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Abstract Peroxisome proliferator-activated receptor-c
nuclear receptor (PPAR-c) belongs to the superfamily of

nuclear receptor proteins that function as ligand-dependent

transcription factors and plays a specific physiological role

as a regulator of lipid metabolism. A number of experi-

mental studies have suggested that allostery plays an

important role in the functioning of PPAR-c. Here we use

normal-mode analysis of PPAR-c to characterize a network

of dynamically coupled amino acids that link physiologi-

cally relevant binding surfaces such as the ligand-depen-

dent activation domain AF-2 with the ligand binding site

and the heterodimer interface. Multiple calculations were

done in both the presence and absence of the agonist ros-

iglitazone, and the differences in dynamics were charac-

terized. The global dynamics of the ligand binding domain

were affected by the ligand, and in particular, changes to

the network of dynamically correlated amino acids were

observed with only small changes in conformation. These

results suggest that changes in dynamic couplings can be

functionally significant with respect to the transmission of

allosteric signals.

Keywords Molecular dynamics � Nuclear receptor �
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Introduction

Peroxisome proliferator-activated receptor gamma (PPAR-c)

belongs to the superfamily of nuclear receptors (NRs) that

are ligand-dependent transcription factors (Mangelsdorf

et al. 1995). The nuclear receptors PPAR-a, PPAR-b/d, and

PPAR-c are important regulators of lipid storage and

metabolism (Ferre 2004) and have been implicated in

diseases associated with dysregulation of lipid levels, such

as obesity, cardiovascular disease, and type 2 diabetes. As

a class II ligand-activated nuclear hormone receptor

(Brelivet et al. 2004), PPAR-c forms heterodimers with the

retinoid X receptor (RXR) (Gampe et al. 2000) and binds

to the peroxisome proliferator response elements in the

target gene, thus regulating the transcription of specific

genes. Natural ligands of PPAR-c include long-chain

polyunsaturated fatty acids and natural prostaglandins

(Kliewer et al. 1997). The importance of PPAR-c as a

medicinal target became clear when it was identified as the

cognate receptor for the thiazolidinedione (TZD) class of

insulin-sensitizing drugs (Lehmann et al. 1995), and syn-

thetic PPAR-c ligands, such as rosiglitazone and pioglit-

azone, have found important use in antidiabetic treatments.

New synthetic ligands of PPAR-c are sought as novel

therapeutic compounds for a number of human diseases,

including type II diabetes (Lehmann et al. 1995) and ath-

erosclerosis (Verma and Szmitko 2006), and for the treat-

ment of inflammation (Kostadinova et al. 2005).

Three-dimensional structures of the ligand binding

domain (LBD) of PPAR-c in the presence of different

ligands have been solved by X-ray crystallography (Gampe

et al. 2000; Bruning et al. 2007; Cronet et al. 2001; Nolte

et al. 1998; Ostberg et al. 2004; Ebdrup et al. 2003; Sau-

erberg et al. 2002; Uppenberg et al. 1998; Li et al. 2005;

Xu et al. 2001; Montanari et al. 2008). The structure of the
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folded regions of the PPAR-c/RXR-a heterodimer on DNA

was recently determined (Chandra et al. 2008). Structures

of the ligand-bound LBD of PPAR-c display the general

fold of the NR superfamily (Renaud and Moras 2000),

which consists of a three-layer antiparallel a-helical sand-

wich. The carboxy-terminal helix, H12, is found to fold

against the LBD to form an interaction surface for tran-

scriptional coactivators. In spite of the fact that its global

topology is similar to those of other nuclear receptors,

structural analysis has shown that PPAR-c has a short helix

positioned between H2 and H3, referred to as H20, that is

generally absent in other receptors.

Structural dynamics and stabilization of H12 are rec-

ognized as important components of nuclear receptor

function (Nettles et al. 2004; Nagy and Schwabe 2004),

and significant efforts have been made toward elucidating

their roles in the activation of PPAR-c. While much of

this effort has focused on structural properties of H12,

primarily by X-ray crystallography, dynamical properties

have also been probed. Fluorescence studies by Kallen-

berger et al. (2003) showed that, for full PPAR-c ago-

nists, the degree of agonism was proportional to the

degree of H12 stabilization induced by binding. Amide

hydrogen/deuterium exchange (H/D-Ex) was used to

study the PPAR-c LBD in the presence and absence of

two full agonists, a partial agonist (nTZDpa), and a

covalent antagonist (GW9662) (Hamuro et al. 2006). The

results showed that the full agonists altered the H/D-Ex

rates to a greater extent than did the partial agonist or the

antagonist and, in particular, led to stabilization of H12.

Neither the partial agonist nor the antagonist perturbed

the H/D-Ex rates in this region on the time scale probed.

A more recent amide H/D-Ex kinetics study of six PPAR-

c complexes with full and partial agonists revealed that

each ligand induced unique changes to the dynamics of

the LBD (Bruning et al. 2007). Consistent with the earlier

study, full agonists were shown to stabilize H12, whereas

intermediate and partial agonists did not. In the case of

the latter, differential stabilization of other regions of the

binding pocket was observed, in particular the b-sheet

region. In this experiment, the ligand-dependent tran-

scriptional activity of PPAR-c could not be rationalized

solely through changes to the dynamics of H12, and other

regions of the protein were implicated. Given the struc-

tural similarity of full and partial agonist-bound com-

plexes of PPAR-c, it is reasonable to suggest that

agonism depends not only on the H12 conformation, but

on the dynamics, in particular of H12, but more generally

of the entire ligand binding domain. In this view, protein

fluctuations and their changes resulting from ligand

binding play an important role. A similar idea was pro-

posed as a general mechanism for allostery (Cooper and

Dryden 1984), where changes in protein fluctuations

result in changes in binding entropy. Numerous examples

have since been discussed in the literature (Tsai et al.

2008).

In this work, we used normal-mode analysis to charac-

terize the detailed changes to protein fluctuations as a

function of ligand binding. Normal-mode analysis permits

the simulation of the collective, low-frequency dynamics of

the PPAR-c LBD. Calculations were done for both the apo-

and holo-PPAR-c LBD/rosiglitazone complex. The prin-

cipal result of the present work is the identification of a

network of dynamically coupled amino acids in the ligand

binding domain of PPAR-c. This long-range dynamic

network was identified by the calculation of equal-time

cross-correlation maps using the low-frequency vibrational

modes obtained from the normal-mode analysis. This net-

work dynamically couples different physiologically rele-

vant regions of the LBD and is also responsible for the

transmission of information related to ligand binding. In

particular, our results show that the stabilization induced by

binding of the full agonist rosiglitazone, as characterized

by H/D exchange analysis of Bruning et al. (2007), follows

the pattern of changes observed to the correlation network

upon ligand removal. These results provide a more detailed

view of the dynamics of PPAR-c than that obtained from

analysis of crystallographic temperature factors or by root-

mean-square (RMS) fluctuations calculated by molecular

dynamics simulations. The current study provides new

insights into the role and effects of ligand binding.

Results

The published crystal structure of PPAR-c in complex with

the full agonist rosiglitazone and a peptide from the

coactivator SRC-1 was used as the initial structure for this

normal-mode study (Nolte et al. 1998). A schematic

drawing of PPAR-c in complex with rosiglitazone and the

coactivator peptide, with the secondary structure labeled, is

shown in Fig. 1. Normal-mode analyses were done on a

total of 20 energy-minimized structures: 10 in the presence

and 10 in the absence of the agonist. The energy-minimi-

zation protocol was slightly modified for each structure by

randomly changing the number of initial minimization

steps, thus generating an ensemble of structures in the

vicinity of the crystal structure. The SRC-1 coactivator

peptide was included in all calculations. Although the apo-

structure bound to a coactivator is not necessarily the

functional physiological state of the protein, this fictive

reference state gave us a means to assess the effects of the

ligand without needing to consider large-scale conforma-

tional changes of the LDB, which evidently occur in the

absence of ligand. The results from the analysis were

averaged over each binding state in order to remove any
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dependencies that may arise from a single-structure nor-

mal-mode calculation.

Energy minimization and normal-mode analysis

The root-mean-square deviations (RMSD) of the PPAR-c
LBD with respect to the initial experimental structure

ranged from 1.0 to 1.4 Å for the ten apo- and ten holo-

structures. The backbone RMSD between each individual

energy-minimized structure within a group and the other

structures within the same group did not exceed 0.6 Å, thus

indicating that the energy-minimized structures were

slightly different yet distributed around a common exper-

imental structure. In general, the largest differences in

structure were localized to the loops that connect helices

H2/H20 and helices H20/H3. Some structural changes

occurred in the H11/H12 loop, as well as in the C-terminal

end of helix H12 and the C-terminal end of the coactivator

peptide. All major structural elements were, however,

accurately represented after energy minimization. These

structures were then used for the normal-mode calcula-

tions. For all structures, the six lowest frequencies, which

correspond to translational and rotational degrees of free-

dom, were essentially zero; all other frequencies were

positive.

Intrinsic dynamics of PPAR-c

The atomic root-mean-square fluctuations (RMSF) were

calculated from the normal modes for the two sets of ten

energy-minimized structures (apo and holo) using

ðDriÞ2
D E

¼ kBT
X3N

k¼7

y2
i;k

.
ðMix

2
kÞ; ð1Þ

where hðDriÞ2i is the time-averaged mean square dis-

placement of atom i, xk is the frequency of mode k, yi,k is

the displacement of atom i under mode k, N is the number

of atoms, and Mi is the mass of atom i (Brooks et al. 1995;

Marques and Sanejouand 1995). The results were averaged

by residue for the holo complex and compared with the

fluctuations calculated from the crystallographic B-factors

(Fig. 2). A similar RMSF pattern was obtained, although

the calculated fluctuations tended to be lower in absolute

value than the experimental ones. This has been observed

in other calculations and is due, in part, to the crystal lattice

disorder contribution to the B-factors (Frauenfelder et al.

1979). From the RMSFs, we find that all the loop regions

(for example, loops between H2/H20, H20/H3, H9/H10, and

H11/H12), as well as the N- and C-terminals of the protein

and the coactivator peptide, display the highest flexibility.

While this general dynamical behavior has been well

established from the temperature factors available from the

numerous crystallographic structures found in the Protein

Data Bank (Berman et al. 2000; Bernstein et al. 1977), this

favorable comparison between theoretical and experimen-

tal values establishes that our calculations provide a good

representation of the molecular-level dynamics, thus set-

ting the stage for subsequent analysis.

Correlated motion analysis shows coupling

between distant regions of the LBD

From the first 3,000 low-frequency vibrational modes and

frequencies, the covariance matrix of spatial atomic dis-

placements was calculated for each PPAR-c energy-mini-

mized structure using

DriDrj

� �
¼ kBT

X3N

k¼7

ðyi;kyj;kÞ
.
ðM1=2

i M
1=2
j x2

kÞ; ð2Þ

where DriDrj

� �
is the time-averaged correlated displace-

ment of atoms i and j, xk is the frequency of mode k, yi,k is

the displacement of atom i under mode k, N is the number

of atoms, and Mi is the mass of atom i (Brooks et al. 1995;

Marques and Sanejouand 1995). The correlation values

were normalized by the geometric mean of the fluctuation

values for the individual degrees of freedom. These results

provide a measure of correlated internal motions. The

results are presented in the form of correlation maps, where

Fig. 1 Cartoon of PPAR-c with labeling of helices. The ligand

rosiglitazone is shown in stick format, and the SRC-1 coactivator

peptide is shown in dark gray
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the standard convention was used with a positive value

between 0 and 1 reflecting correlated motion and a negative

coefficient between 0 and -1 reflecting anticorrelated

motion. In perfectly correlated motion, both atoms move in

phase, while in perfectly anticorrelated motion the atoms

move in antiphase.

The correlation map for PPAR-c complexed with the

ligand and coactivator peptide is shown in Fig. 3. As for

the RMSD calculations of Section ‘‘Energy minimization

and normal-mode analysis’’, the results presented here are

averaged over the ten structures obtained from the energy-

minimization protocol. The variance of the correlation

coefficients was on the order of 0.001, thus demonstrating

convergence of the results. General structural elements of

PPAR-c can be identified by the pattern of cross-correla-

tions. The enlargements along the diagonal are typical for

a-helices, where motions of amino acids adjacent in

sequence are correlated. Typically, in a nonstructured

region such as the loop between H2 and H20, the strong

correlations (e.g., C0.4 in a normal-mode calculation) for a

residue i will extend between i - 3 and i ? 3. One can

expect that residues very near in sequence will move in a

correlated fashion; however, in a helix, strong correlations

extend on a much longer range, from i to i ± (6–8). For

long a-helices, strong correlations may not extend along

the entire length, so helices cannot necessarily be viewed

strictly as rigid structural elements. Cross-correlations that

extend as plumes from the diagonal correspond to anti-

parallel elements of secondary structure. Although, they

are usually observed for antiparallel b-sheets, in the case of

the LBD fold, which is mostly helical, they correspond to

helices that are packed against each other in an antiparallel

fashion. Correlated motions between secondary structural

elements that are not adjacent in sequence are indicative of

spatial proximity in the three-dimensional (3D) structure in

a number of cases. This gives rise to islands of correlated

and uncorrelated motions (Fig. 3).

For PPAR-c, cross-correlations are found between

multiple structural elements, some of which result from

specific contacts, while others are longer range in nature.

For example, cross-correlations between H1 and H9 result

from hydrophobic contacts between Leu211 and Leu214 of

H1 with H9. H1 is further correlated with H8 and H3 and

shows anticorrelation with H12. There are long-range

cross-correlations between H1 and H20 and between H1

and H10/H11. These correlated motions do not result from

direct van der Waals contact and thus dynamically join

two distant, but physiologically important, elements of

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 1.5

 1.6

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2
00

 2
10

 2
20

 2
30

 2
40

 2
50

 2
60

 2
70

 2
80

 2
90

 3
00

 3
10

 3
20

 3
30

 3
40

 3
50

 3
60

 3
70

 3
80

 3
90

 4
00

 4
10

 4
20

 4
30

 4
40

 4
50

 4
60

 4
70

 4
80

 4
90

R
M

S 
Fl

uc
tu

at
io

ns

Residue

h1 h2 h2
’

h3 h4 h5 h6 h7 h8 h9 h1
0

h1
1

h1
2

s1 s3s2

from normal modes

from xtal B factors
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PPAR-c. Long-range cross-correlations are also observed

between H1/loop H1–H2 and H6/H7, as well as between

H20 and loop H8-H9 and H9. H3 is a long helix (25 resi-

dues), and the analysis shows that the motions of its N- and

C-terminal ends are correlated with different structural

elements. For example, the H3 C-terminal end, beginning

from Val293 shows significant correlation with H1, while

the H3 N-terminal end does not. Between H3 and H5, there

are correlations due to the presence of a hydrophobic

cluster made up from Val293 (H3), Val322 (H5), and

Ile326 (H5). The C-terminal end of H3 also displays some

correlated motion with H8. The N-terminal end of H3 is

less correlated with H8 but shows correlation with the

loop H11–H12, as well as with H12. These results suggest

that the dynamics of the N- and C-terminal ends of H3 can

be considered somewhat independently. The motion of H4/

H5 shows a significant number of cross-correlations with

all other helices in the protein, which reflects their central

positions in the protein structure. The motions of these

helices are anticorrelated with respect to H9. And, in

addition to its correlation with H4/H5, the motions of H6

and H7 are correlated with H10/H11. Cross-correlations

between the different layers of the LBD a-sandwich are

observed in the form of long plumes in the maps. In Fig. 3,

cross-correlations of the region between H1 and H3 (one

side of the sandwich) with H4/H5, H8, and the middle of

H9 can be seen. Long-range correlations across the

sandwich structure are also observed, in particular between

H1 and H10/H11.

Helices H10/H11 are key components of the interface

formed with RXR under physiological conditions. These

helices are significantly correlated to helices H4/H5, H7,

and H8 and anticorrelated to H9. At the C-terminal end,

there are strong correlations between all structural elements

in the region encompassing H11, loop 11–12, and H12.

H12 is cross-correlated with H3, H4/H5, and H10/H11.

Also observable are strong correlations of the b-sheet

region and H6 and H7. Significant anticorrelation is

observed between the b-sheet region and H10/H11, as well

as with H9.

Effect of ligand removal on correlated motions

To assess the impact of ligand binding on the dynamics of

the PPAR-c LBD, we compared the cross-correlations

calculated for the full complex (protein ? ligand ?

coactivator peptide) with the correlations calculated for

the complex in the absence of the ligand but in the

presence of the coactivator peptide. The absolute differ-

ence in cross-correlations was calculated for each amino

acid pair between the holo- and apo-states and aver-

aged over the ten structures. We define the by-residue

ligand impact factor (LIF), which is, for amino acid i,

the normalized sum of the absolute differences in pair
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correlations between amino acid i and all amino acids

j = i, given by

ai ¼
1

amax

XNres

j¼1
j 6¼i

cholo
ij � capo

ij

���
���; ð3Þ

where cX
ij is the cross-correlation for the residue pair ij, and

X refers to the holo or apo forms; Nres is the total number of

residues. The quantity ai serves as a measure of the effect

of ligand binding on the correlated dynamics of residue i.

The maximum value of ai is amax and therefore serves as a

normalization coefficient. If there is little change to the

cross-correlation coefficients for residue i, then the value

will be near 0. If the residue is strongly affected by ligand

binding, the value will approach 1. The ai values were

color-coded and superposed onto the structure of PPAR-c;

see Fig. 4a, which projects the LIF onto the 3D structure of

PPAR-c. The colors range from blue to red, where blue

corresponds to amino acids that show little change in cross-

correlation upon ligand removal, to red, which signifies

amino acids that show significant changes to their corre-

lations. We see that ligand binding influences the global

motions of PPAR-c as there are few regions that show no

change in the cross-correlations. Two principal regions

show significant changes in cross-correlations upon ligand

removal. These include the mid-region of H3, and the

C-terminal end of H12, where direct interactions with the

ligand occur. Ligand removal also influences the coupling

of H12 to H10/H11 as well as coupling of the b-sheet

regions to other parts of the protein. Couplings of the

b-sheet region affected by ligand binding are with struc-

tural elements surrounding the ligand binding pocket, as

well as with H12. H/D exchange studies implicated the

b-sheet region of the LDB as being affected by ligand

binding. Couplings involving the dimer interface are also

influenced by ligand binding.

The changes to the atomic fluctuations calculated from

the normal modes, as well as the changes to the H/D

exchange rates taken from the work of Bruning et al.

(2007), were similarly projected onto the 3D structure of

PPAR-c, see Fig. 4b and c, respectively. The changes in

atomic flexibility are less extensive than the changes in

correlated motions. Changes in H/D exchange rates show a

similar pattern to the changes in correlation coefficients.

Ligand binding exerts an influence on the dynamics in

and generally around the ligand binding pocket. These

results are consistent with nuclear magnetic resonance

(NMR) studies of apo and holo PPAR-c and PPAR-a,

which showed that the lower portion of the ligand-free

LBD shows exchange broadening on a millisecond time-

scale (Cronet et al. 2001; Johnson et al. 2000). This

suggested that there is significant conformational mobility

and that the lower portion of the receptor is rather

dynamic (Gee and Katzenellenbogen 2001). The present

results show that significant changes in dynamics due to

ligand removal, as measured by the cross-correlations, are

distributed over the lower portion of the protein. The

computational results are also coherent with the observed

changes in H/D exchange rates for the different regions of

PPAR-c (Bruning et al. 2007). The crystallographic studies

of these protein complexes showed no significant change in

structure (Bruning et al. 2007). The study identified the

N-terminal region of H3, the b-sheet regions, a mid-segment

of H10/H11, and H12 as regions that undergo the most sig-

nificant changes in H/D exchange rate upon binding of ros-

iglitazone. We superposed the sequence-dependent change

Fig. 4 Normalized differences mapped onto the three-dimensional

structure of PPAR-c displayed in cross-eyed stereo: a correlation

coefficients, b atomic fluctuations, and c H/D exchange rates. The

differences are between the protein complex in the presence and

absence of rosiglitazone, and the color scales are from blue (ai = 0)

to red (ai = 1), where i is the ith amino acid. Rosiglitazone is shown

in green for purpose of orientation

1508 Eur Biophys J (2010) 39:1503–1512
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in H/D exchange rates onto the 3D structure of PPAR-c
(Fig. 4c). The color gradient, from blue to red, as well as the

increasing thickness of the coil, reflects a decreasing rate of

exchange as a result of rosiglitazone. When comparing this

figure with protein–ligand contacts determined based on

atom–atom distance of 5 Å or less, one sees that, in some

instances, changes in H/D exchange rates extend beyond

ligand contacts, for example, along H7, where there is only

one point of contact between the ligand and the protein.

However, H7 exhibits significant changes in H/D exchange

rates, as measured by the experiments of Bruning et al.

(2007). From the mapping of the changes in correlated

motions, we see a similar pattern along H7, although with

a smaller magnitude, but more coherent with the H/D

exchange data than the change in RMS fluctuations

(Fig. 4b), where the propagation is much less extensive.

Qualitatively, we see better coherence between the changes

in H/D exchange rate and changes in correlation than with

changes in anisotropic fluctuations. Interestingly, these

longer-range changes in H/D exchange patterns follow the

changes in the correlation coefficients, as shown in Fig. 4a,

an exception being the loop region between H1 and H3,

where longer-range correlation changes are observed, but no

significant changes in H/D exchange rates are observed. A

probable reason is that this region remains quite dynamic in

the presence of the ligand and therefore always experiences

exchange on the time scale of the experiments. This does not

preclude the fact that faster dynamics, as would be probed by

the normal-mode calculations, could be affected by ligand

binding.

Discussion

In this work, we identified a network of dynamically linked

amino acids in the ligand binding domain of PPAR-c using

normal-mode analysis. This network arises primarily from

the low-frequency collective motions, which have been

implicated in biological function for many other proteins.

This is the first such characterization of a nuclear receptor

protein by this method and, when combined with results

from experimental studies such as x-ray diffraction for

structural studies and H/D exchange studies, a more com-

prehensive picture of the global dynamical motions of the

PPAR-c LBD emerges.

Analysis of the correlated motions indicated that the

presence of the ligand influences the low-frequency

modes and affects the dynamics not only in and around

the ligand binding pocket but also for more distant amino

acids, including those at the dimer interface. These local

conformational fluctuations couple different protein

binding interfaces, and changes in these couplings

induced by ligand binding may constitute a fundamental

contribution to agonism in nuclear receptor proteins.

Numerous mutations of PPAR-c have been either identi-

fied or engineered, and their effects have been described

in the literature (Agarwal and Garg 2002; Hasstedt et al.

2001; Hegele et al. 2002; Ludtke et al. 2007). While

many of these mutations have been explicitly engineered

to better elucidate binding studies, several have been

associated with a number of human diseases. In particular,

the mutations V290M(H3) and P467L(H12) have been

associated with diseases such as insulin resistance,

hypertension, hypertriglyceridemia, and early-onset dia-

betes (Hasstedt et al. 2001). Familial partial lipodystro-

phy, characterized by altered distribution of subcutaneous

fat, muscular hypertrophy, and symptoms of metabolic

syndrome, has been associated with several mutations in

the PPAR-c gene. These include F360L(H6) (Hegele et al.

2002), and the amino acids of loop 8–9, D396N (Ludtke

et al. 2007), and R397C (Agarwal and Garg 2002).

Interestingly, we found that all these mutations fall into

regions of highly correlated motions that couple different

binding surfaces of the LBD. Located in H3, the motions

of V290 are strongly coupled to the motions of H1, H5,

and H12, which are themselves strongly coupled to other

helices of the LBD. P467 is located in the N-terminal part

of H12 and is found in islands of strong coupling to H3

and H11. F360 is in loop 6–7, which shows significant

coupling to H11 and also to the N-terminal end of H3.

D396 and R397 are both located in loop H8–H9 and are

found in an island of correlated motions with the central

helix H4/5. The mutation Y473A in H12 was shown to

disrupt full agonist binding and activation but not partial

agonist (Einstein et al. 2008). This residue is found in an

island of correlation that couples H12 with H3, H4/H5,

and H10/H11. Interestingly, these mutations all fall into

regions of elevated changes in correlation upon ligand

removal (high LIFs), suggesting that changes to amino

acids in these regions are more likely to affect protein

function than are changes to amino acids in region of low

correlation change.

In the experimental work of Bruning et al. (2007),

amide H/D exchange kinetics were determined for PPAR-c
as a function of ligand, where the ligand ranged from full to

partial agonists, and they characterized the changes in H/D

exchange rates for different regions of the PPAR-c ligand

binding domain. The changes ranged from no effect to up

to a decrease by 26% in the rate of exchange. We compared

these differences in exchange rates to both changes in

atomic fluctuations upon ligand removal as well as to

changes in amino acid correlations. As shown in Fig. 4,

those regions of the protein that exhibited the largest

changes in H/D exchange rate correspond to those regions

that showed the largest change in atomic fluctuations and

correlations upon removal of the ligand.
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The question of agonism, both full and partial, in

nuclear receptor proteins remains a subject of significant

interest, and much remains to be understood, particularly

at the structural level. In this study, we showed, from a

dynamics point of view, that there exists a network

derived from the low-frequency collective motions that

couples different physiologically important interfaces of

the ligand binding domain and that this network can be

influenced by ligand binding. A challenge that remains is

to determine to what degree perturbing this network may

contribute to full or partial agonism of nuclear receptor

function. In the continuation of this work, then, we will

use the large number of structures of PPAR-c complexed

to different full and partial agonists to assess differential

effects of full and partial agonists. This work will be of

interest from a fundamental point of view and could

provide useful information for the development of new

functional ligands.

Materials and methods

Structure preparation

Normal-mode analysis of the PPAR-c ligand binding

domain was done using the X-ray crystal structure of

PPAR-c complexed to rosiglitazone and the coactivator

peptide SRC-1 (QTSHKLVQLLTTT) (PDBID: 2PRG)

(Nolte et al. 1998). All calculations presented here are of

the PPAR-c LBD monomer. With this crystal structure

serving as the initial conformation, calculations of the LDB

in the holo state as well as in an apo state, constructed by

removing rosiglitazone from chain A of the crystal struc-

ture, were done. All calculations were done using the

CHARMM program (Brooks et al. 1983) and the all-atom

force field for proteins (MacKerell et al. 1998). Prior to

hydrogen atom placement, the protonation states of all His

residues were determined by macroscopic continuum

dielectric calculations (Schaefer and Karplus 1997) using

the UHBD program (Madura et al. 1995) and the scripts

developed by M. Schaefer (personal communication). All

other titratable residues were assigned their standard pro-

tonation states at pH 7. The calculations used an internal

dielectric constant of 4 and an external dielectric of 80.

From the results of these calculations, all histidines were

taken to be in the Ne tautomer. The experimental pKa of

the thiazolidine-dione in rosiglitazone has a value of 6.8

(Information 1999). Examination of the crystal structure

shows that the neighboring Tyr473 residue in the AF-2

domain makes a hydrogen bond to the functional group of

the ligand, suggesting that the ligand is deprotonated.

For the thiazolidine-dione ligand, van der Waals param-

eters were obtained using the QUANTA program (Accelrys).

The partial charges were determined from ab initio quan-

tum-mechanics calculation using the Gaussian program

(Frisch et al. 1998). After energy-minimizing the unproto-

nated ligand at the HF/6-31G* basis set level, the ESP

charges (Besler et al. 1990) were determined and used

directly in all calculations. The final construction of the

proton positions was done using the HBUILD facility

(Brunger and Karplus 1988) in the CHARMM program.

Unlike molecular dynamics simulations, where results

are averaged over many conformations, normal-mode

analysis traditionally uses a single, energy-minimized

structure. However, this can raise the question of whether

the results observed are dependent on that one particular

structure. In the present work, we carried out the calcula-

tions on ten structures for each binding state, and the

results were averaged, thus averaging out small variations

due to the use of single structures. Ten different energy-

minimized structures were generated following a procedure

that began with energy minimization using the steepest-

descent method (SD) (Leach 1996). For each SD minimi-

zation, a randomly chosen number of steps, up to 9,000,

were done. This was followed by up to 30,000 steps of

minimization using the adapted basis Newton–Raphson

(ABNR) (Leach 1996) algorithm to reach an RMS gradient

of 10-7 kcal mol-1 or less, to ensure that the structure was

at the local minimum of the potential energy surface, a

necessary condition for the normal-mode analysis. A

switching function was used for the van der Waals non-

bonded interactions, and a shift function with the distance-

dependent dielectric, e = 4r, was used for the electrostatic

interactions. An atom-based 25 Å cutoff was used to

include longer-range electrostatic interactions. A normal-

mode calculation was carried out for each of the energy-

minimized structures.

Normal-mode calculation

Normal-mode analysis has been used to provide insight

into collective motions of many different proteins (Delarue

and Sanejouand 2002; Gaillard et al. 2007; Ma and Karplus

1998; Mouawad and Perahia 1996; Nam et al. 2006; Tama

et al. 2003; Thomas et al. 1996). The theory underlying

normal-mode calculations has been presented elsewhere

(Brooks et al. 1995; Levitt et al. 1985). The normal-mode

analysis was done using the VIBRAN module of the

CHARMM program (Brooks et al. 1983). The treatment of

the nonbond interactions in the normal-mode calculations

was the same as that used for the energy minimization. It

was shown in previous studies that the low-frequency

modes contribute significantly to large-scale displacements

and can provide important information on domain motions

(Hayward 2001). Thus, only the first 3,000 lowest-fre-

quency modes were calculated. Test calculations made on

1510 Eur Biophys J (2010) 39:1503–1512
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PPAR-c showed that the properties examined in this work

converge within the first 1,500 modes (data not shown);

however, the number of modes calculated was doubled to

ensure good convergence in all calculations.
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