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ABSTRACT: Accurately calculating rate constants of macroscopic chemical processes from molecular dynamics simula-
tions is a long-sought but elusive goal. The problem is particularly relevant for processes occurring in biological systems, as
is the case for ligand-protein and ligand-membrane interactions. Several formalisms to determine rate constants from easily
accessible free energy profiles [AG°(z)] of a molecule along a coordinate of interest have been proposed. However, their
applicability for molecular interactions in condensed media has not been critically evaluated or validated. This work pre-
sents such evaluation and validation, and introduces improved methodology. As a case study, we have characterized quan-
titatively the rate of translocation of cholesterol across 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayers. Translo-
cation across lipid bilayers is the rate limiting step in the permeation of most drugs through biomembranes. We use coarse-
grained molecular dynamics simulations and different kinetic formalisms to calculate this rate constant. A self-consistent
test of the applicability of various available formalisms is provided by comparing their predictions with the translocation
rates obtained from actual events observed in long unrestrained simulations. To this effect, a novel procedure was used to
obtain the effective rate constant, based on an analysis of time intervals between transitions among different states along
the reaction coordinate. While most tested formalisms lead to results in reasonable agreement (within a factor of 5) with
this effective rate constant, the most adequate one is based on the explicit relaxation frequencies from the transition state
in the forward- and backward-directions along the reaction coordinate.

Kinetics of molecular interactions is at the basis of all
chemical processes. For systems out of equilibrium, it is of-
ten the kinetics of a specific event that determines the final
outcome during the pertinent time scale. This is particu-
larly relevant for drug distribution and disposition due to
the many interactions established between the drug and
the binding agents and barriers present on the way be-
tween the administration and the target sites.” Once at
the target site, drug efficacy is also affected by the kinetics
of the interactions due to competition with additional lig-
ands available and to the non-equilibrium properties of the

biological systems.>* Knowing the rate at which these mo-
lecular interactions occur is a difficult task, however. Ex-
perimental determinations are feasible only when the in-
teraction originates changes in a physical observable (spec-
troscopic, calorimetric) that can be measured in the time
scale of the process.”™ The ability to characterize these
rates from molecular dynamics (MD) simulations would be
a precious asset to assist the early steps of drug design and
optimization. Important limitations include the adequacy
of the force field employed,”®™ and the sensitivity of the en-
semble, ergodicity and dynamical behavior of the simu-
lated system to the choice of the thermostat '®"7. While



these are reasons for concern, there is active research on
algorithm improvement and validation of MD simula-
tions.® In fact, MD is currently being used by several re-
searchers to obtain information on the rate of molecular
interactions.*™

To quantitatively assess the methodologies available to
extract rate constants from MD simulation data, a simple
system should be used. While for protein-ligand interac-
tions, the reaction path is not clear, permeation through
biomembranes has an intuitive reaction coordinate - the
direction normal to the lipid bilayer plane. This, together
with the importance of permeation in drug distribution
and disposition, led us to address the rate of passive per-
meation through biomembranes. This process involves
several steps, namely association with the membrane leaf-
let in contact with the aqueous media, translocation into
the opposite leaflet, and dissociation from the membrane
into the aqueous compartment on the opposite side. To
guarantee a significant solubility in the aqueous media,
most drugs are relatively polar, and therefore translocation
between membrane leaflets is usually the rate limiting step
in permeation.* 3

In principle, the rate constant for a process can be
straightforwardly computed from the frequency of events
observed in the course of a MD simulation run. However,
this strategy is impracticable for most processes because
high energy barriers render those events exceedingly rare
in the simulated timescale.”®* This limitation can be cir-
cumvented by using strategies for enhanced sampling of
improbable states. Among them, the most widely used is
the Umbrella Sampling (US)*?° method, which is applied
to the calculation of Potential of Mean Force (PMF) pro-
files along a chosen reaction coordinate. In this context,
the PMF represents the Gibbs free energy variation of the
system as a function of the depth of the permeating mole-
cule of interest within the lipid bilayer, from which the rate
constant (k) of the process may be calculated using an Ar-
rhenius-like equation

k= Ae—AiG"/RT ),
where R is the gas constant, T the absolute temperature,
and A*G? is the activation Gibbs free energy (height of the
energy barrier between the initial and transition states of
the process under consideration). Although necessary,
A*G° is not sufficient to calculate the rate constant. This
calculation requires knowledge of the pre-exponential co-
efficient (A). Several approaches have been proposed to
calculate this pre-exponential coefficient,””* and some
have been used to calculate rate constants from the PMFs
obtained in MD simulations.”3> ** However, a systematic
and self-consistent evaluation of the distinct methods
available has not been reported.

The quantitative evaluation of the adequacy of the dis-
tinct methods to calculate rate constants from energy pro-
files requires the use of a self-consistent approach where
both the kinetic events and the free energy profiles are ob-
tained for the same system and with the same constraints.
The comparison between experimental results (rate con-
stants) with predictions by the different methods based on
energy profiles obtained from MD simulations is not a self-

consistent approach, as it includes the eventual approxi-
mations and limitations associated with the force fields
and with the methods used to sample improbable states.
One possible approach is to use long enough unrestrained
simulations to obtain the rate constants directly from ki-
netic events and the free energy profile from the density of
the solute at the distinct locations in the reaction path. To
obtain statistically significant results with reasonable com-
putational cost, coarse grained (CG) simulations may be
needed at this step.

This is the methodology followed in this work to charac-
terize the rate of translocation of cholesterol (Chol)
through  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) bilayers. Besides the evident importance of
cholesterol as a major component of plasma membranes,
the choice of this solute ensures that a significant number
of translocation (albeit no desorption) events may be ob-
served in unrestrained CG MD simulations.”>"** In these
simulations, the rate constant of translocation (kf) was cal-
culated from the distribution of time intervals between
translocation events. In addition, the free energy variation
at distinct depths in the lipid bilayer was obtained directly
from the transverse density distribution of cholesterol. Bi-
ased US simulations have also been performed, and the
PMF profiles obtained were compared to those from unre-
strained simulations. The rate constant of translocation
was then calculated from the PMFs using the distinct for-
malisms available and compared with that obtained di-
rectly using unrestrained MD simulations.

The results show that different formalisms lead to dis-
tinct values for the translocation rate constant. Among the
methods that estimate k from the free energy profile, the
best accordance with the values determined directly from
unrestrained simulations uses pre-exponential coefficients
A calculated using explicit frequencies for the relaxation of
the solute from the position at the transition state, i.e. that
of maximal free energy along the translocation path.

Materials and Methods

Unrestrained MD Simulations. MD simulations and
analysis of trajectories was carried out using the
GROMACS 5.0.x package.® The topology of the POPC and
Chol molecules consisted of a CG description from Martini
force field.> *° The starting structure — a fully hydrated
POPC/Chol (9:1) bilayer with 520 POPC, 56 Chol and 7200
water beads — was built with the insane.py script to setup
Martini bilayer systems.” The standard nonpolarizable
Martini water model was used.*® A detailed description of
the methodology followed is given in the Supporting Infor-
mation (SI), section S1. **>°

Umbrella sampling Simulations. For the Umbrella
sampling set of simulations, a smaller bilayer, consisting of
144 POPC, 16 Chol and 2182 water beads was constructed
with insane.py.*” The distance from the Chol polar bead™
(here simply denoted as OH) to the membrane center of
mass (COM), projected to the membrane normal (z coor-
dinate), was chosen as the reaction coordinate for solute
permeation. To avoid local membrane perturbations, this
COM definition was evaluated locally using the cylindrical
pull geometry provided by GROMACS.” The umbrella po-
tential acts independently on the OH group of two Chol



molecules, separated by 4 nm. The adjacent umbrella win-
dows spanned the space between the membrane center
(z = 0) into the bulk water region (|z| = 4 nm), separated
by 0.1 nm. After completing the simulations, the unbiased
PMF was obtained using the weighted histogram analysis
method.””>

Unrestrained relaxation from the US transition
state. Several simulations where a Chol molecule is al-
lowed to relax from the transition state identified by the
US simulations, towards its equilibrium position, were per-
formed. For this purpose, 100 frames, equally separated in
time, were generated for the cases where each restrained
Chol molecule was at 0.7 nm from the bilayer center. A to-
tal of 200 simulations, of 20 ns each, were performed.

Obtaining the rate constants from the time depend-
ence of cholesterol position in the bilayer. The position
of cholesterol in the lipid bilayer at a given simulation time
was converted into a state, taking into account the Gibbs
free energy profile obtained from the cholesterol density
distribution in the bilayer. The distinct states considered
are: i) equilibrium position in one leaflet (state a); ii) tran-
sition state (state b); iii) equilibrium position in the other
leaflet (state c); and anywhere else (state x). The bounda-
ries of each state correspond to the values of z where the
Gibbs free energy deviates RT from the minimum (state a
and ¢), or from the maximum (state b) in that state (cf. Fig-
ure 1). The z coordinate at each time step was encoded as a
character denoting the respective state, and the kinetic
events identified through string pattern matching using
Mathematica v. 10.4 >*. The time at which cholesterol first
entered the initial equilibrium state (a or c¢) and first en-
tered the final equilibrium state (c or a, respectively) was
registered, and the time interval (At) was calculated. This
is the time interval between translocation events (see Fig-
ures S2 and S3 for details). The rate constant was then cal-
culated from the distribution of At values for the event type
considered. For this purpose, the total number of events
was considered as the concentration of reactant at t=o, and
one reactant is consumed at each event (defined by the At
values ordered from smaller to larger). The time decay of
the reactant concentration (number of events) was ana-
lyzed by a single exponential function to obtain the rate
constant. For some events, the data was not well described
by the single exponential function and a double exponen-
tial was used. In this case, the rate constant considered was
either the smallest or the weighted average of both (see be-
low for further details).

The events corresponding to relaxation frequencies from
the transition state were analyzed following the same ap-
proach, see SI section S1 for the regular expressions used
for pattern matching. In this case, At was calculated as the
time interval between entering the transition state (b) for
the first time in the path until first entering the final equi-
librium state (a or c).

The simulation time led to proper convergence of the
calculated translocation rate constant values at all temper-
atures. As described below, the characteristic time for this
process is ~1/ k¢= 0.3 ps at 310 K, that is 30-fold shorter than
the simulation time. Even in the most unfavorable case,

T = 203 K, the simulation time is still > 10-fold the corre-
sponding characteristic translocation time. Clear conver-
gence is obtained well within the simulation time window,
as illustrated by representing the recovered k¢ value as a
function of the time length used for analysis (Figure S1).

Obtaining the rate constants from the free energy
profile. The formalisms used to calculate the rate constant
from the free energy barrier associated with the transfor-
mation (AiGO), are given in the SI section S2. The transition
state theory (TST),”>® explicit relaxation frequencies
(ERFs),”” #* diffusion through the top of the energy bar-
rier (Diff),*™* and the inhomogeneous solubility-diffusion
model (ISDM), *>™ were the formalisms considered.

Results and discussion

Rate constant from translocation events in unre-
strained MD simulations. The translocation events were
identified from the time dependence of the z coordinate of
each cholesterol molecule (see example for one cholesterol
molecule in Figure S2), and the translocation rate constant
obtained from the time distribution between events.

The movement between membrane leaflets was auto-
matically followed through the assignment of the instanta-
neous location of cholesterol to either the equilibrium
states, the transition state, or anywhere else. The definition
of the distinct states was based on cholesterol Gibbs free
energy profile AG°(z), which was calculated from the den-
sity distribution (d(z)) of cholesterol along the bilayer nor-
mal (z), Equation (2), where zgq is the z coordinate at the
equilibrium position, leading to AG"(zgq)=0.

AG®(2)=-RTn(d(z)/d(zg,)) (2)

The density distribution of cholesterol COM and that of
its OH group at all temperatures studied is shown in the SI
(Figure S4). The resulting AG°(z) at 310 K is shown in Fig-
ure 1, with the identification of the distinct states.

AG® (kJ/mol)
AG® (kJ/mol)

z(nm) z (nm)

Figure 1 - Dependence of AG® on the position of cholesterol
COM (plot A) or OH group (plot B), with the identification of
the 3 states considered for cholesterol localization: a, b and c.
The horizontal lines correspond to a variation in AG® equal to

RT relative to the local minima (Eq) or maxima (b).

The cholesterol COM tends to be located deeper in the
membrane than the OH group, as expected from the pre-
ferred orientation of cholesterol in lipid bilayers, with the
OH group pointing towards the bilayer/water interface.
Furthermore, the probability density of the location of the
cholesterol OH group presents a local maximum at the
center of the membrane, whereas that of the COM presents
a minimum therein. This distinct behavior of COM and



OH densities at the center of the bilayer leads to different
Gibbs free energy profiles (Figure 1). Given the inverse re-
lation between the solute density and the corresponding
Gibbs free energy (equation (2)), a minimum in the density
leads to a maximum in AG°. The profile of AG°(z) for cho-
lesterol COM presents a local maximum at z=o0, while that
of the OH group has a local minimum at z=o, flanked by
two local maxima at ~1 nm from the center of the bilayer.
The distinct states relevant for the translocation process
were defined by the range of z values for which AG°(z) is
within RT of the corresponding minimum or maximum at
that region. Therefore, the local minimum at z=o0 for
AG°(z) obtained from the localization of cholesterol OH
was not considered as an independent state, because it dif-
fers from the adjacent maxima by less than RT.

The time decay of the number of translocation events
was used to obtain the rate constant of translocation (Fig-
ure 2). Very similar values were obtained for the rate of
translocation in both directions. Therefore the rate con-
stants considered thereafter were obtained from the anal-
ysis of the cumulative translocation events, and are re-
ferred as the “effective” rate constants below. The results
obtained from the coordinates of cholesterol COM follow
a bi-exponential function, with a very fast component
(r=2ns), and a slow component (7= 200 ns). In contrast,
the decay observed when the OH group is followed is well
described by a single exponential function (7= 300 ns).
The rate constants for translocation at 310 K obtained from
the unrestrained simulations are shown in Table I, and the
results at the other temperatures are given in Table S1. The
very fast component observed when cholesterol COM is
considered corresponds to situations where cholesterol
COM has reached the opposite leaflet but the OH group
remained in the original leaflet. Those events correspond
to ineffective translocation, as discussed in the last section
of the SI. Accordingly, in this case, only the slow compo-
nent was considered for the time decay of the translocation
events.
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Figure 2 - A - Time dependence of the decay in the number of
translocation events when following cholesterol COM (.)) or
OH (,). The black lines are the best fit with a bi (COM) or
mono (OH) exponential function. The decay during the first
60 ns is represented in the inset as a semi-logarithmic plot to
highlight deviations from a mono-exponential behavior. B -
Temperature dependence of the translocation rate constant
obtained from the position of cholesterol COM (-) and OH
group (V). A replicate experiment has been performed at 310
K which is represented by solid symbols in dark gray (. or !).

The values obtained for the rate constant of transloca-
tion (both from the movement of cholesterol COM or OH

group) are in the same order of magnitude as those ob-
tained previously by MD simulations.””>" . However, this
should not be taken as a quantitative estimate of the rate
constant of cholesterol translocation in real lipid mem-
branes. The comparison with experimental data is pre-
cluded by the lack of an exact value due to the very fast
translocation of cholesterol. *°7 A detailed analysis of cho-
lesterol orientation near the translocation events (effective
and ineffective) is presented in SI section S13, to obtain in-
formation regarding the mechanism of cholesterol translo-
cation.

The rate constants for cholesterol translocation obtained
at the distinct temperatures studied are shown in Figure
2B. The logarithm of the rate constants varied linearly with
1/T, leading to an enthalpy of activation for translocation
(A*H®) equal to 45 +1 kJ mol”. The same value was ob-
tained when translocation is reported by either cholesterol
COM or its OH group. However, the intercept is larger for
the case of cholesterol COM, reflecting the higher value
obtained for the translocation rate constant. The differ-
ence in the intercepts gives a direct measure of the entropy
difference between cholesterol translocation when consid-
ered from the movement of its COM or its OH group. The
difference obtained (9.6 JK'mol™) corresponds to 3 k] mol™
at 310 K, in good agreement with the AG°(z) profiles shown
in Figure 1.

The enthalpy of activation in translocation is much
higher than the corresponding Gibbs free energy variation
(A*G®), see Figure 1 for 310 K and Figure S4 for the other
temperatures. This indicates that the entropy variation as-
sociated with the formation of the transition state in trans-
location is significant and favorable, reflecting a decrease
in the order of the bilayer when cholesterol is located in its
central region.

From the Gibbs free energy profiles at the different tem-
peratures, the values of AH® and AS° at the distinct depths
in the bilayer may be obtained. Those values are relative as
they depend on the reference considered for AG°(z). In
keeping with the data shown above, AG°(z) was taken as
zero at the equilibrium location. The results are shown in
Figure S5. The values obtained for A*H® are similar to those
calculated from the temperature dependence of the trans-
location rate constant (Figure 2B)

Validation of the distinct kinetic formalisms to cal-
culate rate constants from the free energy barrier. Cal-
culation of rate constants from direct observation of events
is limited to fast or very fast processes, because a significant
number of independent events must be observed, often
implying impossibly long simulations. In this section, the
distinct formalisms to calculate the rate constant of trans-
location from the Gibbs free energy profile (presented in
the SI, Section S2), will be applied. This provides an inter-
nally consistent validation of the formalisms available.
Those that provide the best estimation of the previously
obtained “effective” rate constant will be used in the next
section to calculate the rate constant from the PMFs ob-
tained using biased US simulations®>?°.

The transition state theory, Equations (S1) and (S2),
leads to a rate constant for translocation equal to 100 ns™
at 310 K, when considering absence of spatial diffusion



problems or recrossing events (x=1). This value should be
taken as an upper-bound of the rate constant, achievable
only in the Kramers cross-over region (see SI section S2).>*
In the strongly coupled environment of translocation we
are clearly in the over-damped coupling regime with high
friction coefficients and, as so, the transmission coefficient
x considered is expected to be several orders of magnitude
larger than the observed value. The actual value of «, ac-
counting for spatial diffusion, can be estimated by the quo-
tient between the observed relaxation frequency into prod-
ucts (ff) and the TST pre-exponential (Arsr), equation (S3).

Since the rate of product formation is affected by events
that bring the molecule to its initial state, it is therefore
necessary to characterize quantitatively not only the relax-
ation frequency into the products (ff) but also to the reac-
tants (f;). This may be directly calculated from the simula-
tions using a methodology similar to that followed to ob-
tain the rate constant for translocation, as described in the
Methods section, and Figure S6. These explicit relaxation
frequencies (ERF in the following) provide an improved es-
timate of Arsr (given by ff), as well as an estimation of the
fractional forward relaxation frequency (7), equation (S4),
to unbias the rate constants of the effects of recrossings
and adiabatic relaxation to the initial state. The results ob-
tained are presented in Figures 3 and S7.

The decay in the number of events from the transition
state in the forward direction is well described by a single-
exponential function leading to ff equal to 0.38 ns”, when
cholesterol is followed by its OH group. On the other hand,
in the backward direction the decay requires at least two
exponentials to be accurately described, the slow compo-
nent being similar to ff and the additional component al-
most one order of magnitude faster. The temperature de-
pendence of the ERFs is shown in Figures 3B, Si2 and Table
S1, being similar for all ERFs (slope of = 2.5x10° K).

The rate constants for translocation at 310 K calculated
from A*G° and the respective ERFs are shown in Table I,
and the results at all temperatures are given in Table S1and
Figure S8. For the cases where a biphasic behavior was ob-
served (backward relaxation frequency for cholesterol
COM and OH group), two values were considered for f;; 1)
one obtained by averaging the characteristic times of the

slow and fast components weighted by the respective num-
ber of events, and ii) the slow component only. The calcu-
lated translocation rate constant is larger when using the
slower component because the efficiency of the reaction
increases. Thus, when the weighted average of f; leads to a
good estimation of k¢ (case of COM), using the slow com-
ponent leads to a poor result. On the other hand, if the
weighted average of f; results in an underestimation of k¢
(case of OH), the quality of the estimation improves when
using only the slower component.

When the relaxation processes are non-exponential, it
may be advantageous to calculate 7 directly from the time
correlation functions for the relaxation from the transition
state, Figures 3A and S7. The coefficient thus obtained is
time dependent, 7 (t), being smaller at short times and in-
creasing towards a plateau which should be used when es-
timating rate constants (see SI sections S2 and S8 for a
more detailed interpretation).**. For the case of choles-
terol translocation, the plateau values obtained (z 0.5) are
very similar to those calculated from equation (S4) consid-
ering only the slower component of the ERFs.
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Figure 3 - Effective relaxation frequencies. Panel A: time
dependence of the decay in the number of events for relax-
ation in the forward (=) and backward (-) direction, when
following cholesterol OH, and corresponding fractional
forward relaxation frequency 7¢ (t) (| ). The decay is repre-
sented in the inset as a semi-logarithmic plot to highlight
deviations from a mono-exponential behavior. Panel B:
Temperature dependence of f; (=), and the weighted aver-
age of the two exponentials (—) or the slow component (-)

of f;.

Table I - Translocation rate constants obtained through the use of the distinct methods, and relevant parameters con-

sidered in the calculations, at 310 K.

. ERF Diff ISDM
ke AFGe 3 3 3
“effective”ps” | kJ mol” | fi/ ng £ /1 f/1 76Dm/2 3 I/ f/1 Al P/ 3 f{l
ns us 10° cm’s”’ | nm us nm | cms us
6.7° 9 .9£0.4
CcOM 7 - 8.6 0.90 4 9b 49
4.5 11 14+1
0.56° 2.1+0.3
OH 3.2 1 0.38 - 0.90 | 6.1+0.7 | 0.69| o0.41 6.0+0.3
0.39 2.5+0.3
3.7
OH US - 12 0.31 0.37 1.3+£0.6 1.1 2.9t0.8 | 0.45| 0.33 7.3£0.9

? fitting standard errors < 0.1 %, with R* > 0.9998 in all cases, " weighted average, “ slower component.



The most consensual choice for the reaction coordinate
of a translocation process is the distance of the molecule’s
most polar group, in this case the OH group, to the center
of the bilayer. In addition, when following translocation
through the movement of the OH group, 7 is less time de-
pendent and the plateau is approached at shorter times
when compared to the overall relaxation from the transi-
tion state. Altogether, the best choice in this case seems to
be the conjugation of the OH free energy profile with the
slower component of the relaxation frequencies, which is
equivalent to considering 7 near 1/2. This is also the meth-
odology that leads to rate constants in better agreement
with those obtained directly from the translocation events
in the unrestrained simulations. Unless stated otherwise,
the following discussion will only refer to data obtained
from the analysis of the position of cholesterol OH group.

An alternative procedure to calculate the pre-exponen-
tial in Equation (1) is to consider that it is limited by the
diffusion of the solute through the high energy barrier that
corresponds to the transition state, Equation (Ss). The
width of the barrier is directly obtained from the Gibbs free
energy profiles, Figures 1 and S4, being 0.9 nm for the po-
sition of cholesterol OH group at 310 K.

The calculation of the diffusion coefficient in the z direc-
tion (D,), can be done using several methods.>** To the
exclusive consideration of data from unrestrained simula-
tions, the Einstein equation could be used. However, to
maintain a local position of the Chol molecule very short
time intervals must be considered, which, in addition to
the intrinsic heterogeneity of the lipid bilayer in the z di-
rection, contributes to a nonlinear mean square displace-
ment of cholesterol. Therefore, our choice for the calcula-
tion of D,(z) profiles, was through the analysis of the posi-
tion autocorrelation function (PACF) of the data obtained
from Chol OH group in US simulations, as described in ref-
erence”. The results obtained are presented in Figure 4A.
The D,(z) profile is noisy and the rationalization of its de-
pendence on z is not clear. The average value of D, within
the region of the energy barrier, Dy, is 3.7x10° cm’s™. This
value was used in equation (Ss5) to calculate the rate con-
stant of translocation shown in Table I.

The rate constants of translocation calculated using this
methodology are in good agreement (higher by a factor of
2) with those obtained from the direct analysis of translo-
cation events (“effective” in table I).

Another approach to calculate rate constants from
AG°(z) and D,, is the so-called inhomogeneous solubility-
diffusion model,>>*>° equations (S6) and (S7). The values
for the permeation resistance through the membrane,
R(z), at 310 K are shown in Figure 4A. The resistance to the
movement of cholesterol through the bilayer decreases
from the region at the bilayer/water interface until zgq, and
then increases as cholesterol OH group approaches the
center of the bilayer. The R(z) profile is similar to that of
AG°(z) due to its exponential dependence on this parame-
ter, while it depends only linearly on D,. The integration of
R(z) between zgq on opposite bilayer leaflets gives P = 0.41
cm s The corresponding rate constant of translocation at
310 K calculated using equation (S7), is 6.0 ps™; also in good

agreement with the “effective” values. However, the tem-
perature dependence obtained from this model is much
lower than that obtained from the direct observation of the
translocation events. Therefore, at the lower temperature
studied this method significantly overestimates the rate
constant of translocation.

The parameter A used in equation (S7) converts the con-
centration of solute from units of moles per volume into
moles per area. It should therefore reflect the mobility of
the solute in the reaction coordinate while at the equilib-
rium position. Accordingly, we have used the difference
between the two z values where AG°(z) = AG°(zgq) + RT.
The values obtained at 310 K are given in Table I (Table S1
for all temperatures), being equal to 0.69 nm for choles-
terol OH group. If a larger value were used (namely the
thickness of the bilayer leaflet, = 2 nm) the calculated rate
constant would be proportionally smaller.
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Figure 4 - A - Profile of R(z) for the movement of cholesterol
OH across the lipid bilayer () and in the region considered in
the calculation of P (IJ) between zgq in the two leaflets. The
inset shows D.(z) used in the calculation of R(z). B - Profile of
AG°(z), for Unrestrained (') and Umbrella Sampling (1) sim-
ulations. The difference between the AG°(z) obtained with US
and unrestrained (Un) simulations is shown in the inset,
where the horizontal gray line corresponds to a difference
equal to RT.

A comparison between the rate constants of transloca-
tion obtained by the distinct methods (except from the
transition state theory with x=1) is shown in Figure S8 for
all temperatures studied. All methods lead to estimates of
ke within a factor of 5 from the “effective” value (yellow
shaded regions). The best predictions lead to estimates of
ke within a factor of two (shaded region in green) and are
obtained using the transition state theory with the pre-ex-
ponential coefficient calculated from the effective relaxa-
tion frequencies, equation (S4).

Rate constants of translocation calculated from the
free energy barrier obtained with Umbrella Sampling
simulations. The free energy profile along a reaction co-
ordinate may be obtained using the US approach ¥, with
relatively low computational costs. Here, the OH group has
been restrained at distinct z values across the bilayer.

With the US simulations the whole system was sampled,
from cholesterol in the aqueous media on one side of the
bilayer (z = 4 nm) towards the aqueous media on the op-
posite side (z = -4 nm). The AG°(z) profile is shown in Fig-
ure 4B, and compared to that obtained using unrestrained
simulations. AG°(z) also shows a local energy minimum
when the OH group is located at z = o, flanked by local



maxima at around 0.7 nm (z;) and energy minima at 1.7 nm
(2eq). Both z¢ and zgq are slightly shifted away from the bi-
layer center as compared with that observed in the unre-
strained simulations. However, the major differences ob-
served occur at values of z above zgq, where AG°(z) in-
creases more abruptly in the US simulations.

In this approach, the relaxation frequencies from the
translocation transition state at 310 K were obtained from
20 ns unrestrained simulation, whose starting configura-
tions were taken from the US simulations where the OH
group of a cholesterol molecule had been restrained at z

(in both leaflets). The time evolution of cholesterol OH lo-
calization is shown in Figures Sg and Sio for some repre-
sentative simulations started at z¢=0.7 nm. The behavior
observed varied significantly with some molecules moving
fast and directly into the nearest equilibrium position
while others stay for a few ns in the high energy region and
some eventually move directly into the equilibrium posi-
tion in the opposite leaflet.

The relaxation frequencies were obtained from the anal-
ysis of the time intervals required for the OH group of cho-
lesterol to enter in the z positions within RT of one of the
equilibrium positions. When the equilibrium position at-
tained is on the same leaflet as the starting position, those
time intervals define the relaxation frequency in the back-
ward direction (f;), whereas when the equilibrium position
is on the opposite leaflet they define the forward relaxation
frequency (ff), see SI section Sio for further details. The re-
laxation frequencies obtained at 310 K are similar to those
obtained for the movement of cholesterol OH group in
fully unrestrained simulations. The values considered for f;
and fr at the additional temperatures were obtained from
the result at 310 K assuming the same temperature depend-
ence as observed for the corresponding parameter in the
unrestrained simulations (see SI, Figure S12).

The data from US simulations was used to estimate the
rate constant of cholesterol translocation using the best
models described in the previous section, the results ob-
tained are shown in Figure 5. The method based on the ex-
plicit relaxation frequencies (ERF), equations (1) and (S4),
considering the slow component of the ERF in the back-
ward direction (f;), slightly underestimates (roughly by a
factor of 4) the “effective” rate constant of translocation.
This is due to the somewhat higher energy barrier and the
slightly slower relaxation frequencies in the forward direc-
tion, f, obtained in the US simulations (red symbols in Fig-
ure 5).
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Figure 5 - Rate constants of cholesterol translocation di-
rectly from cholesterol movement between leaflets in un-
restrained simulations (,); and calculated from the PMF ob-
tained in US simulations restraining cholesterol OH group,
with distinct kinetic formalism: ERF, using the slow com-
ponent for the relaxation in the backward direction (!); Diff
(1); and ISDM (!).The green shaded regions represents de-
viations from the “effective” rate constant by a factor of 2
(green) or by a factor of 5 (yellow). Error bars are smaller
than symbol size.

The rate constants of translocation calculated using the
method of diffusion through the barrier (Diff), equation (1)
and (Ss) is also shown in Figure 5, and lead to predictions
very close to the values of the “effective” rate constants.
Good predictions are obtained when using the inhomoge-
neous solubility-diffusion model (ISDM, squares in gray)
at high temperatures. However, the temperature depend-
ence is much weaker than that of the “effective” rate con-
stants, leading to a poor agreement at low temperatures.

All three methods lead to estimates within a factor of 5
from the “effective” rate constant. In most cases the error
indicated in Table 1 and S1 reveal statistically significant
differences from the effective rate constant, and among
methods. However, those errors represent the uncertain-
ties associated to the parameter estimation, and do not
propagate the considerable uncertainties associated to the
methods’ underlying parameters. Therefore, the extent to
which the discrepancies above reflect mostly these uncer-
tainties or the different approximations and assumptions
underlying each method is not at present clear. Given the
large uncertainty associated with the calculation of the dif-
fusion coefficient from US simulations, the use of the free
energy barrier together with the effective relaxation fre-
quencies provides possibly the most reliable method for
the calculation of rate constants from US simulations.

Concluding remarks

This work presents the first self-consistent validation of
the available formalisms for the calculation of rate con-
stants from free energy profiles. The predictions from the
formalisms were calibrated against the “effective” k¢ values
obtained from a large number of full translocation events
observed in unrestrained CG MD simulations.



The choice of the reaction coordinate is of major
importance. For amphiphiles with a clearly localized polar
group, the transverse position of the latter should be used
as reaction coordinate for translocation, rather than its
COM.

We showed that the direct calculation of rate constants
from observed events in long unrestrained simulations is
feasible and sound. However, it is prohibitively costly for
solutes with high translocation barriers or for atomistic
MD simulations. However PMF profiles may be rapidly ob-
tained for these cases using biased simulations. Therefore,
we evaluated alternative approaches to calculate the rate
constant from free energy barriers. The method based on
ERF calculation produces values that are in good agree-
ment with the "effective" rate constants both for unre-
strained and for biased (US) simulations. Moreover, it does
not require the calculation of depth-dependent transverse
diffusion coefficients D,(z), which are an important source
of uncertainty. For the case of biased simulations, the cal-
culation of the ERFs requires additional simulations. As
shown by our study, for the calculation of ERFs, very short
(~20 ns) relaxation simulations starting at the transition
state may be used in low order membranes. Although a
large number of such runs must be carried out for proper
statistics, the resulting computational effort is still very
reasonable for CG MD, and even attainable for atomistic
simulations.

This work shows that it is possible to accurately calculate
rate constants using free energy profiles obtained from MD
simulations. We are currently applying the methods devel-
oped herein to solutes for which reliable experimental data
is available, as an external calibration required to use MD
simulations to predict rate constants.
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