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INTRODUCTION

In the last decades, the nematode worm Caenorhabditis
elegans (ce) has aroused interest as an important model or-
ganism for biomedical research, particularly in the
functional characterization of novel drug targets.1 In this
context, the study of the nuclear receptor (NR) ceDAF-12,
partially due to the discovery of its ligands the dafachronic
acids (DAs),2 has acquired special attention because it is
involved in multiple physiological functions, such as devel-
opmental timing, metabolism, fertility, and longevity.3

DAF-12 is a modular protein which acts as a transcription
factor induced by ligands, modulating the expression of
genes involved in the nematode life cycle.4 Numerous
studies have shown that DAF-12 constitutes a main switch
in the signaling pathway controlling dauer formation, a
nonfeeding, nonreproducing, and stress-resistant state,
which is specially adapted for long-term survival.5,6 Thus,

in worms under unfavorable environmental conditions

due to excessive heat, crowding, or lack of food, DAs are

not biosynthesized, and subsequently the DAF-12/corepre-

sors complexes initiate the dauer larvae formation pro-

gram. In contrast, in the presence of DAs the complexes
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ABSTRACT

A structure for the ligand binding domain (LBD) of the DAF-12 receptor from Caenorhabditis elegans was obtained from

the X-ray crystal structure of the receptor LBD from Strongyloides stercoralis bound to (25R)-D7-dafachronic acid (DA)

(pdb:3GYU). The model was constructed in the presence of the ligand using a combination of Modeller, Autodock, and mo-

lecular dynamics (MD) programs, and then its dynamical behavior was studied by MD. A strong ligand binding mode

(LBM) was found, with the three arginines in the ligand binding pocket (LBP) contacting the C-26 carboxylate group of the

DA. The quality of the ceDAF-12 model was then evaluated by constructing several ligand systems for which the experimen-

tal activity is known. Thus, the dynamical behavior of the ceDAF-12 complex with the more active (25S)-D7-DA showed two

distinct binding modes, one of them being energetically more favorable compared with the 25R isomer. Then the effect of

the Arg564Cys and Arg598Met mutations on the (25R)-D7-DA binding was analyzed. The MD simulations showed that in the

first case the complex was unstable, consistent with the lack of transactivation activity of (25R)-D7-DA in this mutant.

Instead, in the case of the Arg598Met mutant, known to produce a partial loss of activity, our model predicted smaller

effects on the LBM with a more stable MD trajectory. The model also showed that removal of the C-25 methyl does not

impede the simultaneous strong interaction of the carboxylate with the three arginines, predicting that 27-nor-DAs are

putative ceDAF-12 ligands.
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recruit coactivators and activate the transcription of

genes that drive the nematode to normal reproductive

development. In addition to this developmental role,

DAF-12 also plays important functions in adult longevity.

Parasitic nematodes such as Strongyloides stercoralis (ss) or

Ancylostoma caninum also have a DAF-12 ortholog

implicated in essential development processes.7

DAs are C-27 cholesterol metabolites biosynthesized by

several enzymes of the daf family, including the cyto-

chrome P450 oxidase DAF-9 which introduces a carbox-

ylic acid group in the C-26 position (Fig. 1). Moreover,

the DAs have a 3-keto group and an unsaturated double

bond at C-7 or C-4 of the steroid nucleus. D7 DAs have

been shown to be more active and abundant in the ani-

mal. Remarkably, the configuration of the C-25 methyl

group is an important determinant on complex ligand–

receptor activity. Thus, transactivation assays and in vivo

experiments have shown that the 25S DAs are more

active than their corresponding 25R diastereoisomers.8–

10 Although the resulting effect of the NR depends on

several factors such as receptor number and complex

ability for recruiting coactivators, usually the ligand affin-

ity is the main determinant on the transactivation activ-

ity–dose curves. Therefore, a precise characterization of

the molecular basis of DAs binding mode could consider-

ably improve our understanding on DAF-12 action.

The crystal structure of the ligand-binding domain

(LBD) of ceDAF-12 has not been reported yet, but the

ssDAF-12 crystal structure has been solved recently bound

to the (25R)-D7-DA (pdb:3GYU) and (25R)-D4 ligands

(pdb:3GYT).7 Although the sequence similarity between

ssDAF-12 and ceDAF-12 LBDs is 42%, this percentage

increases to more than 70% when only the ligand binding

pocket (LBP) residues are considered, suggesting a similar

binding mode for the DAs. The X-ray crystal structure of

the ssDAF-12 shows that the receptor is formed by 12 a-
helices and three b-strands folded into the canonical NR

architecture, with the ligand immersed in a cavity sur-

rounded by residues of helices H2, H3, H5, and H7 [Fig.

2(a)]. The LBP of ssDAF-12 consists of 28 residues, mainly

nonpolar, that make contact with the hydrophobic steroid

carbon skeleton and a few polar residues which maintain

electrostatic interactions with the ligand oxygen atoms

[Fig. 2(b)]. In both (25R)-D4 and (25R)-D7-DA com-

plexes, the steroid is oriented with the 3-keto group to-

ward the Gln637 and the C-26 carboxylate group close to

Thr562, Thr613, and Arg599 residues. The strong interac-

tion between the negative charge density of the ligand’s

carboxylate group and the positive charge density of

Arg599 guanidinium group appears to be especially im-

portant to ligand–receptor recognition. Besides the ligand,

Arg599 interacts with Asn533, a H1 residue located in the

surface of the protein which separates the LBP from the

solution. The relevance of Arg599 in ligand binding is con-

firmed by the fact that the Arg599Met and Arg599Lys

mutations eliminate completely the ssDAF-12/(25R)-D7-

DA activity.7 Another arginine (Arg565) forming part of

the LBP is also close to the C-26 carboxylate group; how-

ever, the crystal structures revealed that this residue does

not contact the ligand but is oriented toward the H1–H2

loop, interacting with their oxygen backbone atoms.

Nevertheless, since mutational studies have shown that the

Arg565Cys mutant of ssDAF-12 is also unable to transacti-

vate reporter genes,7 its precise role on DAs action should

be analyzed, considering the possibility that this residue is

also implicated in ligand recognition.

A comparative analysis of the sequences corresponding

to both LBPs shows that in the ceDAF-12 receptor the C-

26 carboxylate group should be surrounded by three argi-

nine residues instead of two [Fig. 2(c)]. Thus, besides the

conserved Arg598 (Arg599 in ssDAF-12 numbering) and

Arg564 (Arg565), the substitution of Val603 to Arg602

adds an additional point of positive charge density to the

recognition of the acid ligand group. This substitution is

accompanied by the substitution of the neutral Asn533 in

ssDAF-12 by the negatively charged Asp532, thus conserv-

ing the overall net charge of the system. Like in the ssDAF-

12 receptor, the Arg564Cys mutation abolished completely

the ceDAF-12 activity2,7; instead, the Arg598Met mutation

conserves �60% of the wild type receptor activity,7 sug-

gesting that the additional Arg602 might actually play an

active role in ligand binding.

Here, with the purpose of obtaining initial coordinates

to be used in molecular modeling studies, we constructed

a model of the ceDAF-12 receptor from the ssDAF-12 crys-

tal coordinates. In particular, we were interested in the

study of the ligand-binding mode (LBM), since a detailed

knowledge would facilitate the rational design of novel

ceDAF-12 ligands. The model was constructed in the pres-

ence of the (25R)-D7-DA using a combination of Modeller,

Autodock, and molecular dynamics (MD) programs, and

then the dynamical behavior of the complex was studied

by MD. To evaluate the quality of the ceDAF-12 model, we

studied the binding mode of the more active (25S)-D7-

DA, and the effect of the Arg564Cys and Arg598Met muta-

Figure 1
Structure of the D7-DAs (1, 2) and the 27-nor analog (3)
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tions on the (25R)-D7-DA binding. Finally, for compara-

tive purposes, the dynamical behavior of the ssDAF-12/

(25R-D7-DA) complex was analyzed. Taken together, the

results obtained indicate that our ceDAF-12 model may be

used to explain a number of experimental results, thus

constituting a valuable template to investigate the ceDAF-

12 molecular mechanism of action.

METHODS

Initial structures of ceDAF-12 and
ssDAF-12 complexes

The initial structure of the ceDAF-12/(25R)-D7-DA com-

plex was obtained using a combination of Modeller 9 v811

and Autodock 4.212 programs. With Modeller, the LBD

sequences of ssDAF-12 and ceDAF-12 receptors were aligned

[Fig. 2(c)], and then three models of the ceDAF-12 receptor

were obtained from the crystal coordinates of the ssDAF-

12/(25R)-D7-DA complex (pdb:3GYU). The best ranked

model produced by Modeller was used to dock (25R)-

D7-DA into the ceDAF-12 receptor. The Autodock 4.2

method was applied considering as rotatables the torsion

angles of the steroid side chain and the Arg602 side chain.

To optimize the results, the C16-C17-C20-C21 and the C17-

C20-C22-C23 torsion angles of the steroid were kept fixed to

the values observed in the crystal structure (pdb:3GYU). A

grid of 463 46 3 60 points with a spacing of 0.2Å centered

in the LBP was calculated and used to obtain 200 runs of the

genetic algorithm method. Finally, the best solution of the

Figure 2
(a) Global structure and secondary sequence of the ssDAF-12/(25R)-D7-DA complex (pdb:3GYU). (b) Detailed view of the LBP. (c) Sequence alignment

of ssDAF-12 and ceDAF-12 receptors performed with the Modeller program. The grey shadows indicate conserved residues and the boxes indicate the

residues that form part of the LBP. The green shadows and the yellow shadows indicate minor and major changes of LBP’s residues, respectively.
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most probable cluster in which the Arg602 points to the LBP

was selected to perform the MD simulation of the

ceDAF-12/(25R)-D7-DA complex (System 1).

The initial structure of the other ceDAF-12 systems

(Systems 2–5) were obtained from the 10 ns receptor

coordinates of the System 1 trajectory. In the case of

(25S)-D7-DA (System 2), the complex was constructed

with Autodock 4.2 with the same parameters used above,

except that the Arg602 side chain was considered fixed.

In the case of the 27-nor-D7-DA steroid (3) (System 3),

the complex was obtained by simple deletion of the C-25

methyl group (that results in an automatic replacement

by hydrogen by the Tleap module of Amber 11). The

ceDAF-12 mutant complexes (Systems 4 and 5) were con-

structed deleting the Arg564 or Arg598 side chain and

introducing the cysteine or methionine side chains,

respectively, with the Tleap module of Amber 11.13

In the case of the ssDAF-12 receptor (System 6), the

crystal structure (pdb:3GYU) was used as initial structure

for the MD simulation. However, as a non stable trajec-

tory was obtained, and taking into account that the

assignment of asparagine and glutamine residues in crys-

tal structures is not trivial, we analyzed the Asn533

assignment with the NQ-Flipper program,14 a web serv-

ice based on mean force potentials to automatically

detect and correct erroneous rotamers. We found that

the NQ-Flipper preferred rotamer differed from the crys-

tal assignment, and in view of this we used the NQ-Flip-

per corrected structure to carry out the MD simulation.

In all cases, to build the corresponding force field pa-

rameters of the ligand RESP (restraint electrostatic poten-

tial), atomic partial charges were computed using the HF

method with the 6-31G** basis set in the quantum

chemistry program Gaussian 03.3315 for the correspond-

ing HF-optimized structures, following the standard pro-

cedure of the Amber force field.

MD simulations

MD of systems 1–6 were performed with the AMBER

11 software package.13 The ligand parameters were

assigned according to the general AMBER force field

(GAFF) and the corresponding RESP (restraint electro-

static potential) atomic partial charges using the Ante-

chamber. The Amber99 force field parameters were used

for all receptor residues.16 The complexes were immersed

in an octahedral box of TIP3P water molecules using the

Tleap module, giving final systems of around 26,000

atoms. The systems were initially optimized and then

gradually heated to a final temperature of 300 K. Starting

from these equilibrated structures, MD production runs

of 20 ns (Systems 1–5) or 10 ns (System 6) were per-

formed. All simulations were performed at 1 atm and

300 K, maintained with the Berendsen barostat and ther-

mostat, respectively,17 using periodic boundary condi-

tions and the particle mesh Ewald method (grid spacing

of 1Å) for treating long-range electrostatic interactions

with a uniform neutralizing plasma. The SHAKE algo-

rithm was used to keep bonds involving H atoms at their

equilibrium length, allowing the use of a 2 fs time step

for the integration of Newton’s equations.

We applied steered MD to smoothly rotate the Arg565

side chain in the ssDAF-12 to force the contact with the

DA. Rotation was performed by constant velocity multi-

ple steered molecular dynamics (MSMD) simulation. In

this study, the reaction coordinate k was characterized by

rotation of the CB-CG-CD-NE torsion angle, while the

N-CA-CB-CG torsion angle was constrained to avoid

undesired motions of the Arg565 side chain. The

restrained coordinate was carried out with a constant

force of 50 kcal mol21 degrees21. On the other hand,

rotation was performed using a constant force of 20 kcal

mol21 degree21 and a turning velocity of 0.1 degrees/ps.

The initial structure for the MSMD was the final snap-

shot of the 10 ns MD simulation of the ssDAF-12/(25R)-

D7-DA complex. After the 2 ns of MSMD, the system

was equilibrated as above and submitted to 10 ns of clas-

sical MD.

Analysis of results

The time evolution of the distances among the polar

receptor residues and the polar ligand groups was moni-

tored with the Ptraj module. Computed energetic contri-

butions corresponded to the electrostatic energy (ele) and

Van der Waals contributions (vdw) arising from bond,

angle and dihedral terms in the force field, the sum of

which gave the total gas phase binding energy (MM). In

System 1 MM calculations were performed on 400 snap-

shots of the last 5 ns of the trajectory. In System 2, calcu-

lations were performed on the two LBMs observed, 900

snapshots of the 12–20 ns interval for LBM A and 900

snapshots of the 3–11 ns interval for LBM B. In System

3, calculations were performed on 330 snapshots of the

1.1–4.4 ns interval for LBM A, 630 snapshots of the 7.2–

13.5 ns interval for LBM B and 220 snapshots of the 15–

17.2 ns interval for LBM C. In Systems 4 and 5, calcula-

tions were performed on 400 snapshots of the last 5 ns

of the trajectory. In System 6, calculations were per-

formed on 130 snapshots of the 0.9–1.9 ns interval for

LBM A, 690 snapshots of the 2–8.9 ns interval for LBM

B and on 400 snapshots of the last 5 ns of the trajectory

with the Arg565 side chain rotate (LBM C).

The thermodynamic integration method was per-

formed to calculate the relative free energies of (25R)-D7-

DA and (25S)-D7-DA. Conversion of the ligands to the

27-nor-D7-DA was performed in solution and in the pro-

tein in three steps: first the electrical charge of the C-25

methyl group was removed; then the VDW values of

C-25 methyl were deleted and replaced by the hydrogen

value using soft potentials and last the charge of this

hydrogen was introduced. We used 11 k values (0.01, 0.1,

The C. elegans DAF-12 Nuclear Receptor
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0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 y 0.99) and at each

k-value one simulation was carried out, consisting of 50

ps of equilibration followed by 500 ps of data collection

over which the average DV/Dk was calculated. Integra-

tions over k were carried out using the trapezoidal inte-

gration method.

RESULTS AND DISCUSSION

Construction of ceDAF-12/(25R)-D7-DA
model

The aminoacid sequence of the ceDAF-12 LBD and its

alignment with the ssDAF-12 LBD using the Modeller

program are shown in Figure 2c. Although the sequence

similarity between them is 42%, the alignment is straight-

forward since several regions are highly conserved, such

as helix H3. Furthermore, of the residues that form the

LBP, 19 are conserved, five are replaced by similar amino-

acids and only five present major modifications (Asn to

Asp532, Leu to Phe544, Phe to Cys642, Trp to Phe610,

and Val to Arg602). Thus, the ceDAF-12 LBP has two

more polar residues than ssDAF-12, which are positioned

around the ligand C-26 carboxylate group. Using this

sequence alignment and the coordinates of the ssDAF-12/

(25R)-D7-DA crystal complex we constructed three

ceDAF-12 models using Modeller. The models obtained

resulted very similar, without significant differences on

the positions of Asp532, Cys642, Phe610, Phe544 and

Asp532 residues, but with a clear discrepancy with respect

to the Arg602 side chain conformation [Supporting Infor-

mation Fig. S1(a)]. While in certain models the Arg602

side chain points to the ligand cavity, taking thus part of

the LBP, in others it is rotated away from the ligand posi-

tion. In the first case, manual introduction of the (25R)-

D7-DA ligand in the LBP causes an overlap between the

side chains of the residue and the ligand. Therefore, we

used the Autodock 4.2 program to find the best combina-

tion of Arg602 and steroid side chain conformations.

(25R)-D7-DA was docked into the best ranked Modeller

model considering rotatables the torsion angles of both

Arg602 and of the steroid side chain. Using 200 runs of

genetic algorithm and a rmsd equal to 1Å, 127 clusters

were obtained. Eighteen of them had the steroid

adequately oriented within the LBP and only seven had

the Arg602 residue oriented toward the ligand cavity, tak-

ing part of the LBP. The best solution of the lowest energy

cluster, and also the most probable, presented Arg602

accommodated under the steroid side chain with the C-

26 carboxylate group far from the guanidinium moiety,

but contacting the Arg598 and Arg564 residues [Sup-

porting Information Fig. S1(b)]. On the other end, the C-

3 keto group interacted with the Gln638. In this way, we

obtained an initial structure of the ceDAF-12/(25R)-D7-

DA complex, in which the ligand occupied a similar posi-

tion to that in the ssDAF-12 complex.

LBM analysis by MD

The LBMs in ceDAF-12 and ssDAF-12 receptors (sys-

tems 1–6, Table I) were studied by MD simulations. The

selection of the corresponding initial structures is

described in Material and Methods. All trajectories were

analyzed by monitoring the time evolution and the aver-

age values of distances among ligand polar groups and

all polar residues of the LBP. In the case of the C-3 keto

group, the distance between its oxygen atom and the

NE2 atom of Gln637 was selected; in the case of the C-

26 carboxylate group, we calculated the distance between

its carbon atoms and the CZ atom of arginine or OG1

atom of threonine residues. The dynamic behavior of the

steroid side chain was inspected through the temporal

Table I
Thermodynamical and Structural Information of ceDAF-12 and ssDAF-12 Ligand Interactions

System Receptor Ligand LBMa

Average distances (�)b MM energy (Kcal/mol)c

Gln638 Arg564 Arg598 Arg602 Thr613 Total vdw ele

1 ceDAF-12 (25R)-D7-DA 2.92 4.36 4.49 4.62 – 2248.4 257.0 2191.4
2 ceDAF-12 (25S)-D7-DA A 2.91 4.34 4.48 4.62 – 2268.1 258.4 2209.7

B 2.94 4.39 4.48 4.83 – 2250.0 258.0 2192.0
3 ceDAF-12 27-nor-D7-DA A 2.92 4.33 4.39 4.40 – 2259.7 257.0 2202.7

B 2.92 4.36 4.36 4.42 – 2251.2 255.9 2195.3
C 2.93 4.31 4.29 4.43 – 2255.8 256.8 2199.0

4 ceDAF-12
Arg564Cys

(25R)-D7-DA 3.00 – 6.10 4.41 – 2152.5 260.4 292.1

5 ceDAF-12
Arg598Met

(25R)-D7-DA 2.97 4.58 – 4.48 – 2191.6 259.9 2131.7

6 ssDAF-12 (25R)-D7-DA A 2.88 5.26 3.99 – 3.72 2148.1 263.3 284.8
B 2.96 5.64 3.98 – 3.77 2164.4 263.7 2100.7
C 2.99 3.89 4.02 – 3.95 2180.6 263.7 2116.9

vdw, Van der Waals; ele, electrostatic.
aLBM, ligand binding mode.
bAverage distances of Gln638 to the ligand oxygen atom of the C-3 ketone and of Arg564, Arg598, Arg602, and Thr613 to the carbon atom of the C-26 carboxylate.
cInteraction energy contributions computed using the MMGBSA method.
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evolution of the d1 (C20-C22-C23-C24), d2 (C22-C23-

C24-C25), and d3 (C23-C24-C25-C26) torsion angles.

While the d1 and d2 values depicted the global conforma-

tion of the steroid side chain, the d3 values indicate the

relative orientation of the C-26 carboxylate group. More-

over, the electrostatic (ele) and van der Waals (vdw) con-

tributions to the total energy of the molecular mechanics

(MM) force field were calculated in all cases. Although

the MM energy does not include the solvation nor the

entropic terms of the binding free energy, we considered

that it was able to qualitatively estimate their relative

ligand affinities as the receptor–ligand systems are quite

similar, that is, even though the MM value itself may not

have a physical meaning, comparison of values for the

same receptor in different situations, is meaningful.

LBM in ceDAF-12/(25R)-D7-DA complex

Visual inspection revealed a very stable ceDAF-12/

(25R)-D7-DA trajectory (System 1). We observed that af-

ter a rapid conformational change during the first stage

of the simulation, a strong LBM with the three LBP argi-

nines contacting the C-26 carboxylate group is reached

(Fig. 3). The time evolution of C-26 carboxylate-arginine

distances reflected this dynamical behavior and showed

the stability of the LBM. The C-3 keto group forms a

strong hydrogen bond with the Gln628 [Supporting In-

formation Fig. S2(a)] and the C-26 carboxylate group

interacts with Arg564, Arg598, and Arg602. Besides these

ligand–receptor interactions, several protein electrostatic

interactions are essential to stabilize the system. The

Asp532 and the Arg598 residues form a very strong salt

bridge interaction [Supporting Information Fig. S3(a)].

Moreover, the NE atom of the Arg602 forms a stable

hydrogen bond with the oxygen atom of the backbone

Arg598, keeping the first residue adequately oriented to

the C-26 carboxylate ligand group. The Arg564 is also

kept in this position by interaction with the oxygen atom

of the backbone Met531. Regarding the steroid side

chain, both d1 and d2 torsion angles show a narrow fluc-

tuation around 1808, indicating that a fully extended

conformation is maintained during the time scale of the

simulation. Moreover, after the initial conformational

change, the d3 torsion angle is always around 3008, indi-
cating that the C-26 carboxylate orientation is main-

tained. We also observed the presence of several water

molecules close to the carboxylate ligand group and the

arginine residues. Particularly, two water molecules form

hydrogen bonds with the ligand carboxylate group that

are established ca. 30% of the time (a H-bond was

defined as present whenever the distance between the ox-

ygen atoms involved in the interaction was less than

3.5Å). These water are exchanged with ‘‘external’’ water

several times during the timescale of the MD simulation.

Nevertheless, the presence of solvent molecules around

this highly charged region of the LBD might play an im-

portant stabilizing role. Finally, the energetic analysis

revealed that, although the ligand only has two polar

groups, the electrostatic contribution results larger than

the van der Waals contribution.

Therefore, starting a MD analysis from the Autodock

ceDAF-12/(25R)-D7-DA structure, we found a very stable

trajectory over 20 ns, in which a tight LBM was observed.

The 10 ns snapshot protein coordinates of this trajectory

were selected as a ceDAF-12 model and its secondary

structure was analyzed with the DSSP method to ensure

that it satisfied the elemental structural requisites.18 Our

homology model had 55% of its residues as part of a-heli-
ces and 2% as b-sheets, these values were very similar to

those obtained with the ssDAF-12 crystal structure used as

template (57% as a-helices and 2% as b-sheets). More-

over, the Ramachandran plot showed that only one residue

was in the non-allowed region while the Verify3D evalua-

tion19 indicated that all residues had an adequate score.

Next, to further examine the ceDAF-12 model here

obtained, we constructed other ceDAF-12 ligand systems

Figure 3
LBM analysis of the ceDAF-12/(25R)-D7-DA complex (System 1). Lower

panels: time evolution of distances between the ligand C-26 carboxylate

and Arg564, Arg598, and Arg602 residues and time evolution of torsion

angles of the steroid side chain. Upper panel: representative snapshot

(10 ns) of the LBM of (25R)-D7-DA.
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for which experimental activity data is available. First,

the LBM of the more active (25S)-D7-DA ligand was ana-

lyzed, and then the (25R)-D7-DA binding mode in two

ceDAF-12 mutants was evaluated.

LBM in the ceDAF-12/(25S)-D7-DA complex

The (25S)-D7-DA steroid was docked into the ceDAF-12

structure using Autodock. The best solution of the lowest

and more probable cluster places the steroid in a similar

position than the (25R)-D7-DA ligand, with the C-3 keto

group contacting the Gln368 and the side chain in the

fully extended conformation (d1 and d2 equal to 1808),
although with a different C-26 carboxylate orientation (d3
equal to 608). From this initial structure, 20 ns of MD

simulation were performed and the LBM was analyzed

(System 2). The visual inspection of the trajectory revealed

that the (25S)-D7-DA side chain is maintained in its origi-

nal conformation (termed as LBM A) for the first 1 ns,

when a significant conformational change takes place [Fig.

4(a)]. The d1 angle values shift to ca. 608 and simultane-

ously the carboxylate group rotates in a way to continue

opposing its oxygen atoms toward the Arg598 guanidi-

nium group (d3 around 608). This (25S)-D7-DA binding

mode (termed as LBM B) remained stable for approxi-

mately 10 ns, after that the original conformation LBM A

is again explored, reestablishing the fully extended steroid

side chain. Interestingly, parallel to these conformational

changes, the distance between the Arg602 and the C-26

carboxylate group was modified, being slightly lower in

the LBM A than in the LBM B. The rest of the polar

ligand–receptor interactions, and the exchange of several

water molecules around the charged groups, do not ex-

hibit significant differences with respect to System 1.

Thus, the MD analysis of the (25S)-D7-DA binding from

a ceDAF-12/(25R)-D7-DA structure shows clearly two dif-

ferent LBMs which differ in the conformation of the steroid

side chain. Remarkably, although in both LBM A and B the

three LBP arginines interact with the carboxylate group,

the ele contribution in the LBM A is 17.7 Kcal/mol larger

than in the LBM B. In this way, we found that the confor-

mation of the ligand with the side chain fully extended pro-

duces a more favorable stabilization than the folded confor-

mation, and remarkably, this (25S)-D7-DA binding mode

produces a more favorable MM energy value than that

observed for the (25R)-D7-DA. It may be concluded that

the configuration of the C-25 methyl affects the strength of

the electrostatic ligand–receptor interactions, being more

favorable in the S configuration. This finding may explain

the relative activity of these isomeric DAs.

LBM in the ceDAF-12/27-nor-D7-DA complex

To further evaluate the role of the C-25 methyl in the

binding mode of DAs, we simulated the ceDAF-12 com-

plex with the steroid lacking the C-25 methyl (27-nor-

D7-DA, System 3). The initial ceDAF-12/27-nor-D7-DA

structure was obtained by simple deletion of the C-25

methyl (replaced by hydrogen) in the 10 ns snapshot of

the ceDAF-12/(25R)-D7-DA trajectory. The 27-nor-D7-DA

binding mode resulted similar to those of the C-25

methyl compounds [Fig. 4(b)], with the three arginines

interacting with the C-26 carboxylate ligand group dur-

ing the time scale of the simulation. However, we found

that the C-25 methyl absence does affect notably the

dynamic behavior of the steroid side chain. In this case,

three different conformations are explored along the tra-

jectory: the fully extended (LBM A), the d1 5 608 tor-

sioned (LBM B) and another d1-torsioned but with val-

ues around 3008 (LBM C), which was not observed pre-

viously. Therefore, this result suggests that the C-25

methyl could be involved in the reduction of the flexibil-

ity of the steroid side chain inside the LBP. Notably, all

the LBM have similar ele contributions, indicating that

in absence of the C-25 methyl the conformation of the

steroid side chain does not influence the energetics of the

polar interactions.

Finally, we applied the thermodynamic integration

method to further evaluate the difference in binding free

energy between both stereoisomers of the D7 DA. The

thermodynamic cycle construct is shown in Supporting

Information Figure S4 confirming that no changes

occurred in the LBM during 500 ps trajectories. The

results show that both in water and in the protein envi-

ronment, the C-25 methyl deletion implies a loss of

energy in both (25S)-D7-DA and (25R)-D7-DA, although

the difference between protein–water values results

slightly larger in the S stereoisomers. In other words, the

introduction of a methyl in both C-25 configurations

increases the ligand affinity, but while for the R configu-

ration this gain is only 0.9 kcal/mol, for the S configura-

tion the values almost duplicate (1.7 Kcal/mol). There-

fore, the binding energy of (25S)-D7-DA is 0.8 kcal/mol

stronger than the (25R)-D7-DA binding energy, which is

again consistent with the higher activity reported for the

25S stereoisomer. Although this relative free energy of

binding is small, and of the order of magnitude of statis-

tical errors associated with incomplete sampling observed

usually in thermodynamic integration calculations,20

since we have obtained converged trajectories to ligands

which only differ in a methyl group, we expect that sys-

tematic errors are canceled and thus a correct prediction

of DAs relative affinity can be made. On the other hand,

other limitations of the thermodynamic integration

method, such as those due to flaws in force fields (i.e.,

lack of polarization effects), are not expected to be signif-

icant since the ligands are very similar.

LBM in ceDAF-12/(25R)-D7-DA mutants

As mentioned above, the substitution of Arg564 or

Arg598 by non polar residues produces different effects
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on the ceDAF-12/(25R)-D7-DA transactivation activity.

While the Arg564Cys mutant completely lost the (25R)-

D7-DA agonist effect, the Arg598Met mutation preserves

over half of the wild type receptor activity. We used our

ceDAF-12 model to study the effect of these mutations

on the (25R)-D7-DA binding mode. The mutant com-

Figure 4
(a) LBM analysis of the ceDAF-12/(25S)-D7-DA complex (System 2). Lower panels: time evolution of distances between the ligand C-26 carboxylate

and Arg564, Arg598, and Arg602 residues and time evolution of torsion angles of the steroid side chain showing intervals for LBMs A and B.

Upper panel: representative snapshots (20 and 4 ns) of the LBMs A and B of (25S)-D7-DA. (b) LBM analysis of the ceDAF-12/27-nor-D7-DA

complex (System 3). Lower panels: time evolution of distances between the ligand C-26 carboxylate and Arg564, Arg598, and Arg602 residues and

time evolution of torsion angles of the steroid side chain showing intervals for LBMs A, B and C. Upper panel: representative snapshots (2 ns and

10 ns) of the LBMs A and B of 27-nor-D7-DA.
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plexes were constructed from the 10 ns snapshot of

ceDAF-12/(25R)-D7-DA system by simple deletion of ar-

ginine side chains and introduction of cysteine and me-

thionine side chains using the Tleap module of Amber.

The MD trajectory of the Arg564Cys mutant (System

4) shows a dramatic change of the overall LBM com-

pared with the wild type receptor [Fig. 5(a)]. During

the first 8 ns, the system conserved a conformation in

which both arginines residues remained bound to the

ligand, although it was not stable as the Arg598-ligand

carboxylate interaction gradually disappeared reaching a

binding mode that lacked a direct interaction between

these polar groups. Moreover, alterations in the Arg533-

Asp598 distance reflected a less tight binding mode

[Supporting Information Fig. S3(d)]. As a consequence,

the ele contribution of the Arg564Cys mutant is very

small compared with the other ceDAF/12 systems. Since

the Arg–Cys substitution produces a larger cavity

around the ligand carboxylate, many water molecules

access the carboxylate ligand position, perturbing the

interaction with the Arg598 and affecting the ligand

binding. In this way, our ceDAf-12 model suggests that

the lack of transactivation activity of (25R)-D7-DA in

the ceDAF-12 Arg598Cys mutant could reside in the

inability of the receptor to adequately recognize the

ligand molecule.

Instead, in the case of Arg598Met mutant (System 5),

we found smaller effects on the LBM obtained. A rapid

alternation between the fully extended and the d1-tor-

sioned conformations of the steroid side chain was

observed during the first 4 ns [Fig. 5(b)]. Then, a smaller

but abrupt change in the Arg598-ligand carboxylate

Figure 5
(a) LBM analysis of the Arg564Cys ceDAF-12/(25R)-D7-DA complex (System 4). Lower panels: time evolution of distances between the ligand C-26

carboxylate and Arg564, Arg598, and Arg602 residues and time evolution of torsion angles of the steroid side chain. Upper panel: representative

snapshot (20 ns) of the LBM of (25R)-D7-DA. (b) LBM analysis of the Arg598Met ceDAF-12/(25R)-D7-DA complex (System 5). Lower panels: time

evolution of distances between the ligand C-26 carboxylate and Arg564, Arg598, and Arg602 residues and time evolution of torsion angles of the

steroid side chain. Upper panel: representative snapshot (20 ns) of the LBM of (25R)-D7-DA.
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occurred and the system evolved to a conformation in

which the steroid side chain remains fully extended and

the arginines-ligand carboxylate distances gradually tend

to increase. Although there are some events in which the

interaction between the arginines and the ligand carboxy-

late group are actually lost close to the end of the simu-

lation, the system results much more stable and the

ligand more strongly bound compared with System 4. In

this way, the ele contribution of the Arg598Met mutant

(System 5) results larger than in the Arg564Cys mutant

(System 4), but not as large as in the wild type receptor

(System 1), in agreement with the effects observed for

these ceDAF-12 mutations on the transactivation activity.

LBM in the ssDAF-12/(25R)-D7-DA complex

Finally, to validate our model and for comparative

purposes, we studied the LBM in the ssDAF-12/(25R)-

D7-DA complex (System 6) by MD, and compared the

results with the crystal data and with the results obtained

for the ceDAF-12 receptor. First, the results shows that

the use of the ssDAF-12/(25R)-D7-DA crystal structure

Figure 6
(a) LBM analysis of the ssDAF-12/(25R)-D7-DA complex. Lower panels: time evolution of distances between the ligand C-26 carboxylate and

Arg565, Arg599, Thr512, and Thr613 and time evolution of torsion angles of the steroid side chain. Upper panel: representative snapshot (5 ns) of

the LBM of (25R)-D7-DA. (b) LBM analysis of the ssDAF-12/(25R)-D7-DA complex after steered MD to smoothly rotate the Arg565 side chain

approaching the guanydinium group to the C-26 carboxylate position. Lower panels: time evolution of distances between the ligand C-26

carboxylate and Arg565, Arg599, Thr512, and Thr613 and time evolution of torsion angles of the steroid side chain. Upper panel: representative

snapshot (1 ns) of the LBM of (25R)-D7-DA.
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(pdb:3GYU) as initial structure generates a trajectory

that does not reproduce the LBM observed in the crystal

structure (see Methods). Particularly, the interaction

between the Asn533 and the Arg599 is never established,

allowing the entrance of several water molecules into the

LBP and perturbing the ligand–receptor interactions

(data not shown). Instead, when the MD was started

from the crystal structure with the other Asn553 rotamer,

we obtained a stable trajectory in which the overall LBP

conformation was conserved during the MD simulation

of 10 ns very close to the initial structure. The interac-

tion between Arg599 and Asn533 is always present [Sup-

porting Information Fig. S3(f)] and stable interactions

between the ligand carboxylate group and both Arg599

and Thr613 are formed [Fig. 6(a)]. Moreover, the 3-keto

group forms a strong hydrogen bond with the Gln637

residue during the whole time scale of the simulation

[Supporting Information Fig. S2(f)]. Like in the crystal

structure, the Arg565 residue remains bound to the H1–

H2 loop backbone, without interacting with the ligand.

The MD simulation also shows that the steroid side

chain alternates between a fully extended conformation

(LBM A), found in the beginning and at the end, and a

d1 5 608 torsioned conformation (LBM B) in the rest of

the trajectory. Remarkably, in this system the torsioned

conformation has a larger ele contribution.

Next, taking into account that in the simulated ceDAF-

12 systems the Arg565 and the ligand C-26 carboxylate

group actually interact, we were interested on analyzing

the ability of this residue to change its side chain orienta-

tion to contact the ligand group in the ssDAF-12. With

this purpose, we took the last snapshot of the above

ssDAF-12 trajectory and applied steered MD to smoothly

rotate the Arg565 side chain approaching the guanidi-

nium group to the C-26 carboxylate position. Then, the

restrain conditions were removed and 10 ns of classical

MD simulation were performed. The results obtained

show that the Arg565 actually is able to form a strong

interaction with the ligand carboxylate, without affecting

the overall LBP structure and the other ligand–receptor

interactions (LBM C) [Fig. 6(b)]. The only remarkable

change resides in the loss of the interaction between the

Asn533 and the Arg599 [Supporting Information Fig.

S3(g)], although this does not affect the Arg599 interac-

tion with the ligand. Moreover, the additional arginine–

ligand interaction largely increased the ele contribution

of this LBM, giving a total MM energy more favorable

than that obtained in LBM A and B.

In summary, using MD simulations we have reached

different stable binding modes of (25R)-D7-DA in the

ssDAF-12 receptor: two in which the ligand interacts only

with Arg599, as in the crystal structure (LBM A and B),

and another with the Arg565 rotated and forming also a

polar interaction with the carboxylate group (LBM C),

which clearly results in a more energetically favorable

ligand–receptor recognition. By comparison of the MM

energy values of ceDAF-12 and ssDAF-12 systems, we

conclude that the additional Arg602-ligand interaction

contributes largely to the binding. Thus, although the

vdw contribution is slightly smaller in the ceDAF-12

complex, probably due to the loss of a non polar valine

in the LBP, the total MM energy is more favorable than

in the ssDAF-12 complex. This result is consistent with

the experimental results obtained by Wang et al. on the

relative activity between these receptors.7

CONCLUSIONS

The ceDAF-12 initial structure obtained from the

ssDAF-12/(25R)-D7-DA crystal structure allowed us to

simulate its complexes with two ligands for which the

transactivation activities have been reported and the

model was able to explain the experimental results at the

molecular level. Thus, the higher activity of (25S)-D7-DA

compared with the (25R)-D7-DA isomer could be related

to the strong ligand–receptor electrostatic interaction pro-

duced in the fully extended conformation of the (25S)-iso-

mer side chain. Moreover, since this side chain results

more flexible within the LBP, the entropic penalty due to

binding should be lower than in the more rigid (25R) iso-

mer side chain, increasing its affinity. Simulation of key

ceDAF-12 mutants bound to the (25R)-D7-DA, led us to

propose that the lack of activity of the ceDAF-12

Arg564Cys is a consequence of its inability to achieve an

adequate ligand recognition due to the presence of several

water molecules in the LBP that interfere in the polar

interaction between the protein and the C-26 carboxylate

group. In contrast, the intermediate transactivation

activity of the Arg598Met mutant could be explained by

the less energetically favorable, but stable, LBM observed

in this system. Taken together, the results obtained here

suggest that our ceDAF-12 model may be used reliably as

an initial structure in molecular modeling studies. In this

sense, we have used it to investigate the LBM of an analog

of the D7-DA with a simplified steroid side chain (27-nor-

DA). The model showed that the lack of the C-25 methyl

group increases the flexibility of the side chain, but this

does not impede the simultaneous strong interaction of

the carboxylate group with the three arginines, predicting

that this steroid is a putative ceDAF-12 ligand.

Since many biological processes are conserved between

humans and C. elegans, the active participation of

ceDAF-12 in the nematode life cycle, regulating both

dauer formation and adult longevity, converts this NR in

a valuable molecular target for the study of elemental

process, such as development and adult longevity. We

believe that until a crystal structure is available, the mo-

lecular model of ceDAF-12 will allow not only the design

and discovery of new ligands, but also a more detailed

study of the receptor basis of action, LBMs and other

aspects of the highly complex NR activity, such as homo-

dimerization and cofactors recruitment events. It should

L.D. Alvarez et al.

1808 PROTEINS



be stressed that the discovery of antagonist ligands for

this receptor will have a major impact on the field.
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