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Abstract

Steered molecular dynamics (SMD) simulations for the datmn of free energies are
well suited for high-throughput molecular simulations atigtributed infrastructure due to the
simplicity of the setup and parallel granularity of the ruRlowever, so far, the computational
cost limited the estimation of the free energy typically ojest few tens of pullings, thus
impeding the evaluation of statistical uncertainties imed. In this work, we performed two
thousands pulls for the permeation of a potassium ion in taeigidin A pore by all-atom
molecular dynamics in order to assess the bidirectional Sivtidocol with a proper amount
of sampling. The estimated free energy pro le still showsadistical error of several kcal/mol
while the work distributions are estimated to be non-Gaussit pulling speeds of 10 A/ns.
We discuss the methodology and the con dence intervalslatiom to increasing amounts of
computed trajectories and how different permeation pagkvier the potassium ion, knock-on

and sideways, affect the sampling and the free energy dsima

To whom correspondence should be addressed


toni.giorgino@upf.edu
gianni.defabritiis@upf.edu

1 Introduction

Biologically relevant events often take place at time ssdé& beyond those accessible by fully
atomistic simulations, for example, conduction of ionotigh narrow channels:3 A successful
approach for describing molecular phenomena at longerstiales is to average out all but a
few degrees of freedom of the system by selectimgagtion coordinate The forces affecting
the process are then described as an effective potentiakahrorce (PMF), i.e. the free energy
pro le along the reaction coordinate® The PMF can, in principle, be computed by sampling the
equilibrium statistical distribution of the system. Howeyvthe time required for the system to
cross high free energy barriers may be long enough to makeothputation infeasible.

This problem has been successfully addressed with biasiggols!:8 such as umbrella sam-
pling (US)?2 which overcomes this limitation by sampling several biasgdilibrium distribu-
tions, which are later merged by histogram-based techritfié3 Jarzynski equation (JE) and
Crooks uctuation theorem (CFT) equalities showed that ffMF can also be recovered from
non-equilibriumsteered molecular dynamiéé® Steered molecular dynamics (SMD) is a well-
known computational protocol to exploit non-equilibriungpling, in which the application of
time-dependent biasing forces guides the system accotdiagrede ned protocot®:1’ In SMD
experiments, several pulls are simulated in one (forw&#or two (forward and reverse) direc-
tions 14:19-21

A number of previous studies have used SMD simulations toptdenfree energy pro les on
realistic biomolecules. The JE applieddne-directional(forward only) SMD experiments have
been used by several authors to compute the free energyepiro large biomolecular systems:
among the most recent works, Cuendet e¥?alsed two groups afi 150 single-directional tra-
jectories (total sampled time of approximatelyr®) to compute the PMF of the T cell receptor
with a major histocompatibility complex peptide (TCR-pMHEmplex and a mutant. Martin et
al.22 used single-directional SMD on a large system to computerleegetics of translocation of a
polynucleotide through a nanopore; the pullings were cotetliwith various parameters, and the

PMF curves computed on 2 to 6 samples. Liu é¥adtudied the permeation of Nahrough gram-
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icidin A (gA) with n' 8 single-directional trajectories; Zhang elusedn 35 trajectories and
four different computational methods based on the JE to coeniive unbinding of acetylcholine
from the Alpha-7 nicotinic receptor along four differenttipst Jensen et al. computed the ener-
getics of sugar permeation through lactose pern?@aamed glycerol through aquaglyceropo#gh,
respectively, via four SMD runs with cumulant expansionn@aratively, fewer works have dis-
cussed the use didirectionalpulling experiments in large proteins. De Fabritiis ef&tomputed
the PMF in gA with the with 25 pulls in each direction. Fornéykl® computed the PMF of gA,
as well, with 10 pulls in each direction comparing variousicostrengths and backbone restrain
types. Due to limitations in computational resources, nstgdies could only sample a low num-
ber of trajectories, and were therefore unable to assesmitect of increased sampling on the
precision of the PMF pro les.

Here, we expand the amount of sampling with respect to pueviadirectional SMD studies
by almost two orders of magnitude in a realistic system, thaligner embedded in a membrane
and explicit solvent, to test the methodology in a propedinpled system. Gramicidin A (see
[Figure]) is a helical antibacterial dimer (15 aminoacidsh@avhich increases permeability of
biological membranes to inorganic ioA$The backbone of the gA dimer form a narrow pore,
allowing a single le of water molecules (or potassium ioms) Il it. Due to the diameter of
the pore, the transport of a single ion drags with it a colurheixto nine water molecules in
a single le, reducing drastically the possibility that watmolecules slip past each otf8rThe
small size and early availability of its structure made gAextiently-used model for a membrane
channel?l:2? Despite its simplicity, permeation is not so well reprodiicemputationally: several
studies reported with a barrier to permeation of 10-20 kwall/ several kcal/mol higher than the
experimental oné:23:34The barrier height was recently shown to be much improvel thi¢ use
of a polarizable force eld®

We performed an extensive set of all-atom MD experimenthiergA channe¥ and computed
the PMF from bidirectional pulling experimerts®’ using 1,000 pulls per direction. Con dence

bands for increased number of pulls, computed with a vagtatde bootstrap procedure, are also



presented. The importance of sampling effectively the elegjof freedom orthogonal to the reac-
tion coordinate is well illustrated by two permeation patlye shown by the potassium ion in the

interface between the two monomers of gA with different feeergy pro les.

2 Materials and methods

2.1 The potential of mean force

The PMF is a convenient description of the energetics of yiséesn obtained integrating out all
of the degrees of freedom with the exception of eg&ction coordinatez = z(R), which should
capture the interesting features of the system. The B{Hr would then be

o DG _ RdeEd(z(R) Dexp( bH).
dRdPexp( bH) '

whereH = H(R;P) is the Hamiltonian of the systen® = (rq;:::;rn), P =(p1;:::;pn) are the
positions and momenta of tié¢ atoms,d( ) is the Dirac delta function anbd = 1=(kgT), where
ks is the Boltzmann constant affdthe temperature of the system.

The Crooks uctuation relatioH:28:3%allows one to compute the equilibrium free energy dif-

ferenceDG between two states “0” and “1” described by two HamiltonielgsandH, as

P (+ W) _

W = explb(W DG)); 1)

whereW is the external work done on the system by forcing it to chdragya state O to 1, anB:=,Pr
are the probability distributions of releasing the wivknto the system during a transformation in
the forward (F) @ 1 and reverse (R) L 0 direction, respectively, in a nite time. The Crooks

uctuation relation is a generalization of the Jarzynskiiality (JE)L2

hexp( bW)ig = exp( bDG);



recovered from Crooks uctuation relation by integratingtiv sides of Ed.J1. The Crooks uctua-
tion relation can be estimated using the optimal Bennetptenice ratio methotf Interestingly,
these two fundamental relations have their equilibriunmnterparts obtained for an in nite pulling
speed, where CFT resembles an equilibrium relation preljailerived by Shing and Gubbifs
and JE corresponds to Widom's formula used to compute thmiclaé potential by test particle
insertiorf*? (with well known poor convergence properttés The exponential average of the JE
causes few rare low-energy trajectories dominate the atiwfDF; when only few trajectories
are available, the estimate can be improved using a rselocdmulant expansion, which is exact
in the limit when the distribution oV values is Gaussia#:44The CFT have much better conver-
gence properties than a direct application of JE, and wasftire used in a previous stuéfand

in this study. Both the JE and the CFT have been con rmed exyartally in atomic force and
single-molecule pulling experiment&:2?

In this work, we use the estimator for the PNBE2) proposed by Minh and Adi8!

bG(2) _
e = g +
9 ned(z z)e P
- etl ne + nge bW DF)
* ( EI- #
nrRd(z z )€’
ne + nged(W+DF)
gbDR é e bIV(zt) DR] 2)

t

whereng andng are the number of forward and reverse trajectories resgtiVy is the partial
work performed in the interval between timeandb, t is the nal simulation time, andDR is
the free energy difference between the initial state andtigeat time. In this work we used the

implementation of EqL{2) provided in the FERBE packé&ge.



2.2 Steered MD Protocol

To describe the permeation experiments of one potassiuttihiongh the gA channel, the collec-
tive reaction coordinate was assumed to bezheordinate of one of the cations, which will be
called KS,,p in the following, i.e.z(R) = z. The chosen cation was driven through the channel

applying a simple harmonic biasing potential parallel ®zlaxis producing the force

Fz;t) = kz b(t) )

wherek is the spring constanty is the instantaneous coordinate of the ion, ant(t) is the
time-dependent equilibrium point for the biasing force.e™pring constarit = 10 kcal/mol of

the biased system was set in order to ful ll the strong spapgroximationk > max(23,; &ma),

wheredzis the spatial resolution that we are seeking for the Pz« is the maximum energetic
barrier that we expect idz, anda 1. The biasing position was displaced linearly with time:

8
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z=+ vt (forward)
b(t) = S

zr Vvt (reverse)

The cumulative work pro le was obtained by integrating tmstantaneous forces over the
corresponding interval 7
W(t) = tH)F(t()volto (4)
with F(t) given by Eq.[[B). For the numerical computation of Hd. (4% tfitegral was approxi-

mated as a discrete summation over time intervals of lebDgth

b

WP= 3 kzt) z v vDt (5)

ti=a

wheretj = jDt is the time corresponding to theth interval,zg is the starting position of the pull,
and the sign is taken according to the pull direction. Zlais was divided in 100 bins, equally

spaced over the intervakE  10;:::;0 A,



2.3 Preparation of the system

The gA dimer was prepared based on the Protein Data Bank BBtB1IJNO2® extending the
protocol already presented in De Fabritiis e€&The structure used in the previous study, com-
prising the gA dimer and dimyristoylphosphatidylcholimaPC) lipid bilayer, was solvated with
8,668 TIP3 water molecules and ionized at a ionic strengtflb6fmM with 24 pairs of K and Cl
ions. The nal system, comprising 40,410 atoms, was thenliegated at 1 atm and 305 K with
the CHARMM27 force eld in the NPT ensemble for approximately 13 ns. Thdibilayer is
oriented in thexy plane, and the axis goes through the gA pore ($ee Figdre 1). The simulatien b
resulting from the NPT equilibration was 66.165.8 88.9 A%. The preparation runs were per-
formed with the NAMD progrant with particle-mesh Ewald electrostati¢$rigid bonds, cubic
periodic boundary conditions, and a time step of 2 fs.

In order to generate the initial con gurations for the fomdaun, the position of one potassium
ion was exchanged with that of a water molecule located dlmfige entrance of the pore, i.e. ap-
proximately af0;0; 15) A. For the reverse runs, the ion was exchanged with the watéaule
closest to the middle of the channel. The two systems wereaib a further 20 ns of equilibra-
tion in the NVT ensemble, while restrainingsf4y, to its initial position with a spring constant of
10 kcal/mol/&. After the initial 20 ns of equilibration, the runs were aexted for further 20 ns
in the same conditions, taking snapshots at 200 ps intetyais yielding 100 snapshots for each
of the two systems. Each snapshot was used as an initial aoatign for 10 SMD rundg. Figurg 1
shows the ion at the initial positiozs andzg for one of the forward and reverse pulls respectively.

Further analysis on the con gurations, e.g. the water oaogpg of the pore, and statistics
on ion-water-protein relative positions, were performesihg the scripting facilities of the VMD

program®°

2.4 Production runs

We performed 1000 forward and 1000 reverse SMD runs, staftom the 200 distinct initial

con gurations prepared according to the protocol expldiabove. The pulling speed and SMD
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spring constants were setat 10 A/ns andk = 10 kcal/mol/& respectively. Each SMD run
lasted 2 ns, long enough for the pulled ion to reach the staposition for the opposite direction,
i.e. until z< zr for the forward runs, and> z for the reverse ones. When the ion was outside
of the channel, a at bottom potential was applied to keepithrein line with the pore during
the approach (the regian< 10 was excluded from the PMF calculation). No constraintsewe
imposed to the ion on the plane orthogonakt®nly thecenter of massf the Ca atoms of the
pore was restrained to its initial position with a harmonatemtial of 100 kcal/mol/A, to avoid
the pore being displaced out of the membrane by the net fqoiea throughout the simulations.
The restrain was just applied to the center of mass, in ordetonarti cially constrain the local
helix radius, inter-dimer distance, nor orientations @& #ide-chain. The pore was therefore free
to expand under the in uence of the permeating cation; tleisibility has been show to play an
important role in the permeation energeti€1:52

All of the production runs were performed with ACEMB,which leverages off-the-shelf ac-
celerated graphic processing units (GPUSs) allowing onelbdese approximately 100 ns per day
of simulated time on a single GPU for system size of the or@3¢00 atoms, performance de-
creasing linearly with system size. Production runs hawenlgerformed in th&V T ensemble,
Langevin thermostat at 305 K with a relaxation of 0.1/ps, pating the electrostatic interactions
with the particle-mesh Ewalds (PME) algorithth The integration timestep was set to 4 fs, en-
abled by the hydrogen mass repartitioning sch&ia@available in ACEMD. This scheme allows
for longer timesteps by using the property that the equiliirdistribution is not affected by indi-
vidual atom masses provided that the total mass of the systtgya the same. Transport properties
change by less than 10%, a small amount compared of the erionsic in the TIP3P water model
compared to real wate?

The runs were performed on a distributed computing gricedaBPUGRID.nek® We set up a
server based on the Berkeley Open Infrastructure for NétvWamputing (BOINC) to automati-
cally distribute the runs through the Interrétin order to be executed remotely, each forward and

reverse run was arranged as a separate work unit. As sooclapadicipating computer nished



computing the assigned simulation time, it returned a legwiith the trajectory(t), and the force
F(t) exerted on the SMD ion, recorded at intervals of 200 fs. Thamdational effort used for

computing the PMF curves amounted to the generationrd df total simulation data.

2.5 Bootstrapping procedure

The convergence properties of the PMF were estimated wiheist to increased con guration
sampling by re-computing the potential curves with a vagysample size bootstrapping tech-
nique 28 similar to the one employed by Cuendet e£4ln this procedure we constructed resam-
pled sets of the available bidirectional pulls of incregstardinality. Each of the available pulling
trajectories was randomly taken zero or more times, in oméuild a resampled set containing
R bidirectional trajectories. A PMF pro le was computed ca®sing only the resampled set,
and the PMF depth was obtained. The process was iteratdBlbubtstrapped replicas were ob-
tained, nally yielding the standard deviation of the PMFptle, s (R). The procedure was repeated
for resampled sets of sizés= 10;50;100 250 500, 750 n, with n= 1000 being the count of all
available pulls. The cade = 1000 corresponds to the plain bootstrap procedure, whiehtes

resampled sets as large as the number of trajectories alligavailable.

3 Results

We computed cumulative work pro les using Efl (5) for all bBt2000 pulling experiments. The
upper and lower part 2 show the work pro les for tbeward (a) and reverse work (b)
respectively. For the forward pulls, the work was taken @&sdhe required to push thegﬁD

ion fromz= 10 toz= O; for the reverse pulls, the endpoints are reversed. Thehdisons of

nal work values for the forward and reverse pulls are showithie right-hand side 2,
respectively in panels (c) and (d). The mean work performetthé forward direction at the end
of the pulls (dashed line) was 55.5 kcal/mol (standard devial4.9 kcal/mol); for the reverse

direction it was 31.9 kcal/mol (SD 11.2 kcal/mol).



3.1 Final work distributions

The CFT implies that if the forward work values follow a nodrdsstribution with a variances ,
the reverse work values should also be a Gaussian with the sariance>® To check whether
the nal work values obtained in the simulations follow a m@&l distribution, we applied the well-
known Shapiro-Wilk normality test? The test quanti es the probabilitythat a given set of values
could have been taken from a Gaussian distribution (nulbttygsis); if thep value computed by
the test is smaller than a xed threshold, usually taken 85,0one concludes that there is strong
evidence against normality. The Shapiro-Wilk test rejg@¢kee null hypothesis that the nal work
values follow normal distributions in either direction€ 4 10 7 for both the forward and reverse
runs). Given that the pulling speed used here was 10 A/rspitlikely that the work distribution

is Gaussian, at least for a system with enough dissipaterplilling an ion through a pore.

3.2 PMF proles

The PMF curves recovered from the bidirectional pulls wite analysis protocol cited abcde
are shown irj Figure]3. For clarity, the potential pro le haseh symmetrized around tlze= 0
axis, and offset so that the PMF is zer@at 10 A. The PMF exhibits a binding siteat 8:5 A
and a total barrier height with respect to the bulk of appraately 14 kcal/mol. The location of
the binding site is approximately consistent with the omgmrted in the literaturé?:34.35.61

The barrier height obtained here is lower with respect toathe computed from the Réf
data set (19 kcal/mol), obtained from 25 bidirectional pul\s discussed in the same paper, the
induced dipole of the water molecules surrounding the chlgmovides an important component
to the barrier to permeation. In particular, when the ikn is not in the middle of the channel, a
large fraction of its electrostatic interaction energylie do atoms between 6 and 16 A of distance,
i.e. in the second coordination shell. This fact underlitnesrole played by the water molecules'
polarization and the nite time required for their reoriation. Part of the relatively higher barrier
to permeation found in this study with respect to othersqreréd with US4:51 or SMD2 may

be therefore ascribed to the biological (150 mM) KCI ionieagth employed outside the pore,
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compared to higher concentrations used in other studies.
Furthermore, the previous study Réfsampled only 25 bidirectional pulls, and therefore could
not provide a measure of the statistical uncertainty. Wd shaw later that that this amount of

sampling still incurs in a statistical uncertainty of terfi&cal/mol.

3.3 Permeation pathways

lon and water permeate through the narrow gA channel as kesiag®:6'the sequence of ion and
water molecules should therefore be preserved during atgalever, during some of the reverse
(outgoing) pulls, K, was observed to exchange places with the preceding watecmiel These
trajectories could be distinguished according to the valude workW cumulated at 300 ps, as
shown i Figure 4 (a). We inspected the structural featufréseatwo groups analyzing a subset of
the reverse runs, and labelled the trajectories for wi¢B0O p3 > 10 kcal/mol as belonging to
the “H” group (37% of the trajectories), and “L” otherwise3(). To analyze the atomistic basis
for this difference, we computed 52 additional trajecteriecording the state of the system every
10 ps, and labelled the pulls in groups H (14 pulls) and L (3ispas above. Inspection of the
trajectories in group H revealed that the order in the walewas partially lost around 300 ps after
the beginning of the pul[{Figurg 4 (b) and (c)). When thisrexeccurred, the K, ion overtook
the preceding water molecule (indicated as W in Fighreff), l€onversely, in the pulls in group
L the order of the water le is preservefd (Figure 5, right).

The interruption of the water le may be traced back to thenfation of hydrogen bonds
between W2 and carbonyl atoms in the gA backbope. Figure 4rft)(c) show the residues
whose carbonyl atoms were most often acceptors of a hydraigen of W2 at the time when it
was overtaken by K,,5. A hydrogen bond was observed with residue Vall of chain Abioua
50% of the runs in group H, and with residue Ala3 of chain B io@h70% (chains A and B
being the monomer placed at positive and negatinespectively). Radial and angular cutoffs for
H bonds were taken as 4 A and 3@spectively.

Finally, we performed a control simulation to check the 8itgtof the dimer's embedding in
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the hydrophobic membrane environment. Speci cally, weckleel the equilibrium con guration

of the dimer when the permeating ion was held close to thedimerface ¢= 0 A) by a constant
biasing potential ok = 10 kcal/mol/&, analogous to a setup that would be used for a US window
in the middle of the channel. A simulation of 50 ns was sufrti¢o disrupt the pore structure,
with water ngering from bulk on the side of the channel in erdo balance the ion charge in the
middle of the membrane. Thus, the biased equilibrium wighidim forced to stay within the pore is
substantially different from the unbiased permeation gweghich could imply that SMD is better

than US for this system.

3.4 Sampling and convergence

We characterized the convergence of PMF estimates witlecesp increased sampling with two
methods. First, the available trajectories were split in-ngerlapping blocks of different sizes,
computing the PMF pro les using the data contained in easkumingG(0) = O. (@)
shows the PMF curves obtained using 10 bidirectional ttajexs each, i.e. 1-10 ( rst block),
11-20 (second block), and so on, for a total of 100 pro les. alagously[Figure]6 (b) shows
PMF pro les computed with blocks of 50 bidirectional pullagh (20 pro les), and Figure 6 (c)
shows the same using 250 bidirectional pulls at a time (41pg). For reference, in panels (a)-(c)
the thick blue line shows the PMF computed with all availadd¢a. Increased sampling clearly
improves the reproducibility of PMF curves; in particuldgppears that curves obtained with only
10 bidirectional pulls each are affected by a statisticalresf the order of 10 kcal/mol, comparable
to the PMF depth.

We used the bootstrapping procedure outlined in SeCfidtozyiantify the effect of increased
sampling on the variability of the PMF dept®(10) G(0). (d) shows the standard
deviation of the PMF depth over the bootstrapped pro lesaoted including different number of
trajectories. The results con rm that the standard dewiafor R= 10 trajectories is of the order
of 5 kcal/mol, which decreases to 3 fe= 50 and to 2 foR= 250. When using all of the 1,000

available trajectories, the bootstrap analysis estinestatistical error of 1 kcal/mol.
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Finally, we performed two additional simulation sets astoma to check the in uence of
pulling speed on the PMF depths and pro les. The structuveshiese runs were taken from the
previous study® and were slightly smaller than the production simulations2@,000 atoms in
total). In the two control sets the ion was pulledvat 10 (221 bidirectional pulls) and= 2:5
A/ns (171 bi-pulls) respectively. We used the afore-memgibbootstrapping technique to compute
the convergence of the PMF depth in the two data $efs (Tabl&hg nal PMF pro les are
qualitatively similar with each other and with the one ob&al from the production simulations.
Consistently to what is observed in the production runsreBsing the statistical error below 2
kcal/mol requires signi cant computational effort for Imopulling speeds. Given that slow pulls
require four times as much simulation time as the fast onedppning SMD atv = 10 A/ns

appears to be more computationally ef cient for this system

Table 1: Statistical uncertainty of the PMF depth estimaté&k¢al/mol), at ion pulling speeds of
v= 10 andv = 2:5 A/ns, computed through bootstrapping for increasing rema pulls. The
gures show the width of the 68% con dence interval (Cl), roling a 1s interval around the
mean. Computation of each of the slower pulls requires fioned the computational effort of a
fast one.

PMF depth CI (kcal/mol)
Pulls 10A/ns 2.5A/ns

10 8.3 8.7
25 5.4 6.9
50 3.9 5.8
100 3.2 4.3
150 2.8 3.9
171 — 3.6
221 2.5 —

4 Discussion and conclusions

In this paper we performed an extensive set of SMD forwavenee experiments, sampling a
simple but realistic biomolecular test system, gA, well &may the state of the art, to analyze

the effect of increased sampling on the precision of themedgg of the PMF of permeation of a
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potassium ion steered through the channel.

The advent of accelerator processors and codes able tatakpim, like ACEMD for graphical
processing unit€2 should play an important role in reducing sampling limitas to obtain free
energy estimates up to the accuracy of the force- elds. TREDS$rotocol is well suited for
high-throughput molecular simulations in distributed gating infrastructures like GPUGRID.
Still, considering the particle being steered, the casemfiermeation through gA is a relatively
simplistic test case. In particular, a single ion does nateharientational nor conformational
degrees of freedom; this is not the case when dealing witbrgeligands, whose internal degrees
of freedom have to be sampled, as well. The scientist hasefwape two initial systems (forward
and reverse) from which many simulations are spawned. Ulats@mpling offers a similar degree
of parallelism, as long as several uncorrelated con goretiare generated to start each US window
or a suf cient equilibration time (hundred nanoseconds ore) is allowed for each windowf US
simulations with strati cation of windows showed much lessiability than the one reported here
for SMD, but the question remains of how much is actually dupdorer sampling. As each US
window is starting from a single initial con guration, theSJprotocol is averaging the effective
potential on a small area of the con gurational space closi.t If multiple con gurations are
used, as in Re®® similar levels of uctuations in the free energy are obtainénith US, the
method used to generate the initial con gurations of thesinig windows has a crucial importance
but it is subject to the speci c choice of the scientist; tHd[3 protocol mitigates the problem of
generating initial conditions because better samplingisexed simply by increasing number of
trajectories. However, for gA, the US biased equilibriunththe ion forced to stay within the pore
was structurally different from the unbiased con guratiand thus probably less representative of
a permeation event than a SMD pull.

Finally, the choice of the pulling speed in uences the antafipulls for a xed computational
cost: pulling too fast would produce higher-energy pathsiayt allow for more pulls, while slower
pulls would be closer to equilibrium but more computatibpdemanding. Given that the system is

in non-equilibrium, however, there may be regions of thesghepace that only become accessible
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after some transient time, like for the two permeation patyssshowed for the potassiumionin gA,
and faster pulling speeds may prevent some conformaticaraditions from happening. Therefore,
the preference of SMD versus US is probably system-depé¢nalehthe biasing methodology that
produces the lesser perturbation compared to the unbiasedsbould be chosen.

In the case studied here, thousands of pulls were requineshtd a statistical precision within
one kcal/mol. Even though the results were obtained on this lod extensive experiments on a

speci ¢, admittedly simple, system, similar consideraianay apply to more complex cases.
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Forward l °

Z axis

Figure 1: Structure of the gramicidin A dimer, with the stagtk™ ion positions for the forward
and reverse steered molecular dynamics runs (yellow).dfatmer, the cation is pushed from the
outside towards the inside of the chanreincreasing from 15 A towards 0 A). In the reverse
simulations, the ion is pulled along the time-reversed pdtie z axis runs through the center of
the pore. Lipid bilayer (117 DMPC molecules), water (8,66@ewules), and other solvated ions
have been omitted for clarity.

20



= & (a) Forward pulls (c)
£ 2
..___‘ h

(1)

o |
=,

£ 3
(@)

= -
=

T o _|
=

o

L © —

100
l

Reverse work (kcal/mol)
20 60
I

I I | I
-10 -8 -6 -4 2 0 0 50 150

Location of the pulling center (A) Count

Figure 2: Pro les of the accumulated wokk(2) spent to pull the ion inside (a, Forward) or
outside (b, Reverse) the gA channel at 10 A/ns (1000 pullslipection). The panels on the right-
hand side show the distribution of nal work values for theviard (c) and reverse (d) directions
respectively. The mean work performed in the forward diogcat the end of the pulls was 55.5
kcal/mol (standard deviation 14.9 kcal/mol); for the reseedirection it was 31.9 kcal/mol (SD
11.2 kcal/mol).
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Figure 3: Potential of mean force (PMF) curves fora &om to cross the gA channel, computed
from 1,000 steered MD experiments at pulling speed of 10 Afesch direction.
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Figure 4: (a) Work pro les for the pulls in groups H (37% of tpells atv= 10 A/ns) and L
(63%), with the distinction drawn at= 0:3 ns. Inset: PMF pro les reconstructed considering
the pulls of the two groups separately. (b, ¢) The putatiugctiral explanation of the water le
disruption in group H. In these runs the water molecule piegethe pulled ion, W2, formed
hydrogen bonds with the carbonyl atoms of the backbone ¢todee dimer interface. The bonds
were most frequently observed with residues Vall of chaialBo(t 50% of the runs in group H)

and Ala3 of chain B (70%).
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Figure 5: Left: the position of water molecules ang}{ at three snapshots (60, 330 and 350 ps af-
ter the beginning of the run) during a representative ttajgof group H. The ion steered upwards
(yellow) laterally “slips past” the preceding water moléxin the le (W2). The water molecule

is held in place by hydrogen bonds with carbonyl oxygens eflthckbone and exchanges sides
with the ion. Right: during runs in group L the water llingétchannel is displaced together with
the ion, preserving the sequence of the le (knock-on).
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Figure 6: Potential of mean force curves computed in nomtapping blocks of (a) 10 bidirec-
tional pulls, (b) 50 pulls, and (c) 250 pulls. Standard deeiaof the PMF depth with various
amounts of sampled trajectories, obtained by 200-foldsicapping (d).
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