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Abstract Molecular dynamics simulation techniques
have been used to study the unbinding pathways of 1¢,25-
dihydroxyvitamin D; from the ligand-binding pocket of the
vitamin D receptor (VDR). The pathways observed in a
large number of relatively short (<200 ps) random accelera-
tion molecular dynamics (RAMD) trajectories were found
to be in fair agreement, both in terms of pathway locations
and deduced relative preferences, compared to targeted
molecular dynamics (TMD) and streered molecular dynam-
ics simulations (SMD). However, the high-velocity ligand
expulsions of RAMD tend to favor straight expulsion tra-
jectories and the observed relative frequencies of different
pathways were biased towards the probability of entering a
particular exit channel. Simulations indicated that for VDR
the unbinding pathway between the H1-H2 loop and the
p-sheet between H5 and H6 is more favorable than the path-
way located between the H1-H2 loop and H3. The latter
pathway has been suggested to be the most likely unbinding
path for thyroid hormone receptors (TRs) and a likely path
for retinoic acid receptor. Ligand entry/exit through these
two pathways would not require displacement of H12 from
its agonistic position. Differences in the packing of the H1,
H2, H3 and f-sheet region explain the changed relative
preference of the two unbinding pathways in VDR and
TRs. Based on the crystal structures of the ligand binding
domains of class 2 nuclear receptors, whose members are
VDR and TRs, this receptor class can be divided in two
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groups according to the packing of the H1, H2, H3 and
p-sheet region.
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Introduction

The nuclear receptor (NR) superfamily of ligand-modu-
lated transcription factors has 48 human members, which
regulate genes involved in diverse processes, such as repro-
duction, development and inflammation and, therefore,
have attracted broad scientific and pharmaceutical interest
(Chawla etal. 2001). NRs were first recognized as the
receptors for the steroid hormones estradiol (ER« and f3),
progesterone (PR), testosterone (AR), cortisol (GR) and
aldosterol (MR), for thyroid hormone (TR« and /) and for
the biologically active forms of the fat-soluble vitamins A
and D, all-trans retinoic acid (RARa, f and y) and 10,25-
dihydroxyvitamin D; receptor (VDR). NRs have a modular
structure of three main domains: the N-terminal AF-1
domain, the central DNA-binding domain and the C-termi-
nal ligand-binding (LBD) domain. The overall architecture
of the LBD is well conserved between the various family
members, nonetheless diverges sufficiently to guarantee
selective ligand recognition as well as accommodate the
broad spectrum of NR ligand structures (Bain et al. 2007).
The LBD consists of 250-300 amino acids in 11-13 «-heli-
ces (Fig. 1a) (Rochel et al. 2000). Ligand binding causes a
conformational change within the LBD, whereby, at least in
the case of endocrine NRs, helix 12 (H12), the most C-
terminal «-helix, closes the ligand-binding pocket (LBP)
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Fig. 1 Structure of VDR LBD
and VDR-VD3 interactions

via a “mouse-trap like” intramolecular folding event (Li
etal. 2003; Moras and Gronemeyer 1998). There exists
increasing amount of evidence that the simple model of
H12 acting as a two-state molecular switch needs to be, at
least somewhat, modulated (Shiau et al. 2002). For exam-
ple, ligands have been found to affect differently the confor-
mational dynamics of ERa (Hurth etal. 2004) and
modulate ERo and ERf activities by mechanisms involving
subtle differences in receptor-ligand interactions (Margeat
et al. 2003; Nettles et al. 2004). Recent studies of peroxi-
some proliferator-activated receptor (PPAR) y have nicely
demonstrated how partial agonists activate the receptor
using a H12 independent mechanism by inducing unique
changes to the dynamics of the LBD (Bruning et al. 2007;
Einstein et al. 2008).

The NR crystal structures have strongly indicated that
ligand entry/exit is regulated by HI12 position, although
alternative entry/exit pathways have been suggested (Nolte
etal. 1998; Wagner et al. 1995). Computational methods
based on molecular dynamics (MD) simulations suite very
well in identifying qualitatively and even quantitatively
ligand exit (entry) channels from protein LBPs (Aird et al.
2007; Gullingsrud etal. 1999; Isralewitz etal. 2001;
Jarzynski 1997; Lau and Roux 2007; Park et al. 2003; Xiong
et al. 2006). Such information, which is very difficult to
obtain experimentally, provides fundamental understanding
of protein function but could also add substantial informa-
tion to rational drug design process where, quite naturally,
the protein—ligand interactions have traditionally been the
main focus. Ligand exit from NR LBP has been studied
using different computational protocols. Kosztin et al.
(1999) used the steered molecular dynamics (SMD) (Isralewitz
etal. 2001; Izrailev et al. 1998) simulations to study the
unbinding of all-trans retinoic acid from the LBP of
RARy through three pathways, chosen by visual inspection
of the crystal structure. It was suggested, that there exist
two plausible entry/exit pathways, one close to HI12 and
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another one between the H1-H2 loop and H3. Blondel
etal. (1999) used enhanced sampling molecular dynamics
(ESMD), which is a multiple-copy approach, to simulate
the escape mechanism of all-trans retinoic acid from the
LBP of RARY. Another enhanced sampling method, locally
enhanced sampling (LES) MD was applied to study recep-
tor dimerization mediated ligand dissociation from ERux
(Sonoda et al. 2008) and to reveal three distinctive ligand
dissociation pathways from the TRa and f§ (Martinez et al.
2005). The exit path having opening between the H1-H2
loop and H3 identified in the latter work was later found,
on the basis of force profiles obtained from SMD simula-
tions, to be the most likely ligand unbinding pathway for
TRo and f (Martinez et al. 2006). Interestingly, different
ligands were found to prefer different exit/entry paths sug-
gesting that this knowledge could be used in designing bet-
ter TR ligands. Random acceleration molecular dynamics
(RAMD) (Ludemann et al. 2000) has also been applied to
study the exit pathways from the LBP of RARy (Carlsson
et al. 2006). In this investigation, the exit pathway between
the H1-H2 loop and H3 was also found, in addition to three
other pathways. The multiple copy dynamics (LES,
ESMD) and RAMD, as well as the targeted molecular
dynamics (TMD) (Schlitter et al. 1993), which has been
applied to ligand unbinding simulations from the LBP of
PPARy (Genest etal. 2008), are suitable for objective
exploration of possible ligand entry/exit pathways as in
these methods ligands randomly explore the weaknesses of
the LBP. In contrast, SMD involves pulling of a ligand out
of the LBP using an external force along a route that is cho-
sen in advance. On the other hand, a clear strength of SMD
is that it provides force profiles, which can be used to
deduce the likelihood of the tested pathways and even to
calculate free energy profiles for direct comparison
between the alternative pathways and even with experimen-
tal on/off rates (Aird et al. 2007; Jarzynski 1997; Park et al.
2003).
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The common first problem in entry/exit pathway studies
is how to objectively find the most likely pathways, which
could then be studied in more detail with quantitative com-
putational simulation approaches like the SMD. The pur-
pose of this work is to study how rather short RAMD ligand
expulsion simulations suite for efficient and quick exit
channel exploration. To this end, a large number of RAMD
trajectories were calculated for the unbinding of the natural
VDR ligand, 1a,25-dihydroxyvitamin D; (VD3), from the
VDR LBP. To compare the exit pathways and pathway fre-
quencies observed in short RAMD simulations, reference
simulations were done using the TMD and SMD methods.
The reference slow-velocity unbinding pathways were cal-
culated using the TMD method, and the quantitative esti-
mates of how demanding the found unbinding pathways are
were deduced from the force profiles of SMD unbinding
simulations. In addition, comparison is made between the
unbinding pathways found for VDR and those found earlier
for other NRs. Finally, crystal structures of several NR
LBDs were analyzed to generalize the conclusions made on
the basis of VDR simulations of this work and those done
earlier for other NRs.

Materials and methods
MD simulations

The initial coordinates of VDR were obtained from the
crystal structure of the VDR-LBD-MC1288 complex (Pro-
tein Data Bank entry 11E9) determined to 1.8 A resolution
(Tocchini-Valentini et al. 2001). The four residues missing
from the C-terminus (424-427) were built in an a-helical
conformation (¢ = —57°, y = —47°). VD3 was placed to
the ligand-binding pocket using the VDR-LBD-VD3 crys-
tal structure (Protein Data Bank entry 1DB1) as a model
(Rochel et al. 2000).

For the energy minimizations and molecular dynamics
(MD) simulations the VDR-VD3 complex was solvated by
TIP3P water molecules in a periodic box of ~61 x 69 x
86 A. Crystallographic water molecules were included in
the simulation system. The water molecules, counter ions
(six Na* ions) and hydrogen atoms of the simulation system
were first energy-minimized for 1,000 steps, heated to
300 K in 5 ps, and equilibrated by 45 ps at constant volume
and temperature of 300 K. After that the system was mini-
mized for 1,000 steps, the temperature was increased to
300 K in 5 ps, and equilibrated for 60 ps while restraining
the six residues (Tyr143, Ser237, Ser278, Arg274, His305
and His397, Fig. 1b) forming hydrogen bonds with VD3 to
their initial positions using a harmonic potential of
1 kcal mol~' A=2, After that simulation was continued
without restraints for 2.2 ns. Equilibration and production

simulations were carried out at constant pressure (1 atm)
and temperature (300 K). In the simulations the electrostat-
ics were treated using the particle-mesh Ewald method. A
timestep of 1.5 fs was used, and bonds involving hydrogen
atoms were constrained to their equilibrium lengths using
the SHAKE algorithm (Ryckaert et al. 1977).

RAMD simulations

Ligand unbinding simulations of the VDR-LBD-VD3 sys-
tem were done using the RAMD (Ludemann et al. 2000)
and TMD (Schlitter et al. 1994) methods. In the RAMD
method, a randomly oriented force is added to the center of
mass of the ligand. The direction of the force is kept con-
stant for a certain number of MD steps (N). If, after N MD
steps, the ligand has moved less than the minimum distance
(min)> @ new direction is chosen randomly, otherwise the
same direction is maintained for another N steps. RAMD
simulations were stopped when ligand had moved more
than 40 A from the starting position. In all the RAMD sim-
ulations, the magnitude of the random force (k) was
24.0 kcal mol~' A~!. Five starting structures (SS1-SS5)
saved at 0.6, 1.0, 1.4, 1.8 and 2.2 ns of the 2.2 ns MD simu-
lation were used in the RAMD and TMD simulations. For
each starting structure eight simulations starting with differ-
ent randomly selected directions of the initial force were
done using four different RAMD parameter sets having
different r.;, and N values (Table 1). This resulted in 32
RAMD simulations for each of the five starting structures
and a total of 160 RAMD simulations. In addition, 40
RAMD simulations were done using the parameter set 4 for
each starting structure, resulting in a total of 200 simula-
tions.

TMD simulations

In the TMD simulations, an additional energy term was
added to the energy function proportional to the square of the
difference between the mass-weighted root mean square
deviation (RMSD) of the ligand non-hydrogen atoms in a
current VDR-VD3 structure compared to the reference
VDR-VD3 structure (starting structure), calculated after
RMS fitting the backbone atoms of residues 127-141,

Table 1 RAMD parameter sets 1-4

Set Fnin(A) N k (kcal mol~' A1)
1 0.1 40 24
2 0.1 60 24
3 0.05 80 24
4 0.2 100 24
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225-274 and 304-403 of the two complexes, and the target
RMSD. The residues used in the fitting exclude the most
flexible parts of VDR. In the beginning of TMD simulations,
the target RMSD was 0.0 10\, and as the simulations pro-
ceeded, the target RMSD was increased linearly at different
rates (0.009-0.044 A ps~") to 22.0 A. For each starting struc-
ture (SS1-SS5) eight TMD simulations with different force
constants of the added energy term (1—4 kcal mol~' A=)
were done. This resulted in total of 40 TMD simulations with
ligand expulsion times between 0.5 and 2.5 ns.

SMD simulations

On the basis of RAMD and TMD simulations five most fre-
quently observed ligand unbinding paths, A1, A2, B1, B2
and C (Fig. 2a—c), were chosen for SMD simulations. In the
SMD simulations, ligand was pulled towards a point out-
side the protein surface close to the entrance of the selected
pathway. The force constant of the external harmonic force
moving with the velocity of 0.018 A ps~' exerted on the
ligand was 5 kcal mol~' A2, Simulation times were 0.9—
1.1 ns depending on the exit path. The force was applied to
the ligand carbon atom closest to the outer surface entrance

Fig. 2 Ligand unbinding trajectories (a) Al and A2, (b) B1 and B2,
(¢) C, and (d) D and E observed in TMD simulations of VDR-VD3
system. The trajectories of ligand C8 atom (Fig. 1b) are shown
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of each pathway (A: C25, B: C3, C: C2, Fig. 1b). For the
SMD simulations, which were done in constant volume
conditions, 300 ps constant volume equilibration was done
starting from the 0.6 ns structure (SS1) of the constant pres-
sure VDR-VD3 MD simulation. Seven simulations, sepa-
rated by 15 ps of constant volume equilibration, were
carried out for each of the five exit paths. To prevent trans-
lation and rotation of the protein harmonic constraints with
a force constant of 0.5 kcal mol~' A~2 were applied to Cx
atoms of Leu219 and Leu222 of H3n and Leu333 and
Ile336 of H8. These Cu atoms are located at least 15 A
from bound VD3.

Computational details and structural analysis

The RAMD simulations were done using the AMBER 8.0
simulation package (Case et al. 2006) and the RAMD code
implemented by Wade et al. (Ludemann et al. 2000). The
2.2 ns MD simulation of VD3 bound to the VDR LBD, and
the TMD and SMD ligand unbinding simulations were
done using the AMBER 9.0 simulation package (Case et al.
2006). In all the simulations, the ff99 force field (Cornell
etal. 1995; Wang et al. 2000) augmented with the back-
bone corrections of Hornak et al. (2006) was used. The
parameters of VD3 were generated with the Antechamber
suite of AMBER 9.0 in conjunction with the general amber
force field (Wang et al. 2004). The atomic point charges of
the ligand were calculated with the two-stage RESP fit
(Bayly etal. 1993; Duan etal. 2003) at the HF/6-31G*
level using ligand geometry optimized at the same level
using the Gaussian03 program (Frisch etal. 2003). The
maximum protein RMSD values reported for ligand
unbinding trajectories are the biggest RMSD moving aver-
ages of 30 structures, spanning 22.5 ps, calculated for pro-
tein backbone atoms (C, CA, N) using the starting structure
of each trajectory as a reference. Ligand unbinding
pathways were inspected visually by the VMD program
(Humphrey etal. 1996). The protein structures of the
figures were generated using the PyMOL program (DeLano
Scientific 2008).

The following class 2 (Bain et al. 2007) NRs and their
crystal structures were used in structural comparison: CAR
(Protein Data Bank entry 1XVP), FXR (10SV), LXRf
(1P8D), PPARy (2PRG), PXR (IM13), RARy (1FCY),
RORS (1K4 W), TR (1INQO) and VDR (1IE9).

Results

Ligand unbinding pathways

To investigate the applicability of RAMD ligand unbinding
simulations to economically identify the likely unbinding
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pathways, a total of 360 RAMD simulations, starting from
five structures (SS1-SS5) separated by 0.4 ns of the 2.2 ns
MD simulation using four different RAMD parameter sets,
were done for VDR-VD3 complex. In addition, to compare
the VD3 unbinding pathways obtained from 10 to 200 ps
RAMD simulations, 40 TMD unbinding simulations of
0.5-2.5 ns were done. In both the RAMD and TMD method
ligand unbinding pathways are not predefined, so the path-
ways obtained are solely determined by the interactions of
the simulation system.

Three main clusters (A-C, Fig. 2a—c) of VD3 unbind-
ing pathways from the LBP of VDR were observed in the
RAMD and TMD simulations. All the exit trajectories
from TMD simulations are visualized in Fig. 2. The figure
shows trajectories followed by C8 atom of the ligand
(Fig. 1b). (RAMD trajectories of pathways A-C are
depicted in Figs. S1-S3 of supplementary material). In the
RAMD simulations clearly the most frequently observed
pathways were A and B, found in 52 and 31% of the
cases. The other pathways, C, D and E, were observed
more rarely (3-8%). The same five pathways were
observed also in the TMD simulations and in agreement
with RAMD the pathways A and B were the most fre-
quently observed, although in TMD the pathway C had
clearly gained popularity. However, because of the small
number of TMD simulations no firm conclusions about
the relative preference of individual pathways can be
made. In general, the exit pathways of the two methods
were similar. The increased frequency of pathway C and
subpathway A2 in the TMD simulations were the main
differences between the RAMD and TMD simulations.
This was most probably due to the slower, and more real-
istic, unbinding trajectories of the TMD simulations
allowing longer time-scale structural changes to take
place in the protein structure as the ligand explores possi-
ble exit channels.

Unbinding pathway A

In pathway A ligands exit from the LBP through a channel,
which is created by rearrangement or dislocation of H12.
This pathway, which can be divided in subpathways Al
and A2 (Fig. 2a), was the most frequently observed path-
way in RAMD simulations. In the case of VDR and nuclear
receptors in general, H12 is known to be flexible and in
many cases probably disordered or dislocated from its ago-
nistic position in the absence of ligand. Therefore, this
channel represents a likely entry route for ligands to the
LBP of NRs. It must be noted that in all the simulations of
this work the HI2 was initially in the agonistic conforma-
tion of the crystal structure (Tocchini-Valentini et al. 2001)
in which it is tightly bound to the body of the protein. The
RAMD simulations produced a rather wide funnel of exit

pathways locating mainly between the C-terminal part of
H12 and H11. In this pathway (A1) ligands exit so that H12
tends to stay in contact with the rest of the protein or only
slightly displaced from the agonistic position. Typically,
the ligand makes contacts with Tyr401 (H11), Phe422
(H12) and the hydrophobic H12 residues Leu414 and
Val418 as it leaves the LBP. A small part of RAMD simu-
lations and the majority of TMD simulations followed the
subpathway A2 that required dislocation of H12 from its
agonistic position and formation of an opening connecting
the LBP to the surface of the protein. This opening is lined
by His397 and Ser 398 (H10), Tyr401 (H11) and Phe422
(H12).

Unbinding pathway B

Pathway B is located in the opposite direction of the LPB
compared to pathway A, close to the A ring of a bound
VD3. This pathway has an opening at the protein surface
between the HI-H2 loop and the short f-sheet between HS
and H6 (Fig 2b). It is characterized by a rather large funnel
of exit paths, which can be divided in subpathways B1 and
B2. In the RAMD simulations, subpathway B1 was slightly
more frequently observed than B2. The outer surface open-
ing of subpathway B1 is located in the C-terminal part of
the HI-H2 loop lined by Tyr147, Phel50, Tyr293 and
Cys288. The opening of B2 is located between the middle
part of the HI-H2 loop and the f-sheet, lined by Tyr143,
Tyr147 and Ser278. The ligand unbinding along pathway B
typically involves structural changes in the flexible HI-H2
loop.

Unbinding pathways C-E

Unbinding pathway C runs through an opening formed by
the H1-H2 loop and the middle part of H3 flanked by
Tyr236 and Lys240 (Fig. 2c). On the basis of VDR-VD3
crystal structure this pathway seems a possible exit route as
there exist several water molecules forming a hydrogen
bonded water channel starting in the vicinity of the A ring
of a bound natural ligand leading to the protein surface
(Rochel et al. 2000; Tocchini-Valentini et al. 2001). Path-
way C follows this water channel. Along this channel there
are three aromatic residues, Tyr147 (H1-H2 loop), Phe150
(H2) and Tyr236 (H3), which form the walls of the exit
channel. At the protein surface there are Aspl44 (H1-H2
loop), Asp149 (H1-H2 loop) and Lys240 (H3) forming the
rim of the channel opening. This pathway was observed
only rarely in the RAMD simulations but more frequently
in the TMD simulations.

Two additional pathways, D and E, were observed in
the RAMD and TMD simulations (Fig. 2d). Pathway D
is located between the f-sheet and H6 and H7, and pathway
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E between H11 and the N-terminal part of H7. These exit
routes lead to the dimerization surface of VDR and were
observed rarely in the simulations. Therefore, they do
not represent likely entry/exit pathways of VDR. In line
with this, exit pathways reminiscent of D and E were
observed in the RAMD unbinding study of all-trans
retinoic acid from RARy and were thought to represent
unlikely unbinding pathways (Carlsson et al. 2006).

Different RAMD parameter sets

To study the effect of RAMD simulation parameters to the
resulting unbinding pathways four sets of simulation
parameters (Table 1) were tested. These sets were found in
extensive test simulations to lead to ligand expulsions
within 200 ps. Such rather short expulsion times could lead
to unrealistically high forces, drastic changes in protein
structures and, consequently, to non-natural ligand exit
routes. However, compared to the reference TMD and
SMD simulations, the exit routes obtained with RAMD
seemed reasonable. The chosen RAMD protocol allowed
carrying out a large number of simulations and thus to
make conclusions about the feasibility of RAMD for objec-
tive exploration of possible unbinding pathways.

The number of trajectories following paths A-E with
each parameter set is presented in Fig. 3 (Table S1, supple-
mentary material). That the accuracy of the path distribu-
tions of Fig.3 obtained from 40 simulations of each
parameter set are useful in comparing the sets, is seen in
the similarity of pathway distributions of set 4 in Fig. 3
and the distribution of all simulations of Fig. 4 (“All”,
Table S2, supplementary material). All simulations of
Fig. 4 were calculated with the parameter set 4 (the 40
simulations of Fig. 3 are included in Fig. 4). The parameter
set 4 was chosen for more extensive RAMD simulations
listed in Table 3 because it provided exit pathway distribu-
tion close to the average of the tested parameters with rea-
sonable number of new directions taken in unbinding
trajectories. The parameter sets 2—4 of Fig. 3 show qualita-
tively similar distributions of unbinding pathways. The
ratio of the most frequently observed paths A and B is 3:5
for sets 2 and 4, and 2.5:5 for the set 3. In contrast, the
pathway A to B ratio is 1:1 for the set 1. This difference in
pathway ratio is reflected in the lengths and especially in
the number of new directions in RAMD simulations: the
number of new directions in the set 1 simulations was on
average 119.5, more than two times larger than the
averages of sets 3 and 4, and 15 times larger than 8.2 of set
2 (Table 2). It is also notable that although ligand unbind-
ing trajectories were rather straight in parameter set 2
simulations, as evidenced by small number new directions,
the distribution of unbinding pathways is close to those of
sets 2 and 3.
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Fig. 4 Percentages of RAMD trajectories following paths A-E for
starting structures SS1-SS5 (n=48) and all trajectories (n = 240)
using parameter set 4

Different RAMD starting structures

To study the effect of starting structures on unbinding path-
way distributions, 40 RAMD simulations were done for
each of the five starting structures (SS1-SS5) of the VDR-
VD3 simulation using the parameter set 4. On the basis of
Fig. 4 (supplementary material, Table S2), where the
observed pathway distributions are presented for different
starting structures, there seems to be a minor dependence
between the pathway distributions and starting structures.
This may be partly due to the rather compact structure of
the VDR LBD and, consequently, small structural differ-
ences between the starting structures. In addition, the starting
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Table 2 Average number of new directions, simulation lengths and
maximum RMSDs in RAMD simulations using parameter sets 1 —4

Set 1 Set 2 Set 3 Set 4 All
(n=40) (n=40) (n=40) (n=40) (n=160)

119.5 8.2 54.3 433 56.3
Length (ps) 588 462 56.3 50.6 53.0
Max. RMSD (A) 2,04 2.04 2.16 1.95 2.05

Directions

structures were separated at the most by 1.6 ns of simula-
tion time, which is not expected to lead to large structural
changes. The only notable difference in pathway distribu-
tions is the clearly smaller than average proportion of path
A trajectories in SS1 (timepoint 0.6 ns) and larger than
average proportion of path A trajectories in SS5 (timepoint
2.2 ns) simulations. Interestingly, use of these two starting
structures resulted in shortest simulation times with small-
est number of new directions (Table 3): the average length
and number of new directions were 41.1 ps and 30.2 for
SS1, and 439 ps and 34.0 for SS5 simulations, being
clearly smaller than 53.8-78.0 ps and 62.2-79.7 of the
other starting structures. The same observation was made in
the simulations carried out in parameter set testing (supple-
mentary material, Table S3 and S4). Otherwise no clear
trends were observed in pathway distributions and RAMD
simulation lengths. The differences in pathway distributions
can not be explained by varying proportions of different
pathways, because the average simulation lengths and the
new directions in simulations following paths A-E listed in
Table 4 show rather small differences, although the simula-
tions leading to ligand unbinding along the most frequently
observed paths A and B were somewhat shorter than the
simulations following other pathways. A likely explanation
for the difference in path distributions between SS1 and
SS5 simulations is the increased likelihood of A and B
pathways as the VDR-VD3 MD simulation progressed.
This is seen in the increase in the sum of path A and B tra-
jectories towards the later timepoint starting structures: the
percentage share of these two pathways is 75.0, 81.3 and
89.6% for the starting structures SS1, SS3 and SS5, respec-
tively.

Table 3 Average number of new directions, simulation lengths and
maximum RMSDs in RAMD simulations for starting structures SS1—
SS5 using parameter 4

SS1 SS2 SS3 SS4 SS5 All
(n=48) (n=48) (n=48) (n=48) (n=48) (n=240)

Directions 30.2 78.0 53.8 60.2 34.0 51.3
Length (ps) 41.1 79.7 62.2 65.0 43.9 58.4

Max. RMSD 1.85 2.00 2.15 2.13 2.21 2.07
A)

Table 4 Average number of new directions, simulation lengths and
maximum RMSDs in RAMD simulations following paths A-E using
parameter set 4

A B C D E All
(n=122) (n=72) (n=16) (n=22) (n=8) (n=240)

Directions ~ 49.8 523 50.9 55.5 540 513
Length (ps) 56.9 579 63.4 64.3 595 584

Max. RMSD 2.15 1.93 2.03 2.14 205 207
A)

Unbinding pathways from TMD simulations

To study how reasonable the high-velocity ligand unbind-
ing pathways obtained from the RAMD simulations are and
to study the structural details of the unbinding pathways
eight TMD simulations of 0.5-2.5 ns were started from
each of the five starting structures. The summary of TMD
simulations is presented in Table 5. The same five main
unbinding pathways were found in the TMD and in the
RAMD simulations. However, the TMD simulations indi-
cated that there are two clear subpathways, presented in
Fig. 2a, b, for paths A and B. The RAMD trajectories fol-
lowed the both TMD subpathways of path B, although in
RAMD simulations no separate clusters were visible. Sub-
pathway A2 was not observed in the RAMD simulations, in
which practically all ligands followed subpathway Al. A
and B were the two most frequently observed pathways in
the TMD and RAMD simulations, although, in contrast to
RAMD, path B was more frequently observed than path A.
However, it is more notable that in the TMD simulations
the unbinding pathway C was observed in 20% of the tra-
jectories, but in the RAMD simulation its share was only
7%. In addition, the path B to C ratio was 2:1 in TMD and
5:1in RAMD simulations. This increase is notable, because
the very first part of pathways B and C is shared. As can be
seen from Fig. 2b and c, there is a bend in pathway C at the
point where the two pathways diverge. Formation of
unbinding channel C requires rotation of side chain torsion
angles of Tyr147 (H1-H2 loop), Phe150 (H2) and Tyr236
(H3), which is presumably more likely to take place during
the TMD than much shorter RAMD simulations. This is
indirectly supported by the fact that average length of path
C trajectories was 1.25 ns and that of path B 1.06 ns, indi-
cating that slower unbinding rate promotes path C. The
average maximum RMSDs are comparable for the three
most frequently observed unbinding pathways A—C and
higher for the more rarely observed D and E (Table 5). The
RMSDs of TMD simulations were somewhat larger than
those of the considerably shorter RAMD calculations
(Table 2) simply showing that protein did not have time to
respond to forced ligand expulsions of RAMD simulations.
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Table S Summary of TMD simulations

Exit Number of Average simulation Average
path trajectories (n = 40) length (ns) maximum
RMSD (A)

A 11 (27.5) 1.36 221

B 16 (40.0) 1.06 2.36

C 8 (20.0) 1.25 2.27

D 2(5) 1.25 2.66
3(7.5) 1.83 2.48

Percentage values are in parentheses

In other words, in RAMD simulations ligand-induced struc-
tural changes stayed localized in the vicinity of the site
where ligand caused protein distortion by the applied
forces.

Force profiles from SMD simulations

The SMD simulations were done for the most plausible
ligand unbinding pathways A, B and C found in the RAMD
and TMD simulations to obtain quantitative estimates for
the ligand unbinding force profiles. This would make it pos-
sible to compare the path distributions observed in the
RAMD simulations with the preferences of the paths. It
must be noted, however, that more extensive simulations
with techniques providing free energy barriers should be
carried out to obtain more reliable estimates about the rela-
tive preferences of ligand expulsion paths. Two subpath-
ways were considered for path A (Al and A2) and B (Bl
and B2) (Fig. 2a, b). Based on the averages of the maximum
forces (F,,,,) of the calculated force profiles, there are no
large differences between the studied paths (Table 6;
Fig.5). However, path B2 has the lowest average F,,,,
value, closely followed by B1. If the averages of the three
lowest F,,,, values are considered, B2 has still the lowest
maximum force, but other paths are now predicted to be
equally favorable (Table 6). All the force profiles share sim-
ilar 1,000-1,300 pN barrier in the beginning of the unbind-
ing path at about 3.5-6 A (Fig.5). (Force profiles of
individual trajectories are shown in supplementary material,

Table 6 Maximum forces (F,,,,) of the SMD ligand unbinding simu-

lations along paths A1, A2, B1, B2 and C and the average F,,,, values

max

Exit F, (pN)
path

Average®

Al 1,025 1,027 1,034 1,038 1,095 1,295 1,364 1,125 (1,029)
A2 1,017 1,034 1,051 1,061 1,126 1,200 1,214 1,100 (1,034)
Bl 991 1,047 1,056 1,080 1,104 1,108 1,125 1,073 (1,031)
B2 941 957 1,005 1,094 1,119 1,134 1,176 1,061 (968)
C 1,028 1,039 1,062 1,063 1,085 1,169 1,195 1,092 (1,043)

Averages of the three lowest F|,, trajectories are in parentheses

max
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Fig. 5 Average force profiles for paths A2, B2 and C

Fig. 2. S4-S8.) At this point the six hydrogen bonds formed
between the LBP and VD3 are broken. After the first barrier
there exists a second barrier on path A and B, which is
somewhat lower and less clearly defined for path B than A.
In the case of path C, no such second barrier can be seen. In
subpathway Al and A2, there is a phase of notably low
forces after the first barrier located at about 9—11 A has
been crossed. The second clearly lower barrier is located
between 10 and 13 A in the case of Al, and between 13 and
15 A in the case of A2. At this point ligand is passing H12,
which has to slightly rearrange and change conformation.
The second barrier of path A1, which is the more favorable
of the studied subpathways of path A, is ~700 pN. The sec-
ond barrier of subpathways B1 and B2 has a clearly less
defined position and height compared to that of path A. This
is due to the rearrangement of the H1-H2 loop and its rather
large mobility leads to varying barrier heights and positions.
It is notable that two lowest F, ., (~950 pN) unbinding tra-
jectories were both found among the B2 simulations
(Table 6). The force profiles of path C showed the most
consistent behavior between the parallel simulations. After
the first barrier the forces decreased as the ligand was pulled
through the unbinding channel. The forces stayed rather
high, yet below 700 pN. This was due to extensive interac-
tions made by the ligand along the exit path.

On the basis of SMD simulations, path B2 seems to be
the most favorable for VD3 unbinding from the LBP of
VDR. The other pathways studied with the SMD method
were similar in terms of F,,, values.

Discussion

General

A prerequisite for investigation of ligand entry/exit path-
ways from protein LBP using quantitative computer simulation
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methods (Aird et al. 2007; Lau and Roux 2007; Park et al.
2003; Xiong et al. 2006) is that the most likely pathways
must be first somehow deduced. In favorable cases this can
be accomplished just by visual inspection of the protein,
but usually it is a more complicated task and calls for com-
putational tools for objective pathway selection. The
RAMD method (Ludemann et al. 1997), in which randomly
oriented forces are imposed on the ligand to accelerate the
finding of trajectories leading out of the LBP, seems a
highly attractive approach to this purpose as evidenced by a
number of successful applications (Ludemann et al. 1997,
2000; Schleinkofer et al. 2005; Wang and Duan 2007). To
study the applicability of the RAMD method in finding the
most likely unbinding pathways and the quality of the path-
ways found, a large number of RAMD simulations were
done for VDR-VD3 system. In order to get statistically
reliable number of unbinding trajectories, simulation
parameters leading to rather short (<200 ps) exit trajecto-
ries were chosen. Short simulation times may be desirable
when possible unbinding pathways are explored before
starting more realistic simulations requiring slow ligand
expulsion velocities and a number of parallel simulations
for converged results. The structural features of the RAMD
trajectories were compared to much long TMD simulations
(0.5-2.5 ns), and pathway distributions of the RAMD simu-
lations to force profiles calculated using the SMD method.

Comparison of RAMD with TMD and SMD

Simulations of this work suggested that quite a small num-
ber (50-100) of short RAMD unbinding simulations, pref-
erably using slightly different simulation parameters, is
enough to locate all five unbinding pathways (A-E) of
VDR. However, short trajectories inevitably lead to path-
ways, which tend to be straighter than those found in the
reference slow-velocity unbinding simulations using the
TMD method. That all structural details of the RAMD tra-
jectories are not shared by the low-velocity pathways, could
be seen in the absence of subpathway A2 in the RAMD
simulations but as a clear cluster of pathways in TMD sim-
ulations (Fig 2a). On the basis of SMD force profiles, Al
and A2 were estimated to be equally likely exit paths. Also
the path C was underrepresented in the RAMD results.
Thus, although RAMD can rather quickly reveal the most
likely unbinding pathways, the exact pathways are not nec-
essarily found with this methodology. This might not be a
problem, because for example in SMD studies slightly
different pulling directions and pathways must in any case
be tested to be sure that the most favorable pathways have
been identified.

It is tempting to speculate that if a sufficiently large num-
ber of RAMD simulations were carried out, the observed
distribution of pathways would converge close to that

deduced from quantitative energies obtained from, for
example, SMD simulations. The comparison of the RAMD
frequencies of paths A, B and C, which showed good
enough convergence for this purpose (Figs. 3, 4), with the
F,.x values of the SMD simulations (Table 6) indicated
that there is a qualitative agreement. The number of path C
trajectories obtained from RAMD simulations was slightly
larger than average when simulations were started from
SS1 and SS2 structures, bringing the observed frequencies
in better agreement with the conclusions based on SMD
forces. This seems natural as the SMD simulations were
started from the SS2 starting structure. In addition, because
the RAMD simulations led to high unbinding velocities, the
obtained distributions may show bias towards the probabil-
ity the ligand has in entering a particular exit channel. This
is likely to be the case for RAMD parameter set 2 simula-
tions, in which on average only 8.2 new random directions
were chosen during ligand expulsion, being considerably
less than the average number 56.3 of all simulations
(Table 2). This would mean that with parameter set 2,
ligand will follow the first exit channel it enters. In spite of
this, the pathway distribution with this set does not deviate
much from the average distribution. Closest to set 2 in
terms of pathway distribution is set 4, which has the second
smallest number of new directions. In line with the above
assumptions, these two sets have increased number of
structurally unfeasible routes D and F. On the other hand,
the distribution of parameter set 1, which has clearly the
largest number of new directions (119.5), resembles most
the distribution deduced from SMD results: the frequencies
of paths A and B are practically equal. Thus, the compari-
son of the RAMD and SMD data indicates that in the
unbinding path distributions of Figs. 3 and 4 there is a bias
towards the probability of entering the exit channel. This
conclusion is partly supported by the TMD simulation data
(Table 5). In the TMD simulations, in which the ligand was
expelled slowly (0.5-2.5 ns) out of the LBP, paths B and C
were observed in the ratio of 2:1, in qualitative agreement
with SMD results.

Ligand unbinding pathway A

According to the mouse trap model ligand binding leads to
repositioning of H12 to the agonistic position, in which
H12 is tightly packed against the core of the NR LBD and
efficiently closes the LBP (Fig. 1a) (Li et al. 2003). NMR
spectroscopy studies have shown that ligand binding stabi-
lizes a large part of NR LBD, including H12 (Berger et al.
2003; Johnson et al. 2000). Even in the case of constitu-
tively active NRs, which show considerable activity in the
absence of ligand, H12 is more flexible in apo structures
than in the receptor-agonist-complexes (Kallenberger et al.
2003). In the case of PPARy increased fluctuations,
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especially in the H12 region, are seen in the PPAR-partial
agonist complexes compared to full agonist complexes
(Bruning et al. 2007), and it has been observed that signifi-
cant flexibility in the LBD may still remain even when an
activating ligand is bound to the LBP (Chrencik et al.
2005). In addition, crystal structures of apo-LBD and
antagonist-LBD structures of several NRs have shown that
H12 may adopt several alternative conformations in which
it does not block ligand entrance to the LBP and, thus,
offers a low-energy entry channel for ligand binding (Kal-
lenberger et al. 2003; Li et al. 2003; Nagy and Schwabe
2004). Thus, there is ample of experimental data indicating
that a likely ligand exit/entry channel is located in H12
region when NR is in a non-active state. In line with this,
even though H12 was placed in the agonistic conformation
in the beginning of the ligand expulsion simulations of this
work, exit through the H12 region (path A) was estimated
to be a feasible alternative. Amino acid mutations, which
decrease interactions between the H12 and the main body
of VDR should facilitate ligand unbinding through path A.
Good candidates for such residues are hydrophobic H12
residues Leu417, Val418, Val421 and Phe422 and H11 res-
idue Tyr401. Alanine replacement of these residues has
been found to considerably decrease VDR activation
potency of VD3 (Viisdnen et al. 2002; Yamamoto et al.
20006). It is interesting that in the earlier RAMD study on
RARYy (Carlsson et al. 2006) no exit trajectories comparable
to path A was found. Inspection of the RARY crystal struc-
tures gives no simple explanation to this.

Ligand unbinding pathway C

Crystal structure analyses of NR LBDs have led to sugges-
tions that there would be alternative ligand entry/exit path-
ways in addition to the H12 region. In the cases of TR«
(Wagner et al. 1995) and PPARy (Nolte et al. 1998), crystal
structures revealed a putative ligand entry/exit site between
H3 and the f-sheet (Fig. 6). In addition to the fact that the
putative site is located in a less-dense part of LBD, the
same region is the most flexible part of many NRs as sug-
gested by large temperature factors and incomplete experi-
mental electron densities (Martinez etal. 2006). An
alternative site could offer a ligand exit route when the
opening in the vicinity of H12 was blocked by bound
co-regulator proteins (co-activator/co-repressor). The path
between H3 and the p-sheet has been found earlier in
RAMD ligand expulsion simulations of RARy (Carlsson
etal. 2006), LES simulations of TRo/f (Martinez et al.
2005) and TMD simulations of PPARy (Genest et al. 2008).
On the basis of SMD simulations, this route was found to
be an energetically plausible entry/exit path for RARy
(Kosztin et al. 1999) and suggested to be the most likely
pathway for ligand dissociation from the LBP of TRa/f
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Fig. 6 Structure of TRf (Protein Data Bank entry INQO)

(Martinez et al. 2006). Interestingly, crystal structures of
VDR-ligand complexes have revealed that in the same
region of LBD, between H3 and the H1-H2 loop, there
exists a possible ligand entry/exit channel. Namely, several
water molecules are seen in the vicinity of the A ring of a
bound VD3 forming a water channel connecting the LBP to
the protein surface (Rochel et al. 2000; Tocchini-Valentini
et al. 2001). This water channel, which follows path C, has
been probed in VDR ligand design by making C-2o substi-
tuted VD3 analogs. Several such analogs showed high
VDR affinity and crystal structure determinations revealed
that even 3-hydroxy-1-propoxy substituent fits in the water
channel and replaces bound water molecules (Hourai et al.
2006). Furthermore, in the case of VDR an alternative
ligand biding pocket has been suggested to locate between
H2 and the f-sheet (Mizwicki et al. 2004). This pocket,
which has been suggested to be responsible for nongenomic
rapid responses of VDR and to serve as an alternative
ligand entry portal, is located close to the proposed entry/
exit paths of TRo/ff and PPARY, and path C of this work.
Thus, pathway C represents a structural feature shared by
several NRs.

Ligand unbinding from VDR and TRa/f8

The SMD force profiles suggested that ligand unbinding
through the water channel of VDR (path C), which was the
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only one of the studied pathways that did not have a sec-
ondary barrier on the force profile, was slightly less favor-
able than path B. In addition, in the RAMD and TMD
simulations ligand unbinding was observed clearly more
frequently to take place through path B than C. In contrast,
in the case of TRa/ff path C was calculated to be the most
likely unbinding pathway. Comparison of the VDR
(Tocchini-Valentini et al. 2001) (Fig. 2a) and TRff (Huber
et al. 2003) (Fig. 6) crystal structures provides a plausible
explanation for this difference. In VDR, the path C is much
narrower than in TR, and also in RAR, due to the close
packing of H2 and the N-terminal part of H3, and the C-ter-
minal part of H1 and the C-terminal part of H3. In the case
of TR, the corresponding H3 packing is clearly less exten-
sive creating a more flexible and less dense region between
H3 and H1, H2 and the f-sheet. In TR, there is also a con-
served Pro residue in the middle of H3, which increases the
tendency of the helix to break into small o helices and pro-
mote ligand escape through this route (Martinez et al.
2005). This is seen as a small bend and structural irregular-
ity in the vicinity of the conserved Pro of H3 (Huber et al.
2003) (Fig. 6). In addition, in TR the B route is blocked by
the f-sheet, which enters between H2 and HS. In VDR an
opening may be formed between the flexible HI-H2 loop
and the ff-sheet. As a consequence of these structural differ-
ences, path C becomes less favorable and path B more
favorable for VDR compared to TR, and provides a struc-
tural explanation for the observed difference in the likeli-
hood of the unbinding paths B and C in the two NRs.

Amino acids residues, whose mutations would selec-
tively affect ligand unbinding through alternative paths can
be suggested based on the simulations of this work. Such
mutations would change unbinding kinetics and help exper-
imentally verifying which unbinding paths are actually
used. The H12 destabilizing residues, discussed above, are
obvious candidates in probing path A unbinding. Ligand
unbinding through path B requires that an opening is
formed between Tyr147, Cys288, Tyr293 and Tyr295 and,
thus, mutations of these residues would facilitate unbinding
following path B. In the case of path C, interactions
between Phe150, Phel53, Leu233 and Tyr236, which form
an interconnected hydrophobic patch of residues, are dis-
rupted. Most of these mutations are known to be important
for the activity of VDR (Viisédnen et al. 1998, Yamamoto
et al. 2006).

The relative likelihood of alternative exit pathways from
NR LBP is affected by the chemical nature of the ligand.
For example, in the case of TRa/f simulations suggested
that different ligands favor different unbinding pathways
(Martinez et al. 2005). This behavior is likely to depend on
ligands’ interactions with protein and solvent along exit
pathways (Martinez et al. 2006). The path C of VDR fol-
lows the water channel observed in the crystal structures.

Thus, a ligand having hydrophilic substituent in this region
would probably prefer path C more than VD3. One such
candidate is lithocholic acid, an endogenous VDR ligand,
having a highly hydrophilic carboxylate functional group
(Makishima et al. 2002). Ligand docking studies have sug-
gested that lithocholic acid binds to VRD LBP so that its
carboxylate group is positioned close to the entry of the
water channel (Jurutka et al. 2005). This would increase
lithocholic acid’s preference to path C unbinding.

Implications to class 2 nuclear receptors

VDR and TRs belong to class 2 NRs (Bain et al. 2007;
Olefsky 2001), which typically exist as heterodimers with
RXR. These receptors bind as dimers to the response ele-
ments of the target genes and tend to stay bound to DNA
with and without a ligand. Thus, as a dimer the RXR of the
heterodimer blocks ligand entry/exit through paths D and
E, as the helices 7, 9, 10 and 11 contribute to the dimeriza-
tion surface. That dimerization changes the preference of
ligand unbinding paths has been shown in recent LES simu-
lations of ERa monomer and dimer (Sonoda et al. 2008).
On the other hand, co-activator proteins recognize the acti-
vation function 2 region of the LBD by a recognition helix,
which binds in a groove formed between helices 3, 4 and
12. Therefore, co-activator binding most likely fixes H12 to
the agonistic position and closes path A. This suggests that
a second ligand binding/unbinding channel, in addition to
H12 region, might have functional role in the case of class
2 NRs. If this is the case, one would expect that class 2 NRs
had common structural features in their LBDs favoring
ligand binding/unbinding through path B (VDR) or path C
(TRa/f). Based on the phylogenetic analysis the class 2
NRs can be divided in two subfamilies, 1 and 4 (Escriva
etal. 2000; Laudet 1997; Zhang et al. 2004). The vast
majority of class 2 NRs belong to subfamily 1, which can
be further divided into groups. VDR belongs with PXR and
CAR to group 11 and TRa/f to group 1A. Crystal structures
of LBDs of NRs known to form heterodimers with RXR are
available for representatives of six groups. Interestingly, all
representatives of groups 1H (LXRs and FXRs) and 11
(VDR, PXR and CAR) have the H1, H2, H3 and f-sheet
region arranged like in VDR, and all representatives of
groups 1A (TRs), 1B (RARs), 1C (PPARs), and 1F (RORs)
have the same region like in TRo/f. Thus, class 2 NRs
forming heterodimers with RXR have their LBDs structur-
ally conserved so that the putative ligand binding/unbind-
ing pathways B and C exist in analogy to VDR or TRo/f.
However, whether such an alternative entry/exit pathway,
in addition to the channel regulated by the H12 mobility, is
actually used in natural environment and has functional
importance is not known and waits for experimental
verification.
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Conclusions

In this work, the applicability of RAMD for rapid explora-
tion of VD3 unbinding pathways from the ligand-binding
pocket of VDR was investigated. The TMD and SMD
methods were used in generating reference low-velocity
exit trajectories (TMD) and estimates for relative prefer-
ences (SMD) of the most relevant pathways. It was found
that even though rather short RAMD simulations (<200 ps)
were done, the main exit pathways with qualitatively cor-
rect relative preferences were produced. On the basis of
VDR-VD3 system this requires that adequately large num-
ber of RAMD simulations (50-100) are done using RAMD
parameters which result in not too straight ligand unbinding
trajectories. Namely, it was observed that RAMD parame-
ters, which led to trajectories with largest number of new
directions, produced path distributions closest to that
deduced from SMD force profiles. It is also beneficial if
different starting structures are used.

Based on the results of this work, and earlier ligand
unbinding studies on NRs using different simulation tech-
niques, three common entry/exit paths have been identified.
The most obvious one is located in the H12 region and is
regulated by the H12 mobility. The other two paths are
located in the structurally variable and flexible part of NRs
close to the HI-H2 loop, the f-sheet and H3. The results
obtained from the RAMD, TMD and SMD ligand unbinding
simulations suggested that for VDR the unbinding pathway
between the HI-H2 loop and the f-sheet between H5 and
H6 is more favorable than the pathway locating between the
H1-H2 loop and H3. The latter pathway has been earlier
suggested, based on SMD simulations, to be the most likely
exit path for TRa/ff. Comparison of VDR and TRf crystal
structures revealed that this difference is due to slightly
different packing of H1, H2, H3 and the f3-sheet leading to
formation of exit channels on different sides of H1-H2 loop.
Crystal structures of other class 2 NRs showed that these
NRs can be structurally divided in two groups: those having
the H1, H2, H3 and the f-sheet region arranged like in VDR
(Path B) or like in TR/ (path C). Thus, the putative ligand
entry/exit paths B and C identified by computer simulation
techniques and by analyzing NR crystal structures seem to
be a common feature shared by class 2 NRs.
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