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Abstract—Recent advances in algorithms, software, and 
hardware for molecular dynamics (MD) simulations have 
brought previously inaccessible simulation timescales within 
reach, allowing the use of MD simulation to address a 
substantially broader set of questions regarding protein 
function.  MD has proved particularly useful in elucidating the 
functional mechanisms of membrane proteins, whose dynamics 
are especially difficult to characterize experimentally.  Here, 
we illustrate the utility of state-of-the-art high-performance 
MD simulations in the study of membrane proteins, using as 
examples a G-protein–coupled receptor, an aquaporin, and an 
antiporter.  In each case, we used MD either to deduce an 
atomic-level mechanism for protein function or to reconcile 
apparent discrepancies among recent experimental 
observations. 

I. INTRODUCTION 
Although proteins are frequently visualized as static 

structures, their function is in fact closely tied to their 
dynamical properties.  Molecular dynamics (MD) 
simulations provide an established technique for the 
characterization of protein motions, offering insight into the 
behavior of biomolecular systems at spatial and temporal 
scales that are difficult to access experimentally.  The major 
conformational changes that underlie some of the most 
important aspects of protein function, however, typically 
take place on timescales ranging from microseconds to 
seconds.  Because all-atom MD simulations must be 
discretized at the level of femtoseconds, even microsecond 
timescales have until recently been beyond the reach of the 
longest such simulations. 

The timescales accessible to MD simulation, however, 
have grown steadily over the years, due in large part to 
improvements in the performance of commodity hardware.  
Over the last few years, such hardware improvements have 
been accompanied by the development of significantly 
improved software and algorithms for parallel MD [1–4], 
resulting in particularly rapid growth in the maximum speed 
attainable in biomolecular simulations.  All-atom 
simulations of more than a microsecond have become 
practical, and simulations encompassing hundreds of 
nanoseconds of biological time can now be completed in a 
few days.  These advances have substantially increased the 

utility of MD simulation as a tool for elucidating the 
mechanisms underlying protein function. 
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MD simulations can be particularly illuminating in the 
case of membrane proteins, since experimental 
characterization of the structural dynamics of such proteins 
is especially difficult.  Moreover, many membrane proteins 
are of great scientific and pharmaceutical interest.  A 
number of research groups, including our own, have 
recently applied high-performance MD simulations to the 
study of membrane proteins [e.g. 5–12]; for a review, see 
[13]. 

Here, we illustrate the utility of MD for describing 
atomic-level functional mechanisms of membrane proteins 
through three studies completed within our group [6, 9, 12].  
The simulations in each of these studies were performed on 
a commodity Linux cluster using Desmond, a software 
package we developed for efficient, parallel MD [1]. 

II. IDENTIFICATION OF TWO DISTINCT INACTIVE 
CONFORMATIONS OF A G-PROTEIN–COUPLED RECEPTOR 

The G-protein–coupled receptors (GPCRs) constitute the 
largest class of drug targets, but until 2007, the only GPCR 
whose structure had been determined crystallographically 
was that of rhodopsin, which is an unusual GPCR in that it 
is activated by absorption of light rather than by the binding 
of a ligand.  The recent determination of crystal structures 
for the β2-adrenergic receptor (β2AR) in a presumably 
inactive state constituted a major step toward understanding 
the atomic-level mechanisms of ligand-activated GPCRs, 
but also raised new questions [14, 15].  Although earlier 
biochemical observations had suggested that this receptor 
possessed a network of salt bridges known as the ionic lock, 
which was believed to form a molecular switch for receptor 
activation, this network was disrupted in the crystal 
structures.  The unexpectedly broken ionic lock raised 
questions about the true conformation(s) of the inactive state 
and the role of the ionic lock in receptor activation and 
signaling.   

To address these questions, and to better characterize the 
inactive state, we performed microsecond-timescale MD 
simulations of β2AR in multiple wild-type and mutant forms 
[12].  In wild-type simulations, the ionic lock formed 
reproducibly, with the salt bridge network matching that 
suggested by earlier biochemical studies [16, 17].  During 
microseconds of simulation, the lock remained formed most 
of the time but occasionally broke for tens or even hundreds 
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of nanoseconds.  Mutations associated with increased 
receptor activity increased the fraction of time the lock was 
broken in our simulations.  In order to obtain the high-
resolution crystal structure of β2AR, the receptor was 
stabilized through substitution of a small, rigid protein in 
place of a flexible intracellular loop; in our simulations, this 
substitution caused the conformation with the lock broken to 
predominate.  Our results suggest that inactive β2AR exists 
in equilibrium between conformations with the lock formed 
and the lock broken, and that the conformation with the lock 
formed may predominate in the inactive wild-type receptor 
in its native environment, despite the broken lock in the 
crystal structures.  

III. CONTROL OF WATER TRANSPORT BY AQUAPORIN 0 IN 
JUNCTIONAL AND NON-JUNCTIONAL FORMS 

Aquaporin 0 (AQP0), which serves as the primary water 
channel in the lens fiber cells of the mammalian eye, is 
unusual among the aquaporin water transporters in two 
regards: it transports water about 10-fold more slowly than 
other aquaporins, and it mediates adhesive contacts between 
cells.  Recent crystal structures [18, 19] have shown that 
AQP0 homotetramers in adjacent membranes can come 
together to form octameric junctions, but the permeability of 
this junctional form is difficult to measure experimentally 
and has been the subject of some debate [20].   

We performed a set of MD simulations to determine the 
permeability of junctional AQP0, as well as the mechanism 
of the low permeability of AQP0 in its non-junctional form 
[9].  Each simulation included either one AQP0 tetramer in a 
single membrane or two AQP0 tetramers in adjacent 
membranes.  Simulations of at least 100 ns were required to 
obtain converged estimates of the water permeability, but 
once converged, the calculated permeability values of the 
junctional and non-junctional forms were within error of 
each other as well as within error of the experimental value 
for AQP0 in a single membrane.  This suggests that the 
junctional form of AQP0 not only contributes to the 
organizational structure of the lens but also transports water.  
Our simulations also indicated that two conserved tyrosine 
residues in the channel lumen are primarily responsible for 
its low permeability, one through a static gating mechanism 
and one through a dynamic gating mechanism.  These 
tyrosine residues are absent in faster-conducting aquaporins, 
but direct experimental investigation of their roles in 
mammalian AQP0 through mutagenesis has been precluded 
by the lack of an appropriate expression system. 

IV. MECHANISM OF NA+/H+ ANTIPORTING 
Sodium-proton antiporters, membrane proteins found in 

all kingdoms of life, expel sodium ions from the cell by 
harnessing the energy from the cotransport of protons down 
their electrochemical gradient into the cell.  A crystal 
structure of the most heavily studied sodium-proton 
antiporter, NhaA, was determined in 2005 [21].  We  

undertook a set of MD simulations that led to the 
development of a model for NhaA’s transport mechanism 
[6], which was substantiated using experimental studies of 
NhaA mutants and which provides a molecular realization of 
the “alternate accessibility” mechanism for membrane 
transport suggested by Jardetzky more than 40 years ago 
[22].  Additional simulations led to models for the 
mechanism of NhaA’s experimentally observed pH 
regulation and cation selectivity. 

Experimentally, transport of each sodium ion by NhaA 
takes place on a timescale of roughly one millisecond.  
Because MD simulations of this length were infeasible when 
we performed this study, we instead relied on shorter 
simulations of different steps of the antiporting cycle.  
Although the individual simulations were only 12 to 100 
nanoseconds in length, multiple sequential rounds of 
simulation were required to develop and test mechanistic 
hypotheses, and our approach would have been impractical 
without the ability to complete each of these simulations 
within hours or days. 

V. CONCLUDING REMARKS 
The three studies presented here illustrate how MD 

simulation can provide insights into membrane protein 
function that would be difficult to obtain through 
experiment.  These studies, which were performed on 
commodity clusters using the Desmond MD code, would 
have been difficult if not impossible prior to the introduction 
just a few years ago of Desmond and other fast, highly 
scalable software packages, which have significantly 
extended the achievable length of such simulations.  Even 
now, however, MD simulations of membrane proteins on 
high-performance commodity clusters and other general-
purpose hardware have been limited to a length of about ten 
microseconds.  The recent completion of Anton [23], a 
specialized machine we constructed for the execution of 
ultra-high-speed MD simulations, extends the range of such 
simulations to the millisecond timescale—roughly two 
orders of magnitude beyond the reach of the fastest 
conventional machines running the fastest current MD 
codes.  The introduction of Anton is thus likely to further 
expand the power of MD to illuminate the functional 
mechanisms of membrane proteins at an atomic level of 
detail. 
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