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Summary proton exclusion in aquaporfrt? the mechanism of lipid-
_ o ~ based esicle fusion}'2 the mechanism  of
1. A key function of biological membranes is t0gectroporation14 the dynamics of AP-binding cassette

provide mechanisms for controlled transport of ioNsaABC) transporter$ and a wide range of other problems
nutrients, metabolites, peptides and proteins between a (Fﬁ\UOIving membrane proteins and lipiét&

and its environment. _ _ In this paper | describe recent results on four
2. We ae using computer simulations to studyyrgplems that are related to transport across biological
several processes wolved in transport. membranes. My aim is to prigle an impression of the type

3. In model membranes, the distribution of smalpt nroplems that can be fruitfully studied by computer
molecules can be accurately calculated; we are makiggnylation at this time, illustrated usingaenples from
progress tward understanding the factors that determingork in my group. The firstxample concerns calculating
the partitioning behdour in the inhomogeneous lipid {he gistriution of small molecules in a lipid bilayeFhis
ervironment, with implications fore.g. drug distribition,  gistrinution is a major determinant of the rate of pessi
membrane protein folding, and the energetics @fage- permeation of small molecules through a membrane, and is
gding. _ relevant for a number of other problems. The second

4. Lipid bilayers can be simulated at a scale that Bxample considers the molecular mechanism of
sufficiently laige to stut_jy significant defects such as thos@ectroporation, a common lab technique with potential
caused by electroporation. therapeutic applications thatvisives major rearrangements

5. Computer simulations of complemembrane of the |ipids in a membrane. The thirdaenple shows the
proteins such as potassium channels afdd®-Binding | se of MD simulations to irestigate a  proposed
cassette transporters canegtetailed information about the achanism of oltage-gting in potassium channels using a
atomistic dynamics that forms the basis of ion transpoiyystal structure. | include it here not because Ve
selectivity conformati_onal change, and the m0|9CU|afnteresting insight into oltage-agting, it because it
mechanism of ATP-dven transport. _ _ _illustrates hw computer simulations can be used to test

6. | will illustrate this with recent simulation StUd'eshypothetical mechanisms based on a single crystal structure
of the \oltage-gted potassium channel KvAP and thgpat may or may not be in a physiologically vele
ABC-transporter BtuCD. conformation. The last example concerns the mechanism of
ABC transporters. This is a complgroblem irvolving
large protein compbees, but seeral aspects of the full

Detailed computer simulations of lipids and proteingroblem can be irestigated by computer simulation.
are a powerful method to study the structure, dynamics and The main method we use and one of the most
interactions of membrane proteins, peptides, and ligids.powerful computational methods to study matter at thel le
Increasing sophistication of models for the interactiongf atoms and molecules is molecular dynamics simulation.
between atoms, modern software, and increasing compulier MD, the forces between atoms are described by a
pover are nw extending molecular dynamics (MD) simplified empirical potential that tries to mimic the ‘real’
simulations beyond small patches of pure lipids on @nderlying interaction potential. Modern quantum
subnanosecond time scale to a wide range of problems ogh@mistry can reproduce almost exactly this real potential
timescale of hundreds of nanoseconds and, through speé@lsimple cases Wlving of the order of tens or a hundred
techniques, orders of magnitude beyond that. The rapidjoms, but is currently tooxgensve mmputationally for
growing number of high-resolution structures of membran@ost of the problems we are interested in, and contains
proteins and increased knowledge of the principles @ptails that are not léty to be essential for these problems.
membrane protein structure vea enabled computer The basic method has beerviewed in detal”® and is
simulations and modelling to become standard techniqualso well-described in recent textbooks, e.g. refs. 19,20
to study membrane proteins in atomic detail. Such methods ~ An example of a frequently used potential function is
have been applied to understanding the detailedgeters showvn in Equation 1. This potential function contains
of ion permeation in ion channétd,water permeation and harmonic terms for bonds and angles, a cosiparesion

I ntroduction
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Equation 1.Example potential function.

for torsion angles, and Lennard-Jones and Coulonfitexane in a lipid bilayer as calculated belts a cetailed
interactions for non-bonded interactions. The constints example. Ifone would monitor the distribution of xene
are harmonic force constantk, is the currentl , the throughout the simulation, thereowld be insuicient
reference bond lengthg the current, g, the reference statistical information about areas that hexane visits with
angle,V,, n and y are the barrier he|ght multiplicitend  low probability (e.g. in the lipid head groups and iater,
off-set from the origin for the cosine function used t@ompared to the bilayer interior). By restraining xamee
describe dihedral angles (rotations around a central bondjplecule at dferent locations in the bilayer —feftively
gand o are Lennard-Jones parameters (a different pair féorcing the h&ane molecule to spend time in enfurable
each possible combination of dvdifferent atom types))  regions of the system - a distution of hexane can be
andq are (partial) atomic charges, andis the d|stance calculated that depends both on the restraining potential and
between tw aoms, andg, (different toe in the Lennard- the actual distribution without the restraining potential.
Jones potential) is the d|electr|c constant of vacuum. Usitgom a set of such simulations it is possible to reconstruct
this potential function, the forces (the detive o the the entire distribtion by correcting for the restraining
potential with respect to position) on all atoms in th@otentials. The result is an accurate distributigenefor
system of interest are calculated and used testdgsical cases where there is a verygrdifference in free engy
equations of motions to generate a trajectory of all atomstetween the least and the mostvdirable positions.
time. The potential function can be modified to includ€ombined with additional calculations, properties such as
additional enagy terms, such as an externally appliedates become accessible. An interesting example is
electric field. permeation in ion channeld. A second &ample is a
The primary result of an MD simulation is acalculation of the flip-flop rate of lipids, which is measured
trajectory of all atoms in time, from which dynamic,in hours, from microsecond simulations (Tieleman &
structural and thermodynamic properties of the simulatédarrink, submitted).
system can be calculated. The main strength of molecular One of the major challenges in modern simulations is
dynamics simulations is the amount of detail: all or nearlye study of conformational changes in proteins that are too
all atoms are incorporated in the model, andv feslow to obsene drectly on a time scale of tens to hundreds
assumptions are necessalis main weaknesses are theof nanoseconds. Umbrella sampling and related methods in
computational cost and the associated limited timarinciple are accurate, but theequire a specific reaction
(realistically at this time, about 100-500 nanoseconds) ancbordinate (e.g. the depth of the center of mass of a protein
limited length scale (ca. ¥Q0x10nm), and the domain in a membrane) and ergence of all motions that
approximations inherent in the potential function. The ussee not part of the reaction coordinate. The latter
of fixed partial chages centered on the atoms is a particulaequirement is almost impossible to fulfil for dar
significant limitation, bt there are other areas forconformational changes. An approximate method to study
improvement, e.g.additional terms that describe couplingthe effect of conformational changesyaay is to force
between bonded interactiofis.There is a substantial these changes and obsemhat happens. Seral groups
ongoing effort to impree te accurag of the potential have devdoped this approach in the literature (see refs. 24
functions, loit this does not change the fundamental metho&. 25 for recent reiews). Thesimulation of the potassium
An example of a typical membrane simulation isvalmdan  channel KvAP bele is an example. A second approach to
Figure 1. studying conformational changes is discussed vbede
Several useful atensions of the basic simulationwell, where the ATP-binding domains of an ABC
method mak it possible to calculate free energyfdiences transporter undgo conformational changes upon manually
from simulationg? If a reaction coordinate can beintroducing ATP, or the maltose binding protein opens and
identified for a process, processes that are orders adses depending on the presence or absence of maltotriose.
magnitude slaver can be studied than would be possible b¥ S ) o
direct simulation. Such a reaction coordinate could be F{oblem 1. Thedistribution of small moleculesin alipid
concerted conformational change, or a pathway for idpilayer
permeation in ion channels. In umbrella sampling, a biasing
potential is used to restrict a simulated system to Sam%\‘?ge
phase space within a specifiedjion (called a winde).
By placing windevs along the reaction coordinate, one ca
generate a free emgr profile (also called potential of mean
force), which will quantitatiely describe wii one region of
space is moreakaurable than anothefhe distribution of

The membrane @ironment is inhomogeneous, with
gradients in densjtyavalable free wlume and
olarity on a length scale of c88 nm. The partitioning
Eehaviour or distritution of small molecules in such a
complex environment is of interest from a number of

perspecties. Small molecules such asatst nitrogen,
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Figure 1. Snapshots of a typical lipid bilayer system, includingepgrmolecules. The left snapshot is a starting strectur
at the bginning of the simulation. The right snapshot is the strectfier 15 ns, showing the equilibrium positions of the
pyrene molecules. Reproduced with permission fron3tef

oxygen, and carbon dioxide often weoaross the cell our methodology.
membrane primarily by pas® dffusion, which is Quadrupolar splittings fronH-NMR spectra of
primarily determined by their partitioning befeur2?®  deuterated yrene-d, in an oriented lipid bilayer ge
Many hydrophobic drug molecules enter the cell througinformation about the orientation of C-D bonds with respect
passve dffusion across the cell membrane, ando the membrane normal. From MD simulations, such
understanding and fine-tuning their partitioning hvtnar geometric information is directly accessible from the
has important implications for their pharmacokinetics antlajectories because we kmat any time the location of all
bioavailability. Environmental pollutants &k atoms. The data from MD trajectories and NMR spectra can
pentachlorophenol, a aed preserative in common use be compared straightforwardly by defining molecular and
until recently accumulate in lipids, and the interpretation obbond order parameters. In an MD simulation witliepe
fluorescence xperiments using lipid-deréd dyes depends molecules in different locations in the bilayewyrene
on where these dyes are actually located in the membrarapidly moves towards an merage position and orientation
Membrane protein folding is also related to partitioningust belav the lipid carbogl groups. Figure 1 shows a
behaviouy in this case of amino acid side chaffi$t is not snapshot before and after the simulation, with thiemift
obvious hav to relate llk thermodynamic partitioning locations of pyrene. It is straightforward to calculate the
experiments to partitioning into bilayers,utb detailed order parameters describing the orientation of C-H bonds
computer simulations can be used to interpret theséth respect to the membrane. The same orientation can be
experiments, elucidate the relagi importance of entropic measured from deuterium splittings from solid-state NMR
and enthalpic contributions, and relate these to propertiegperiments under the same conditions (temperature,
such as chain ordering, fre®@lume distribution, polarity hydration level, concentration of pyrene, type of lipid).eW
and shape of the small molecules partitioning into thieund that the orientation ofypene in simulation and
membrane. It is also possible to obtainfisigntly accurate experiment agrees almost exactly when the lase fiv
experimental information to validate the simulations byanoseconds of the simulation were used to calculate the
comparing their eerage properties to xperimentally orientation. During this time theverage orientation of
measured values. pyrene no longer changed. YAnother period of fie

We have chosen a set of small molecules to studynanoseconds, kever, gave poor agreement with
including pentachlorophend!, pyrene3! hexane€’® and experiment. The results from simulation and NMR wsho
benzyl-compound® Pyrene and hene are of particular that the normal of the molecular plane is aligned nearly
interest. Pyrene is a fluorescent dye we studied both by Mierpendicular to the bilayer normal. The long axis of
simulation and by solid state NMR spectroscapvalidate pyrene lies preferentially parallel to the bilayer normal
the results of the MD simulation and to complement theithin a range oft30°. The results from the twdifferent
NMR data. For hexane, accurate thermodynamic data mgthods are remarkably consistent. The good agreement
well as the distribtion in a bilayer are known, making thiscan be explained by theadt that the different kind of
an excellent system to test simulations and furtheelde motions of a pyrene molecule are alreadgraged within a
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MD simulation. These results shothat MD simulations
can gve acurate results for the orientation ofgamic
molecules, and pxide additional detail that is not readily
accessible by other methods.

The pyrene simulations in one sense are
straightforvard: one addsypene to the simulation model of
the bilayer and waits for the molecules to reach equilibrium
positions. This approach answered the questions we were
interested in, but by itself does notgiany eal insight into
the thermodynamics of the interactions between pyrene and
the bilayer Although the distribution can be agnted into
partition coeficients and free energy profiles,
straightforvard simulations really only identify the most
favourable location in the membrane and do notvici®
accurate estimates of the relatilikelihood of finding
pyrene at different places in the bilayer.

For hexane, we calculated theact distribution in the
bilayer, which corresponds to the potential of mean force or
free energy profile, using umbrella sampling. By calculating
the PMF at three temperatures with high statistical
accurag, we dso obtained enthajpand entroy profiles.
The results of these calculations are shown in Figure 2.
Figure 2A shws a snapshot of the simulation system.
Figure 2B shws the density profile of the bilayewhich
essentially gies the arerage composition of the system as a
function of distance from the center of the bilay€Ehe
shape of this profile has been discussed in great detail in the
literature and can be measureg@imentally>* Figure 2C
shaws the nev results: the free engy, enthalpy and entroy
profiles. Clearly hexane partitions preferentially to the
center of the bilayein good agreement withxgeriment®
The free energy profile is reladly flat from 0.0 nm to
around 1.5 nm where it begins to increase rapidly
consistent with the width of the experimental disttibn.
The free energy exhibits a maximum in the head group
region (approximately 2.25 nm) before decreasing slightly
and lereling off as water reaches its bulk densityhe
umbrella sampling calculations sidhat the free engy of
locating hexane in the center of the bilayer is approximately

L L 1 1 1 1 24 kJ mot' more fivaurable than bulk ater This change is
=34 =20 'li)oosiﬁoo'g (nml)'o 20 30 driven dmost entirely by entrgp with only a small

enthalpic component, which is consistent with the

Figure 2. Free enegy of heane in a DOPC bilayerA:  hydrophobic effect. Thus for the partitioning of
Snapshot of the lipid bilayer system used (red and whitgdrophobic solutes, the very center of a lipid bilayer
tubes - water; yellow spheres hatine; orange phees - appears to hae veay similar properties to a bulk alkane
phosphate; blue spheres - glyokand carbonyl; gey ubes such as octane.
- alkane tains).B: Average mrtial density profiles for var Patitioning into the agl chains becomes increasingly
ious functional groups (bl&c- total density; ed - lipid; unfavaurable moving from the i@ density unordered
green - water; blue -hwline; orange - phosphate; brown - region (0.0 nm) to the high densitiighly ordered rgion
glyceol; grey - arbonyl; purple - double bonds; cyan - (1.4 nm). This is dvien by goposing trends in the enthglp
methyl).C: Free eneigy of partitioning a hexane moleculeand entrog. The enthalp becomes moreafraurable, while
from bulk water (bldk - free energy; red - entropic compo- the entrop becomes more uafaurable with increasing
nent of free engy, -TAS; green - enthalpic component ofacyl chain density.

(
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free enegy, AH). \ertical bars represent standal errors The pyrene and hexane studies demonstrate tw
obtained by measuring the asymmetry between leafletsirimportant aspects of computer simulations. In both cases,
the bilayer Reproduced with permission from rég. there are global, varage results that can be measured

experimentally: the werage orientation relate © the
normal on the membrane in the case yrepe (but not the

few nanoseconds, which is the timescaleseced by the . S . )
ed by depth in the membrane, nor the digitibn of orientations),
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Figure 3. Snapshots of performation in the DOPC bilayewith an applied field of 0.5 V/nm in theggence of 1 M NaCl
(right): A) 5330 ps, B) 5450 ps, C) 5500 ps, D) 5700 ps. The lipid headgroeigscavn in yellowthe chains in cyan,
chloride ions space-filling in gen, sodium ions in cyan; water is shown as dark blue and white space-filling in the inter
face egon and the pa, & dark blue bonds elsenee. The potential is positive at the top of Bamapshot relative to the
bottom. Adapteffom ref 48.

and the free energy of transfefistribution, and @erage the lab to introduce foreign molecules into cells or
hexane order parameter in the case okame. These industrially for e.g. water treatment.

vdidate the simulations,ut in addition the simulations\gi In the past f@ years electroporation has seen gsur
additional, ery detailed results that are not accessible by interest due to engineering advances thatvalitrashort
experiments. In both cases, the experiments are much meeey powerful pulses of 5-100 ns length that primarily
complicated than the simulations, and the simulations wilffect oganelles instead of the plasma membrane of cells,
get cheaper (both in computer time with its associated costiggesting ng ways to use electroporation in drug dety

and in human ébrt) over time at what will most likely be a and gene thergp’ Several recent papers ha investigated
very rapid rate compared to the experiments. One practigectroporation in detail by simulatid. 2438-40Although
area where this type of simulations will be useful is ithere are technical issues still under discussion, one of the
investigating the distribution and permeation ofkey results is likely to be quite raolt to changes in

hydrophobic drug molecules. methods: Figure 3 shows snapshots of the formation of a
) ) pore in a dioleoylphosphatidylcholine bilayémimations
Problem 2. The mechanism of electroporation of this process arevalable online, linked from ref. 13 at

Qttp://www.biomedcentral.com. Poreform from small

er defects, which occur more commonly near head
group defects, where the choline group of the lipid is
located nearer the glycerol backbone region than normal.
Initially, there is no clear sign of head group defects or
other irrgyularities at the site of pore formation, only & fe
mndred picoseconds later Water molecules are

The interaction of electric fields with membranes i
of fundamental interest in biology as well as in a number
engineering applications. At a more subtlevele the
membrane potential controls the operation afage-gated
channels® the basis of neestransduction. Here, heever,
we consider what happens whenemywlarge electric field is
placed across membranes, such as used in electroporatio
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S5 \@& S3b
S3a

Figure 4. A: Crystal structue of he KVAP voltge-gated potassium channel. The four subunitsatoured green, yellow
red, and blue; potassium ionsearange. In B, a 9de viev of two subunits is shown, with labelled helices in the yellow
subunit. The S3b/S4 helices form the paddigure 5 hiows the location of the lipid bilayer.

occasionally found in the interior of the membrane, whichhosphatidylserine lipids in a n@d bilayer (a marker of

is normally in the absence of applied electric fields,eayv apoptosis), and fging a stronger link with »@eriments
rare occasion. Such water molecules may foprdgen- with nanosecond length high field pulses (the same time
bonded chains of seral water molecules, which do not scale as the simulation$® A recent paper showed similar
have 0 lead to pores.nitially, a ceformation of the head pore formation, bt in the presence of DNand of a
groups is seen, withater defects forming at the same timepeptide-nanopor& Clearly, pore formation is linkd to the
The water defects e to span the bilayerand head likelihood of defects forming, which can be either aided or
groups start moving teerds this pore (Figure 3A&B)This  prevented by the presence of other molecules in the lipid
focuses the electric field across the defect, and the procbdayer This can be tested by further simulations.
accelerates. The pore thexpands and becomes lined with o .

lipid headgroups (3C), although it takes some time befof&oPlem 3: Molecular dynamics simulationsto

the head groups arevemly distributed oer the pore investigatetheKvAP crystal structureand a proposed
'surface’. Although in the final snapshot lipid chains ar§ating mechanism

still exposed to water (3D), this is not udithe distritution It has preen difficult to determine the structure of
of he_ad_ groups 1n an unperturbed bilay@his atpr_msnc membrane proteins in atomistic detail, although recent
description ena_tbles detailed analyses _of the dr|V|_ng forcﬁ?ogress has been imprassi Membrane proteins present a
for pore forr_natmn. It appears that El)ld'v'r_]g_ force is the articular challenge because in mamases their structural
_m°“°” of dlpqles (wat_er molecule_s and lipid head group tegrity appears to depend on the bilayer environment. One
mft_hﬁjstror(}jg ffldtgtrhadl_er:tstat the 'nmﬁ' Thkt;:-re alaysfls consequence of this is that membrane proteins may &a
afield gradient at the intelte, gen In e absence of an endeng to adopt distorted structures when solubilized in
applied electric field, but this appears to be balanced \Qtegent From a physiological point of we many

other for(_:es_ that ve a sable |r_1terace. In the presence Of membrane proteins of interest carry out tasks that require
an electric f|e|d_, Fh'.s halance is broken, and pore form_at'%ri]gnificant conformational changes, including signaling,
Is the way to minimize the t(_)tal free e@*"’f the sygtgm In transport, and regulated ion conduction. A crystal structure
the pressence of an applied electric field of fisismt typically captures a single state of a protein. Thus there are
strength . . . at least tw reasons to consider computer simulations of
_Tr_]us th(_a S|mu_lat|ons shohow a p)re_f_orms N membrane protein structures. First, simulations may help
atomistic detail, starting from wat_er d_efectsomn_g one identify parts of a membrane protein crystal structure that
and then a t& water molecules, with final pores/ving may be distorted due to the sasfant environment. Second
significant rearrangement of lipids to form a torOidalsimuIations, possibly combined with other modeIIin'g
pr?‘fethods, may help to identify different functional states of

o . X protein based on an experimental structure of one state.
kinetics of pore formation, the translocation o
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The \oltage-gited potassium channel KvAP is aKvAP crystal structure is significantly deformed compared
high-profile example of a membrane protein strué&fie to what the protein structure would be in a lipid bilaifer.
that caused substantial discussion based onxpeocted
features that may ka been due to crystallization
artifacts**4>Voltage-gated potassium, sodium, and calciur
channels all hae a #@milar structure, consisting of four B
similar or identical domains that surround a central pore.
potassium channels, twhelices, called S5 and S6, from
each of the four domains form the actual pore, whereas
first four helices S1 — S4 form the voltage senS&dris
particularly important, because it contains the corezkn
amginine residues that confer voltage sensitivity to tt
domain. Upon gating, about 12 ‘gating des’ cross the
transmembrane potential fifence, corresponding to the
arlginines on S4. A major question has been what t
molecular motions wolved in wltage gating are. A lge
body of experimental work led to\ssal models that all
had in common that S1-S4 are approximately parallel to
and S6, spanning the membrépé®

The structure of KvAPhoweve, showved an almost
detached S1-S4 ‘paddle’ domain that seemed to lie at
surface of the membrane (Figures 4, 5A). A separ:
structure of just the S1-S4 domaiasvalso sokd*3 KVAP
was rapidly recognized as deformed, but the separi
paddle structure provides additional information. Based
the crystal structures, MacKinnon and coklers
suggested a model in which the S1-S4 paddle is attache
the S5 helix at the intracellular side and sweeps across
membrane so that the tip of the paddlevesaetween the
intracellular and extracellular side of the membrane
gaing.*? This exposes four ginines per subunit to the
lipid, which is a highly contreersial idea. The motion of
the paddle also seems to conflict with othepezimental
data that measured distances between residues u
fluorescence or by engineering metal binding sites.

Some aspects of the proposed ‘paddle’ mechani
can be tested in a simulation. First, we ask what happer
the crystal structure is simulated in a lipid bilay@cond,
we consider changes in the protein when the paddle
pulled through the membrane by an artificial force that ..

supposed to mimic the effects of a change iRjgure 5. Snapshots of the KVAP struattin a smulation

transmembrane potential. in a DMPC bilayerA: Starting structue, wsing the crystal
structure of KVAP. B: Final structue ater 10 ns of simula-
tion. C: Final structue &fter 10 ns of the “nimera” simula-

After equilibration of the lipids and water around thdion, starting fom a model that combines the separate pad-
crystal structure there is large curvature of the bilayer suélif structue with the poe regon of the full structue. Cnly
that the central pore (S5-S6) and the voltage sensor (S3-849 of the four subunits arhown, one in yellow and one in
are surrounded by theytirophobic membrane while the green. Helices a hown as solid cylinders, loops as lines.
aminine residues are positioned at the imteef Upon Lipid chains ae shown as cyan lines with phosphate and
relaxation of the crystal structure the paddles rapidlyemo ©Xy@n atoms shown in space fill and cotedigold anded
into the hydrophobic interior (2 ns) and remain there for tHespectively Chloride and potassium ions arshown as
duration of the simulation (Figure 5B). This large change &Fange and purple spheres.
the paddle location and structure, which results invarat
RMSD for the whole tetramer of0.6 nm, does not
however influence the conformation of the central pore. In
model that combines the isolated paddle structure with the  |f we assume that the resulting simulation structure

pore domain of the full KVAP structure, this change doegter 10 ns, or the model including the isolated paddle, are
not occur (Figure 5C). Thus the simulations suggest that th&jistic, we can ‘test’ the paddle model by simulaffon.

Equilibrium simulations of KvAP

gulling the paddles through the membrane
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Although it is possible to apply electric fields in asuggesting strongly — based on simulation osalthough
simulation, the fields required to seeyadfects on a there is ample experimental information to argue the same
nanosecond time scale arery large and pfsiologically thing — that the crystal structure is not in a/gblogical

not releant*® Instead, we chose to literally ‘pull’ the state. If we test the hypothesis that pulling the paddle
paddles through the ‘membrane’, which for this occasiainrough the membrane corresponds to the conformational
for simplicity was modeled as a 3 nm thick slab of alkanehange in gting, our simulations suggest substantiatex
Effectively, we atach a spring to the tips and pull the springlefects and the potential for ions to wvaowith the @ting
through the membrane during a 10 ns simulation. Veata chage aginines. Morerecent models of Kg ae more
with this type of simulation is that a realistic time scale fosophisticated>? and more recent structures of Kv&P*
simulations of 10 ns isery short compared to the actualand Kv1.25%¢ also refine the picture that is emergingt b
rate at which a large protein domaiowld maove, dthough this is still a reasonable illustration of the use of simulations
this rate is not known exactly. based on experimental information and the original KvAP

Despite the high pulling rate, the S5, S6 and porructures only.
helices are very stable (data notwhp see ref. 48). The
channel appears to be partially open in the startigeesy et
structure, and the shape and the size of the pore ";.
only minor modifications during the simulatiofithe efect sfhegven
of the motion of the paddles is not proptegl immediately
— the opening of the channebwld occur on a longer time_{zv
scale. Thismight be reasonable as voltage gating can ‘-‘g&u“'
described by a model that has four independe&‘; e
conformational changes, presumably theviitlial wltage
sensors of each of the four domains, followed by
collective sep that actually opens the chantfel.

Visual inspection of the trajectory confirms that tt <~
paddles undergo mainly a rigid domain motion, with £ “ew
acting as a hinge for the rotation of S3b and S4, , “
agreement with the suggestion of Jiangal*® Both in the p\.@
crystallographic structure of the full protein and in th® %'1«.
starting structure of our model thediwonsered aginine ‘,z:*
residues in the S4 helix (R117, R120, R123, R126, R133&4¢Y %
KVAP; R362, R365, R368, R371 and R377 in Shaker) ?&,
solvent-aposed. As the simulation proceeds, S4veso ‘}Ev, *m Thdss
from the octane-water interface to the membrangs 4"1“%, ~'-f-&"‘5 o e ] A
mimicking evironment. R117 enters the octane slab bef m:'“h "%"‘éﬁﬁ&,‘«:ﬁf*{v- oo el
the others, followed by R120, R123 and R126.

The most interesting result of ouxperiment is the
formation of water and ion defects upon pulling the padd
into the membrane interior (Figure 6). Theesed aginine
side chains drag geral hydrating water molecules with
them into the octane slal\fter approximately 4 ns of
simulation, the first four arginines are completely insertelpg“j1
into the octane slab, although yhare still surrounded by
water. Partial desolvation of R117 and R120 starts only 1.
ns later while R123 and R126 retain their full sation
shell until the end of the simulation. Since thatev
pockets surrounding the ginines are directly connected to
the bulk vater chloride ions penetrate deep into the octane
slab and form shortded ion pairs with the positely  pProblem 4: the dynamics of the ABC transporter
chaged side chains. The number of chloride iongtyucD/BtuE
interacting with the guanidinium groups increases during
the simulations, starting from 0.1 ions pegiaine and ATP-Binding Cassette (ABC) transporters are
ending with (0.8 and (0.6 ions for R117 and R120 modular mechanical machines that couple the hydrolysis of
respectiely. One likely explanation is that theydrated ATP with the transport of molecules against a concentration
chloride ions partially neutralize the high pogitichage on  gradient?” They consist of 2 nucleotide binding domains
S4, making it less difficult to cross theydmophobic (NBDs), 2 transmembrane domains, and optional additional
environment. domains, aganized in a varying number of polypeptide

The simulations sl major changes in the crystal chains. Mutations in the genes encoding ynahthe 48
structure when the structure is embedded in a bilayé¥BC transporters of human cells are associated wittrale

Figure 6. Water defects surrounding the KvAP “paddle”
i/vhen the paddle is pulled deeper into the membr Shap-
$hot from the steed MD simulation (at time = 9.5 ns). The
residues ae cloured accoding to type: red — basic, blue —
acidic, green — polamgrey — non-polar The voltage-sensing
ddle (S3b-S4) is shown in a surfaepresentation. \ater
shown as small white spheres; potassium is pink, and
hloride is yellow R117 and R120 sharane solvated ldo-
ide ion, and dag abstantially less water molecules into
the membrane compared to R123 and R126. deeped
from ref 48.
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diseases, includingystic fibrosis, adrenoleaklystroply,  The periplasmic binding protein MBP
Tangier disease, and obstetric cholestasis. Crystal structures

of the ABC transporters Msi5&51 and BtuCI§2 have been The maltose/maltodérin-binding protein (MBP)
determined recentlyas vell as structures of the periplasmicsenes as an initial high-aihity binding component in the
binding protein Btulf364 In addition, a lage number of periplasm that delers the bound sugar into the cognate
solution structures of the separate nucleotide bindiyBC transporter MalFGK We have investigated the
domains as well as periplasmic binding proteins igomain motions induced by the binding of theatig
available. Figure 7 summarizes the vitamin B12 impomaltotriose into the binding cleft using molecular dynamics
system, consisting of an outer membrane receptor (BtuB)sinulations. This is a particularly interesting test case for
periplasmic binding protein (BtuF), and the ABCsimulations, because crystal structures of the open state
transporter (BtuCD). Combined, these structures enabiéthout maltotriose and the closed state with maltotriose
different computational approaches aimed at understandiag &ailable. If the simulations are accurate,tishould be
a key question in the mechanism of an ABC transporte@ble to reproduce the large-scale domain motions of MBP if
how does ATP hydrolysis get translated into aetransport we remae maltotriose from the closed state (it should
of a broad range of substrates@r Fnolecular dynamics open), or add it to the open state (it should close). This is
simulations, the large size of these proteins and the loiffleed what happens in simulations on a time-scale of tens
time-scales iwolved in function are a challenge.of nanosecond®. Additional unpublished simulations of
Nevertheless, we hee dotained encouraging results fromribose binding protein and BtuF find similar results,
simulations of nucleotide binding domains, periplasmiglthough the time scales required are almost an order of
binding proteins, and initial simulations of the full BtuCDmagnitude longer (StocknerKandt, and Tleman,
transporter. unpublished). The domain motions of periplasmic binding
proteins may play a critical role in transpo@ur current
hypothesis is that binding of the periplasmic binding
%" protein to the ABC transporter forces a conformational
change that reduces the affinity of theatid for the binding
cuv v s uwve n SV AL s s us s protein, efectively releasing it into the transportefhis
vaJJ"v‘J‘,Jnyg» 4] N VJVJV'VJJJVJVJ H
e %3&’ \ %ffﬁ;-j»:ﬁlffi': remains to be tested.
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The BtuCD  structure was solved with
tetraorth@anadate bound to the ATP-binding sites, in such
a way that the tw NBDs in the crystal structure do not
directly interact bt face each other in what appears a
reasonable physiological orientati$hAs an initial attempt
to use the crystal structure to understand tiee two NBDs
interact with each other and potentially with the
transmembrane domains, we compared simulations of
BtuCD in a lipid/water evironment. In the first, we simply
removed the vanadate. In the second, we docked MgATP in
the two binding sites, based on a comparison of the BtuCD
structure with a crystal structure of the MalK dimer with
ATP bound®6.67

In the absence of M@/, no substantial interactions
between the tae NBDs are obsewrd. In contrast, docking
of ATP to the catalytic pockets progresty draws the tvo
cytoplasmic nucleotide-binding cassetteswdmls each
other (Figure 8). Moreover, occlusion of ATP at one
catalytic site is mechanically coupled to opening of the
nucleotide-binding pocket at the second sitée popose
Figure 7. Shematic of theE. coli vitamin B12 importer that this asymmetry in nucleotide binding behaviour at the
system. Namin B12 is red; the beta-bat is BtuB, the two catalytic pockets may form the structural basis by
outer membrane receptor for B12; the periplasmic binding/hich the transporter is able to alternate ATRIrblysis
protein BtuF is yellow; the twodansmembane domains of from one site to the otheinterestingly in smulations of
BtuCD ae Hue, the two NBDs & geen. AP binds at the the MalK dimer without its transmembrane domain (whose
interface between the two NDBs. ThanSport pathway structure is not knen), the tvwo hinding sites interact
through BtuCD is not known with certaintynage ourtesy symmetrically (Oloo and Tieleman, in preparationg #go
Dr. C. Kandt. obsere aibstantial motions of the transmembrane domains
in BtuCD, at the same time as interactions between the
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NBDs. It is encouraging that some motions of thesgelar simulated has been phenomenal. Simulations of pure lipids
domains as a whole are captured in simulations on a timee nev investigating phenomena on much larger length
scale of tens of nanosecondse \We currently pursuing (10-30 nm) and time scales (hundreds of nanoseconds) and
similar simulations as well as simulations that include ean be compared more directly toxperiment and
form of biasing to mee dther the NBDs or the theoretical work at mesoscopic scales. Thailability of
transmembrane domains, with the hope of observing tfest software and relatly cheap computers will no doubt
response of the domains that are not beingethexplicitly.  lead to a further increase in the conxthe of the systems
With current computer capabilities it is easier to perforhat can be simulated. It should also lead to increased
multiple copies of simulations to increase the statisticahethodological deslopment and more x¢ensive @ntrol
significance of obseations based on trajectories. It seemsimulations to impree the statistical accurgc of
certain that we will see a rapidly gvimg number of phenomena obserd. Simulationsre generating questions
computational studies on this interesting class of proteins.that can be testedkgerimentally which will no doubt lead
to increasingly stronger links with experiment. The recent
growth in the number of high-resolution membrane protein
structures is an exciting dgopment. Simulations can
provide additional dynamic details of the static snapshots
given by membrane protein structures and can be used to
investigate and build models of other conformational states.
It is worth reflecting on the time and@t spent on a
particular type of simulation. Eight years ago, it took 6
months to create a starting model of the bacterial porin
OmpF in a lipid bilayerand another 6 months on &ry
expensve mmputer to simulate its motions for 1 #s.
Recently we repeated &ny similar calculation in a day or
two, using desktop computers. All simulations described
were done with the GRMACS softvare®® which can be
freely downloaded from http://wwgromacs.ay. Most of
the examples | ha gven in this paper would be considered
complicated simulations by the standards of their
publication dates (2004-2006)yttongoing simulations that
build on the hexane distribution, electroporation, and the
dynamics of ABC transporters are already a magnitude or
more complg in scope, time scale, and fifent scenarios.
| believe increasingly in the future computational studies
can provide a valuable contribution to ngagroblems in
biochemistry biophysics and related areas, often as a small
part of an integrated approach to solving a specific problem
that combines experiment and simulation.
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