determined from MD data averages. 

 
Objective  

In correspondence with the two complementary theoretical approaches described 
above, we now briefly illustrate the main objectives of the present project.  

1) Schematically, a cell membrane consists of an almost spherical bilayer of phospho 
lipid molecules, separating the interior of the cell from the external world. Phospho-lipids are 
molecules composed by a hydrophilic head and one or two hydrophobic tails. These peculiar 
hydropathicity properties lead to the well known bilayer-like structure of the membrane, in 



which the hydrophilic heads are in contact with water, present both outside and inside the 
cell, while the hydrophobic tails are more or less tail-to-tail, pair-wise aligned.  

It appears experimentally that an important parameter governing the reaction rate of 
many biological processes taking place inside or in the near vicinity of a membrane is its 
“permeability" [16] .  From this point of view a membrane can be thought of as a system made 
out of two layers of a smectic fluid, with a permeability which depends “critically" on 
temperature, density, the detailed chemical composition of the constituent phospho-lipids, the 
concentration of chemicals possibly dispersed in the membrane itself or in the solvent, etc.. 

It is clear that a detailed simulation of the dynamics of the membrane of a living cell is 
just impossible and one has to resort to a number of simplifications. A fortunate circumstance 
in this respect is that it appears experimentally that the nature and the location of the phase 
transitions, which control a number of important physico-chemical properties of the 
membrane, are essentially related to the bulk ordering properties of the hydrophobic tails [15]. 
Thus a first step in the direction of simulating a realistic system, which is the one that has 
been also largely followed in the literature (see refs. [17] to [21]), is to take a bilayer 
consisting of the largest possible number of lipid molecules (compatible with the available 
computing power) and proceed to study  
 

• the role of water as a solvent, 
 

• how the relevant order parameters behave as functions of temperature and density, 
 

• how the presence of foreign molecules (drugs, small peptides, etc.) interacting with the 
hydrophobic tails may affect the structure of the phase diagram.  

 
In particular we would like to test the validity of the idea that the role of water, with the 

electrostatic interactions that go with it, is simply that of making lipid heads soluble, thus 
allowing the formation of the typical “two-sheet" structure in a water-rich biological 
environment. Once the bilayer is formed in the polar fluid, its structural and thermodynamic 
behaviour will be mainly governed by the packing and flexibility properties of the hydrocarbon 
tails [16]. Most of the effects of water on the physico-chemical behaviour of the membrane 
are of secondary importance for the kind of questions we are addressing here. In the picture 
we have, in fact, water is important in that it behaves as a sticky medium for the lipid heads, 
which modulates the superficial density by more or less penetrating into the bilayer [22]. Thus 
water penetration should be held responsible for the difference one sees in the increase of 
disorder in the head region, as compared to what happens to the tails, only to the extent it 
affects the superficial density of the bilayer. The different behaviour between heads and tails 
may in turn be at the origin of the great sensitivity of the structure of the phase diagram to 
molecular composition and tail length. To study the role played by water we will have to set 
up for comparison different bilayer models, with and without water. Of course in the first case 
Coulomb interactions cannot be neglected and will have to be very carefully treated. We will 
not dwell here on the complicated technical problems posed by the presence of long range 
forces in numerical simulations, but we refer to the vast literature on the subject (see for 
instance [3] and the many references quoted there).  

In the case of micellar systems we would like to clarify with the help of sufficiently long 
simulations the dynamics of the formation of inverse micelles in an apolar solvent and the 
peculiar physico-chemical properties of the hydration zone. To this end a detailed (all atom) 
description of the amphiphilic constituent molecules will have to be used. This is a significant 



improvement over the existing simulations [23], where the hydrocarbon tail of the constituent 
molecules was modelled by a Lennard-Jones sphere and the dipolar head by two point-like 
charges connected by a harmonic potential. As for the simulation of the solvent, we will use 
the HMC algorithm or a variant of it, the so-called Jump-Walking Hybrid MC (JWHMC) 
algorithm. HMC is a straightforward modification of the MC method in which the trial 
configurations to be subjected to the Metropolis test are constructed using an MD algorithm. 
This allows to perform collective moves of the system with a consequent much better 
sampling of the system phase space, without spoiling the “canonicity" of the algorithm [5][7]. 
The JWHMC algorithm is in turn an evolution of the HMC method in which from time to time 
along the Markov chain Metropolis tests are performed at values of certain physical 
parameters of the system (like temperature, force field parameters, etc.) significantly different 
from the actual ones. This trick, which conceptually is very similar to the “simulated 
tempering" of [24], helps a lot in preventing the system to remain trapped in some much-too-
long-lived metastable configuration. Given the complexity of the system in study, stochastic 
algorithms, like the JWHMC we have just described, seem to be much more appropriate than 
deterministic approaches of the MD type.  

We conclude by observing that the whole computational scheme discussed above is 
completely classical. However, it should be observed that quantum effects of particular 
relevance could be included with not too much effort. The Car-Parrinello [25] method, in fact, 
reduces the quantum computation of the interatomic potential to a sort of MD in an enlarged 
space where not only atomic degrees of freedom, but also electronic ones are let to evolve. 
The skills that the INFM-Rome2 group has developed in the field of MD simulations could be, 
if necessary, exploited to deal with this interesting possibility. 
 

2) The physico-chemical processes that regulate the formation of protein-protein and 
protein-nucleic acid complexes play a fundamental role in biology, as they control two of the 
most essential events that permit and maintain life, namely immunological response and DNA 
expression. Thus it is a task of the utmost importance to try to uncover the nature of the 
mechanisms which are responsible for the formation of biological macromolecule complexes. 
A direct approach to this problem, based on a brute-force extension of standard MD methods 
to these situations, is doomed to failure, because of the enormous complexity of the phase 
space available to the combined system. In fact, despite the fact that only short bits of the 
involved macromolecules actually play a significant role in the interaction, the complexity of 
the phase space is so high that impossibly long simulation times would be necessary for the 
system to overcome the energy barriers in between nearby minima. The use of stochastic or 
diffusive equations, in which the evolution takes place in some kind of external average force 
field, is then mandatory.  

The approach developed in the references [9] to [15] is very promising in this respect. 
Our goal will be to extend its application to a systematic study of protein-nucleic acid complex 
formation. Accurate tests of this strategy will be possible, thanks to the many NMR 
experimental data existing in the literature. Comparison with experiments will help in shaping 
the form of the force fields and determining the level of approximation to which the relevant 
diffusive equations should be solved. We are confident that this approach will be very 
successful and will help in understanding the general features underlying the recognition 
mechanisms between biological macromolecules. 
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Description of the groups involved in the proposal and  
their contribution to the research activity    
• The Biophysics group of the University of Rome “Tor Vergata", which is associated to 

INFM (Istituto Nazionale per la Fisica della Materia) Sect. B is, since many years, involved 
in the study of biological macromolecules and their aggregates. Within the group there 
exist complementary competences in different areas of Biophysics, covering both 
theoretical (pattern recognition in genomic and amino acidic sequences, numerical 
simulations) and experimental (X-ray spectroscopy) aspects of the field. As for the present 
proposal, the expertise of the proponent group on the use of MD simulations and MC 
methods for the study of the dynamic and thermodynamic properties of biological 
systems, like phospho-lipid bilayers, micelles and lyposomes, is internationally widely 
recognized.  

• The CNR (Consiglio Nazionale delle Ricerche) group has a leading position in the field of 
stochastic equations, as its components have been among the people involved in the 
development of the application of diffusive evolution equations to the modellization and 
the study of the dynamics of complexes formed by locally interacting macromolecules.    

• The INFN (Istituto Nazionale di Fisica Nucleare) group possesses specific mathematical 
and programming competences that are essential in the task of implementing on the 
available parallel platforms (machines of CRAY and APE series) the different simulation 
strategies which we plan to employ in the various stages of the project. 

 
Interdisciplinary added value 

The study of complex systems as those that are of interest in this proposal require a 
large amount of interdisciplinary knowledge, ranging from biology to programming and from 
modern mathematics to NMR and X-ray spectroscopy. All these competences are fortunately 
present in the collaboration that has been set up for this project. In this way many useful 
methodologies developed even in distant scientific contexts will be immediately ready for the 
use here, with the added benefit that the most advanced and sophisticated programming 
techniques will be available for the needs of the present project.  
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• CNR - 20 Mlit for the two years, to be used for travelling expenses of the proponents, for 
co-funding of a dedicated research fellowship and for the acquisition of computers and 
software allocated to this project. 

• INFM - 20 Mlit for the two years, to be used for travelling expenses of the proponents, for 
co-funding of a dedicated research fellowship and for the acquisition of computers and 
software allocated to this project. 

 
 
 
 

Project Milestones 
 
2001 Milestone value 

Extensions of the standard HMC method will be developed with the aim of incorporating 
different “walking" strategies, according to the possible different choices of system parameters 
(temperature, torsional potential coefficients, external fields, etc.) that one is willing to vary. These new 
MC-like algorithms will be cross-checked in simple cases, by comparing their performances with MD 
simulations and with more standard MC methods. Whenever possible, NMR and X-ray spectroscopic 
data will be used to test the validity of the scheme.  

The loss of information on the local molecular motion that one ends up with in this approach 
may be partially recovered by resorting to diffusive equations of the kind described before (see sect. 2 
and references therein), appropriately generalized to encompass the cases which are of interest for 
this project. Extending these stochastic methods to, say, the case of a bilayer is not a trivial problem 
because of the strong spatial anisotropy of the average forces felt by the constituent molecules, which 
are in contact partly with water and partly with a hydrophobic medium. Besides these developments 
the application of these methods to the study of biological complexes will be still actively pursued. 
 
2001 Achievements & Deliverables (Synthetic Description) 

In the first year of the project we plan to    
• implement the JWHMC algorithm on standard serial platforms 04/2001   
• perform the first tests of the JWHMC algorithm on simple systems  06/2001 
• extend the existing stochastic methods to anisotropic cases.  09/2001 
• accomplish the porting of the JWHMC algorithm on  

parallel platforms of the SIMD type (APE1000)   12/2001 
 
2002 Milestone value 

Successful tests of the JWHMC algorithm will allow interesting applications to the case of 
phospho-lipid bilayers and inverse micelles, as a next step. JWHMC simulations have proved, in fact, 
to be a viable alternative for situations in which MD or standard MC techniques have problems in 
adequately sampling the phase space of the system, because the conformational landscape is 
extremely rough with configurations separated by large energy barriers. The huge number of degrees 
of freedom that enter in the atomistic description of systems, like bilayers or micelles, require a 
substantial speed up of the simulations. From this point of view we consider a milestone of this project 
the implementation of JWHMC on multi-processor platforms of the SIMD type, where the very nature 
of the algorithm in principle allows to reduce the CPU-time required for the simulation by a factor of 
the order of the number of processors. The CPU-time required to collect a given number of 
configurations is, in fact, expected to scale linearly with the inverse of the number of nodes, as 



different nodes can be arranged to run different “walkers" and nodes will be made to communicate 
only occasionally to allow energy comparison and, when necessary, exchange of configurations. From 
these simulations we will be able to extract a large number of useful information concerning the 
physico-chemical properties of the investigated systems that will be compared with the available 
experimental data.  

In parallel with a systematic exploitation of the JWHMC approach, we will continue the 
development of the complementary strategy based on stochastic diffusive equations. The latter will be 
used in a variety of cases ranging from the study of the dynamics of complex formation to the 
computation of order parameters in bilayers and micellar systems.  
 
2002 Achievements & Deliverables (Synthetic Description) 

In the second year of the project we plan to    
• perform simulations on phospho-lipid bilayers and inverse micelles 
• apply stochastic methods to complex formation studies and order parameter computation. 

 
Criteria suggested by the proposer for the  
Evaluation of the Project and Beneficiaries 
 
Proposed Criteria for the Evaluation of the Proposal 

It is suggested that the project should be evaluated on the basis of the high level of 
interdisciplinarity that goes into problems that, like the ones we consider here, are related to 
biology. Problems of this sort require, in fact, the development of the whole path-way of 
scientific knowledge, that, starting from the experimental observation, aims at understanding 
the physics of the phenomenon in terms of a suitable mathematical model, based on previous 
experience and/or theoretical prejudisms. In dealing with biological questions, a key aspect of 
this gnoseological process is that one easily risks to end up with a model which is of a 
complexity comparable with that of the system one is investigating. In evaluating this 
proposal it should be then particularly appreciated the fact that the modellizations we propose 
for the biological systems we wish to study lead to well defined, though innovative, 
computational schemes that can be adequately implemented on the existing most advanced 
computers. 

 
Beneficiaries 

Many of the theoretical ideas and numerical algorithms that we plan to develop in the 
framework of this project are rather new and, as such, will be of interest for the Biophysics 
community at large. In particular we think that a joint effort should be made by the scientific 
community as a whole to set up computing packages for the investigation of dynamic and 
thermodynamic properties of biomolecule aggregates. We hope that this project may be a 
first, perhaps non negligible, contribution in this direction.  
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COMPETITIVITA’ INTERNAZIONALE
The problem  of modelling mesoscopic systems, as the biological ones, is of the utmost importance not only from a methodological point of view
but also for its practical applications. A lot of work has gone in this direction ranging from spin-glass  inspired models, to deterministic (MD) or
stochastic (MC) simulations. This project is at the forefront of the today's research activity in this field both for the level of sophistication of the
mathemathical tools we are setting up to work and for the unprecedented amount of computing power that the envisaged massive use of parallel
platform will provide us. It is only in this framework that one can hope to attack problems like the effects of drugs on membrane permeability, the
formation of ionic channels, the formation of protein-protein or protein-DNA complexes.
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