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Abstract Residual dipolar couplings (RDCs) have the

potential of providing detailed information about the con-

formational fluctuations of proteins. It is very challenging,

however, to extract such information because of the com-

plex relationship between RDCs and protein structures.

A promising approach to decode this relationship involves

structure-based calculations of the alignment tensors of

protein conformations. By implementing this strategy to

generate structural restraints in molecular dynamics simu-

lations we show that it is possible to extract effectively the

information provided by RDCs about the conformational

fluctuations in the native states of proteins. The approach

that we present can be used in a wide range of alignment

media, including Pf1, charged bicelles and gels. The

accuracy of the method is demonstrated by the analysis

of the Q factors for RDCs not used as restraints in

the calculations, which are significantly lower than those

corresponding to existing high-resolution structures and

structural ensembles, hence showing that we capture

effectively the contributions to RDCs from conformational

fluctuations.

Keywords Protein dynamics � Protein conformational

ensembles � Molecular dynamics simulations

Introduction

Native states of proteins are characterised by the presence of

conformational fluctuations that are important for enabling

their functions (Frauenfelder et al. 1991; Palmer 2004; Boehr

et al. 2006; Mittermaier and Kay 2006; Tolman and Ruan

2006; Vendruscolo and Dobson 2006; Shaw et al. 2010;

Kalodimos 2011; Salmon et al. 2011). It is therefore partic-

ularly important to develop techniques capable of providing

accurate representations of these motions. Nuclear magnetic

resonance (NMR) spectroscopy represents a powerful tech-

nique for this purpose (Palmer 2004; Boehr et al. 2006;

Mittermaier and Kay 2006; Tolman and Ruan 2006;

Vendruscolo and Dobson 2006; Kalodimos 2011; Salmon

et al. 2011) since NMR measurements provide time- and

ensemble-averaged results at atomic-level resolution.

Great attention has been devoted to the development of

methods for characterising the conformational fluctuations

of proteins and nucleic acids from NMR parameters, in

particular PRE-derived distances (Iwahara et al. 2004;

Bertoncini et al. 2005; Dedmon et al. 2005; Allison et al.

2009; Clore and Iwahara 2009; Huang and Grzesiek 2010),

S2 order parameters (Zhang and Bruschweiler 2002; Best

and Vendruscolo 2004; Lindorff-Larsen et al. 2005; Richter

et al. 2007), and residual dipolar couplings (RDCs) (Tjandra

and Bax 1997; Tolman et al. 1997; Meiler et al. 2001; Bax

2003; Clore and Schwieters 2004a, b; Bouvignies et al.

2006; Iwahara et al. 2006; Tolman and Ruan 2006; Zhang

et al. 2006; Showalter and Bruschweiler 2007; Zhang et al.

2007; Lange et al. 2008; De Simone et al. 2009; Huang and

Grzesiek 2010; Fenwick et al. 2011). An aspect that requires

particular attention in these approaches is that NMR

parameters can be analysed only in an approximate manner

in terms of individual structures, because of the intrinsic

dynamical nature of proteins. In practice, when the
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structural fluctuations are of limited amplitude, it is possible

to identify an average structure that corresponds quite well

to a given set of measurements. But if the structural fluc-

tuations are more significant, it becomes necessary to rep-

resent the state of a protein by using an ensemble of

structures, so that the average values of the NMR parame-

ters over the ensemble reproduce closely the experimentally

measured values. In this case, individual structures are not

expected to exhibit values for the NMR parameters that

match exactly the experimental ones. In this view, the

problem of comparing the values of NMR parameters cal-

culated from individual structures with those measured

experimentally is not well defined, since the latter are

resulting from a time and conformational averaging pro-

cedure that unavoidably takes place during the measure-

ments. In the presence of significant structural fluctuations,

therefore, computational methods for characterising the

behaviour of proteins should be built around the comparison

between experimental parameters and average values

estimated over ensembles of conformations (Best and

Vendruscolo 2004; Clore and Schwieters 2004a, b).

This problem is particularly relevant in the case of

residual dipolar couplings (RDCs), since the values of these

NMR parameters tend to have a strong conformational

dependence, and hence they fluctuate significantly during the

motion of a protein (Louhivuori et al. 2006; Salvatella et al.

2008). In practical terms, in the presence of conformational

fluctuations of large amplitude even the most accurate

methods for calculating the RDCs for a given structure

(Zweckstetter and Bax 2000; Fernandes et al. 2001; Almond

and Axelsen 2002; Azurmendi and Bush 2002; van Lune

et al. 2002; Ferrarini 2003; Zweckstetter 2008; Berlin et al.

2009) may not provide values that match exactly the

experimental ones. A close agreement between calculated

and experimental RDCs can therefore be obtained only when

the calculated RDCs are averaged over an ensemble of

structures representing the motions of the protein (Clore and

Schwieters 2004a, b; Showalter and Bruschweiler 2007; De

Simone et al. 2009; Huang and Grzesiek 2010).

In this work we describe a method for using RDCs to

characterise conformational fluctuations of proteins and

illustrate it by determining structural ensembles represent-

ing the native state dynamics of two proteins, ubiquitin and

acylphosphatase from Sulfolobus solfataricus (Sso AcP).

The method that we discuss exploits the information pro-

vided by RDCs by incorporating them as structural

restraints in molecular dynamics simulations. In order to

take account of the conformational dependence of the

RDCs, these parameters are calculated from the atomic

coordinates of individual structures using a structure-based

approach similar to PALES (Zweckstetter and Bax 2000).

To demonstrate that this approach is capable of extracting in

an effective manner the information about conformational

fluctuations contained in RDC measurements, we consider

the RDCs not used as restraints and show that the corre-

sponding Q factors calculated from the ensembles of

structures that we generated are significantly lower than

those obtained from high-resolution individual structures.

Methods

Residual dipolar couplings

The RDC between two nuclear spins of gyromagnetic

ratios c1 and c2 at a given distance r can be expressed as

(Bax 2003; Blackledge 2005)

D ¼ Dmax

1

2
3 cos2 #� 1
� �� �

ð1Þ

where # is the angle between the internuclear vector and

the external magnetic field, Dmax ¼ �l0c1c2h=8p3r3 is the

maximal value of the dipolar coupling for the two nuclear

spins and l0 is the magnetic constant; the averaging

specified by the square brackets is carried over the possible

orientations of the internuclear vector with respect to the

external magnetic field. In isotropic solutions RDCs aver-

age to zero because all directions are equivalent, but in an

anisotropic medium the appearance of a preferred direction

results in non-zero values of the RDCs.

In NMR studies of proteins it is convenient to introduce

a 3 9 3 matrix A that specifies the orientation of the

molecular reference frame with respect to the laboratory

reference frame

Aij ¼
1

2
3 cos wi cos wj � dij

� �
ð2Þ

where i, j = (x, y, z), dij is the Kronecker delta function,

and wi is the angle between the ith molecular axis and the z

axis in the laboratory frame. Using the matrix A, instead of

using Eq. 1, the RDC of any given internuclear vector in

the protein can be expressed as

D ¼ Dmax

X

ij

Aij cos ui cos uj

� �
ð3Þ

where ui and uj are the angles between the internuclear

vector and the molecular reference frame, and as above the

averaging specified by the square brackets is carried over

the possible orientations of the internuclear vector with

respect to the external magnetic field.

Structure-based calculation of the alignment tensor

It is convenient to introduce the alignment tensor, which is

denoted by Ah i; for a protein conformation, so one can

recast Eq. 3 as
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D ¼ Dmax

X

ij

Aij

� �
cos ui cos uj ð4Þ

The alignment tensor is given through an averaging

procedure that considers all the translations and rotations

(R, X) of the protein conformation with respect to an

alignment medium, where R defines the distance between

centres of mass of the protein molecule and the closest

molecule of the alignment medium and X = (w1, w2, w3)

defines the orientation of the protein molecule. The

expression for the individual components of the alignment

tensor is

Aij

� �
¼ 1

Z

ZZ
Aijðr;XÞPBðR;XÞdR dX ð5Þ

where

Z ¼
ZZ

PBðR;XÞdR dX ð6Þ

is the partition function. If the interaction between the

protein molecule and the alignment medium is purely

steric, the form of the Boltzmann factor PB (R, X) is

particularly simple, being zero if the protein is clashing

with the alignment medium, and unity otherwise. If the

alignment medium is electrostatically charged, for a

particular configuration (R, X), the Boltzmann factor

should be modified to include the electrostatic potential

energy due to the interactions between the protein molecule

and the alignment medium, which is

EelecðR;XÞ ¼
X

i

qiw riðR;XÞ½ � ð7Þ

where the partial charges qi for the atoms at positions ri

were obtained from the Biochemical Algorithms Library

(Hildebrandt et al. 2010). In this case PB (R, X) is given by

the Boltzmann factor

PBðR;XÞ ¼
1

Z
exp �EelecðR;XÞ

kBT

� 	
ð8Þ

where T is the temperature and kB is the Boltzmann con-

stant. Finally, the alignment tensor Ah i needs to be multi-

plied by the order parameter of the alignment medium due

to its imperfect alignment with the magnetic field.

We illustrate the process for calculating the alignment

tensor through Eq. 5 in the case of bicelles or gels, which

are commonly used alignment media. The calculation starts

by centring the protein at the origin of the coordinate

system and determining its surface by projecting a spher-

ical grid on to the exposed atoms. This grid is composed of

512 = 2,601 points evenly distributed on a sphere of 150 Å

radius. The projection is done by tracing rays that starts

from grid points and move towards the origin of the system

until stopped by one of the balls that represent the atoms of

the protein. The radius of each ball is chosen as the van der

Waals radius of the corresponding atom, which is taken

from the Biochemical Algorithms Library (Hildebrandt

et al. 2010). This process produces a list of points on the

surface that are likely to collide with the bicelles during the

steric sampling without spending computational time in

dealing with too many surface details. The next step is the

rotational and radial sampling of the sterically allowed

orientations and it is composed of two distinct parts. First,

the superposition of the z axis of the molecular frame into

the axis defined by the origin and one point on the unit

sphere and the rotation around this axis in steps of 20�.

These two steps are repeated for 152 = 225 points evenly

distributed on the unity sphere, thus producing a total of

4,050 orientations for the protein. Second, for each orien-

tation, the occurrence of steric clashes between the protein

and the bicelles is tested by positioning an infinite wall,

parallel to the z axis, in a one-dimensional grid whose

points are spaced by 0.5 Å and than checking if any of the

surface points are beyond the limit imposed by this wall.

The radial sampling is limited to a maximum distance

where there are no steric clashes and the electrostatic

potential is very weak.

We adopted the Gouy-Chapmman theory (Zweckstetter

et al. 2004), and assumed that the bicelles or the gels can be

represented by an infinite flat wall with a charge density r0

in contact with a fluid with symmetrical electrolytes of

charge density q. In this model, ions are considered point

charges, the ionic adsorption energy is purely electrostatic,

the average electrostatic potential is identified with the

potential of mean force, the solvent is represented by a

structureless continuum with a constant dieletric permit-

tivity e. For an infinite flat wall in the (x = 0, y, z) plane,

the electrostatic potential w is only dependent on the dis-

tance from the wall to the considered position in the x axis;

and the analytical solution for Poisson–Boltzmann equa-

tion, in the absence of the protein, is

e

kBT
wðxÞ ¼ 4

z
tanh

1

2
sinh�1 er0

2kBTe0ej


 �� 	
 �
e�jx

� 


ð9Þ

where e0 is the vacuum permittivity, e the relative dielectric

constant, and e the electron charge. In this equation j is the

inverse Debye length

j2 ¼ 2e2z2q
e0ekBT

ð10Þ

This solution is only valid for symmetrical electrolytes

(where z? = z- = z), as the Poisson–Boltzmann equation

for asymmetrical electrolytes or mixed electrolytes has no

known analytical solution even for such a simple case as of

a charged infinite flat wall. In practice, the absence of an
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analytical solution could constitute a problem as

experiments for measuring RDCs often employs sodium

phosphate that is an asymmetrical electrolyte under the

standard experimental conditions. The combination sodium

phosphate with sodium chloride, which creates a system

with mixed-type electrolyte, is also very common.

However, the symmetrical model can be a very good

approximation for both systems for low electrolyte

concentrations (mM).

In its current implementation, the method discussed here

calculates the alignment tensor for neutral and charged

bicelles, polyacrylamide gels and bacteriophage Pf1. For

modelling the electrostatic potential in the case of charged

Pf1 media, we employ a cylindrical double layer model

(Ferrarini 2003) with symmetric monovalent unstructured

ions and asymptotically vanishing potential. The cylinder is

modelled as an infinite dielectric rod possessing a constant

charge density (-5.0 9 1018 C/m2) and the Poisson–

Boltzmann equation is solved numerically in the absence of

Pf1 under Neumann conditions (Zweckstetter et al. 2004).

Averaging of the RDCs over the positions

of the electrostatic charges

A challenge in the calculation of RDCs for a given

structure is created by the very high sensitivity that these

NMR parameters have on the thermodynamic conditions

(Zweckstetter et al. 2004). Since the RDCs are provided by

an averaging procedure over the possible orientations of a

protein molecule, and the probabilities of such orientations

depend strongly on electrostatic interactions, it is difficult

to perform accurate calculations. The Boltzmann weight

corresponding to a given orientation depends on the tem-

perature, the pH, the ionic strength and the distribution

of charges on the protein, which are all factors that can

currently be calculated only within some error. As a result,

the averaging procedure over the different orientations of a

protein molecule, which provides its RDCs, results in

values that are often rather approximate. In order to take

account of this problem we perform a procedure in which

the values of the RDCs are obtained by averaging over the

distributions in the positions of each charge. These distri-

butions are obtained by considering ten conformations

taken at 0.5 ps intervals from a 5 ps window in the

molecular dynamics trajectory of each replica. The specific

time intervals and number of conformations considered

were chosen in order to optimise the agreement between

experimental and calculated RDC values, as assessed by

the Q factors (Eq. 14), in a series of short preliminary

molecular dynamics simulations carried out starting from

the X-ray structure of Sso AcP.

Molecular dynamics simulations with replica-averaged

RDC restraints: the SVD method

In this case, molecular dynamics simulations with ensem-

ble-averaged RDC restraints were implemented in the

Gromacs package (Hess et al. 2008) and the Amber99SB

(Hornak et al. 2006), by adopting the SVD calculation of

the alignment tensor originally described by Clore and

Schwieters (2004a, b), De Simone et al. (2009), Fenwick

et al. (2011). In this method, the alignment tensor of a

given structure is fitted using the SVD method to the

experimentally measured RDCs. A single tensor orienta-

tion was used for all the members of the ensemble, but each

ensemble member was allowed to take its own values of

the axial and rhombic components to generate alignment

tensors consistent with ensemble members with different

shapes. The values of the axial and rhombic components

of the different ensemble members where allowed to differ

by only a small amount, by introducing energy terms to

restrain their spread using parameters described previously

(Clore and Schwieters 2004a, b; De Simone et al. 2009;

Fenwick et al. 2011).

Molecular dynamics simulations with replica-averaged

RDC restraints: the SB method

In this case, molecular dynamics simulations with ensem-

ble-averaged RDC restraints were implemented in the

Gromacs package (Hess et al. 2008), by adopting the

structure-based calculation of the alignment tensor descri-

bed by Eqs. (5–10). In this approach, restraints are imposed

by adding a restraint term, ERDC, to a standard molecular

mechanics force field, EMM,

ETOT ¼ EMM þ ERDC ð11Þ

The resulting force field, ETOT, was employed to

integrate the equations of motion. The EMM that we

employed was the Amber99SB (Hornak et al. 2006) and

the restraint term is given by (De Simone et al. 2009)

ERDC ¼ a
X

i

Dexp � Dcalc
� �2 ð12Þ

where a is the weight of the restraint term, and Dexp

and Dcalc are the experimental and calculated RDCs,

respectively. For a given bond vector PQ, the calculated

RDC is evaluated as

Dcalc ¼ 1

M

XM

m¼1

Dm ð13Þ

where m runs over the M replicas and Dm is the RDC of

replica M, which is given by Eq. 4. The choice of M is

dictated by the trade-off between the two opposite effects
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of overfitting and over-restraining (Richter et al. 2007;

Vendruscolo 2007). By using large values of M one

increases the number of effective parameters available to fit

the experimental data. However, this strategy can incur in

the problem of overfitting, since the structures obtained

from the simulations will not be consistent with experi-

mental data not used as restraints (Richter et al. 2007;

Vendruscolo 2007). By using one or too few replicas, one

has instead the problem of over-restraining, at least in cases

in which the conformational fluctuations are of large

amplitude, as mentioned in the Introduction (Richter et al.

2007; Vendruscolo 2007).

The sampling of the conformational space is preceded by

an equilibration simulation at 300 K in which the restraints

are gradually introduced by raising the force constant a
from zero to a value set on the basis of the level of agree-

ment with experimental data in order to provide the best

agreement between calculated and experimental data

(Eq. 12). Since the alignment tensor is calculated directly

from the structures (Eq. 5), it is rescaled by a global factor

corresponding to the inverse of the slope of the correlation

between experimental and calculated data. In the sampling

phase, a series of 20 cycles of simulated annealing between

300 and 500 K is carried out to increase the efficiency in the

sampling of the conformational space. During these cycles,

the force constant for the restraints is also annealed so that

at high temperatures the force is tenfold higher. Each cycle

is carried out for a total of 250 ps (125,000 molecular

dynamics steps) by using an integration step of 2 fs.

In the restrained simulation technique used here, the

restraints are imposed as averages over M replicas of the

protein molecule. In the case of ubiquitin, we have previ-

ously shown that the optimal number of replicas is M = 8

(De Simone et al. 2009), which is also the number used in

the present study. A total of 8,000 conformations were

collected by extracting them from the part of the annealing

cycle at 300 K. We then randomly selected from these

conformations an ensemble of 160 structures for deposition

in the PDB (code 2LJ5), and checked that this small

ensemble was representative of the complete one in terms

of standard structural and NMR parameters.

No further experimental information was used in the cal-

culations in addition to the RDC restraints described above.

Summary of the computational approach

In this work we describe the method of using RDCs as

structural restraints in molecular dynamics simulations that

is summarized in Fig. 1:

(1) The integration of the equations of motion generates a

sampling of conformational space that results in an

ensemble of conformations (Fig. 1, pink rectangle)

that can be used to calculate the properties of interest

of a protein.

(2) In order to extract the information from the experi-

mentally measured RDC values, the equations of

motion contain a term (Eq. 12) that at each time step

penalizes deviations between experimental and cal-

culated RDC values (Fig. 1, blue rectangle).

(3) Since the experimental RDC values results from time

and ensemble averages over the protein molecules

in test tube, the calculated RDCs are averaged over

multiple replicas of the protein molecule (Eq. 13;

Fig. 1, blue rectangle).

(4) In order to calculate the RDCs we determine the

alignment tensor from the shape and charge of the

instantaneous conformation of each replica (Eqs. 1–5

and Fig. 1, green circle).

(5) Since the alignment tensor is very sensitive to the fast

timescale fluctuations of the electrostatic charges, a

preliminary averaging is carried out over the positions

of the charges of each molecule (Fig. 1, red circle).

Summary of the different averaging procedures

described in this work

In the approach that we describe in this work we use four

different types of averaging procedures. The first is an

averaging for each individual conformation over the small-

amplitude fluctuations in the positions of the electrostatic

charges (Fig. 1, red circle). The second is the averaging

over the relative positions (in terms of rotations and

translation) of the protein with respect to the alignment

medium (Eqs. 1–5; Fig. 1, green circle). The third is the

averaging at each time step over the replica used in the

molecular dynamics simulations (Eq. 13; Fig. 1, blue

rectangle). The fourth is the averaging over the internal

dynamics of the protein, which in our approach is carried

out at the end of the molecular dynamics simulations over

all the conformations generated (Fig. 1, pink rectangle).

Experimental measurements of RDCs for SsoAcP

In order to obtain information for the determination of the

native state ensemble of Sso AcP we carried out mea-

surements of N-HN RDCs in bacteriophage Pf1 at 200 mM

NaCl (Table S2).

Results

In this work we describe an approach in which RDC

measurements are implemented as replica-averaged struc-

tural restraints in molecular dynamics simulations in order
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to characterise the native state conformational fluctuations

of proteins. In order to illustrate this approach we consider

the case of two proteins, ubiquitin and Sso AcP.

Determination of the structural fluctuations in the native

state of ubiquitin

By calculating the RDCs using the structure-based (SB)

method described in this work (see ‘‘Methods’’), we

generated an ensemble of structures (SB ‘12 sets’ ensem-

ble, PDB code 2LJ5, Fig. 2a; Figures S1–S9) to represent

the conformational fluctuations of this protein. As restraints

we used 12 sets of RDCs, and for validation we used

another 38 sets of RDCs (Table S1). In order to determine

whether the approach that we followed is capable of

extracting more information than other available ones

we compared the SB ensemble with a X-ray structure of

ubiquitin (1UBQ) (Vijay-Kumar et al. 1987), an NMR

Fig. 1 Scheme of the computational method described in this work to

generate a sampling of the conformation space of a protein molecule

(pink rectangle). Molecular dynamics simulations are carried out in

parallel for multiple copies (replicas) of the protein molecule. At each

time step a biasing force is introduced to minimise the differences

between experimental and calculated RDCs, which are averaged over

the replicas (blue rectangle). The calculation of the RDCs for each

individual replica at each time step is carried out by determining the

alignment tensor from the shape and charge of the replica (green
circle). The effects of the fast timescale fluctuations in the positions

of the electrostatic charges are averaged out (red circle) before the

calculation of the alignment tensor

Fig. 2 a Ensemble of structures of ubiquitin (PDB code 2LJ5)

derived from structure-based RDC restraints as described in this work

(the ‘SB 12 sets’ ensemble). b Comparison of the Q factors for RDCs

corresponding to various structures and structural ensembles of

ubiquitin (Table 1): (1UBQ) X-ray structure (Vijay-Kumar et al.

1987), (1D3Z) RDC-based NMR structure (Cornilescu et al. 1998),

(SB) RDC-based NMR ensemble with structure-based calculation of

the alignment tensor, (SVD) RDC-based NMR ensemble with SVD-

based calculation of the alignment tensor, (2KOX) RDC-based NMR

ensemble with SVD-based calculations of the alignment tensor

(Fenwick et al. 2011), (2K39) RDC-based NMR ensemble (Lange

et al. 2008). The blue horizontal line indicates the Q factor for the

1D3Z, which is a representation of the average structure of ubiquitin,

but not of its conformational fluctuations
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structure determined using RDCs (1D3Z) (Cornilescu et al.

1998) and an ensemble of structures (SVD ‘12 sets’

ensemble) obtained by using a method similar to the one

discussed in this paper but in which the alignment tensor

is not calculated from the structures, but by a fitting

procedure, the singular value decomposion (SVD) method

(Losonczi et al. 1999). The results (Fig. 2b; Table 1)

indicate that the SVD ensemble, at least in the imple-

mentation that we adopted here (Clore and Schwieters

2004a, b; De Simone et al. 2009; Fenwick et al. 2011), does

not capture the dynamics of ubiquitin in a highly accurate

manner. This conclusion is obtained by considering the Q

factors for RDCs. The Q factor is defined as (Bax 2003)

Q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i
Dexp

i � Dcalc
ið Þ2

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i
Dexp

ið Þ2
r ð14Þ

where the sums are taken over the number NRDCs of available

RDCs. In the case of ensembles of structures the Q factor is

calculated by considering the average RDC values over the

ensemble. The Q factor of the SVD ensemble (0.163) does

not essentially improve with respect to that of the 1D3Z

structure (0.164), which is not aimed at representing the

dynamics, but rather the average structure of the protein. For

comparison, the Q factor of a recently reported ensemble of

ubiquitin determined also with a SVD approach (2KOX)

(Fenwick et al. 2011) is 0.186, and the Q factor of another

ensembles of ubiquitin recently reported (2K39) (Lange et al.

2008) is 0.216. All the Q factors reported in Fig. 2b and

mentioned in this section were calculated as an average over

the 50 alignment media that we considered in this work

(Table S1). The ensemble of structures determined with the

Table 1 Comparison of the Q factors [Eq. (14)] corresponding to various structures and structural ensembles of ubiquitin: (1UBQ) X-ray

structure (Vijay-Kumar et al. 1987), (1D3Z) RDC-based NMR structure (Cornilescu et al. 1998), (SB 12 sets, 2LJ5; SB 4 sets) RDC-based NMR

ensembles with structure-based calculation of the alignment tensor, (SVD 12 sets) RDC-based NMR ensemble with SVD-based calculation of the

alignment tensor, (2KOX) RDC-based NMR ensemble with SVD-based calculations of the alignment tensor (Fenwick et al. 2011), (2K39) RDC-

based NMR ensemble (Lange et al. 2008)

1UBQ 1D3Z SB 12 sets SB 4 sets SVD 12 sets 2K39 2KOX

Q (restrained) 0.225 0.127 0.118 0.122 0.156 0.210 0.169

Q (unrestrained) 0.220 0.175 0.132 0.150 0.165 0.217 0.191

Q (total) 0.222 0.164 0.129 0.148 0.163 0.216 0.186

Restrained Q factors are calculated using the SVD method over the alignment media used as restraints in the ‘SB 12 sets’ case (Table S1) and

unrestrained Q factors over the alignment media not used as restraints in the same case (Table S1). As these different RDC sets have different

experimental precision the simple averaging of the Q factors used here provides an approximate indication of the quality of the structures

Fig. 3 Comparison of the Q factor distributions for the SVD and SB

ensembles for ubiquitin. a SVD-ensemble. For each structure in the

SVD ensemble we used both the SVD and the SB methods for back-

calculating the RDCs to calculate the Q factors, Eq. (14). The Q factor

distribution when the RDCs are back-calculated using the SB method

is indicated as SB-SVD, and as SVD–SVD when the RDCs are back-

calculated using the SVD method (see also Table 2). The arrow

indicates the extent of overfitting in the SVD back-calculation as the

difference between the average Q factors (represented as vertical
lines) calculated using the SVD and the SB back-calculations.

b Analogous results for the SB-ensemble (see also Table 2)

Table 2 Comparison of the average Q factors [denoted as �Q;
Eq. (15)] calculated for individual structures in the ensembles

determined for ubiquitin (column 3) and Sso AcP (column 4)

Back-calculation Restraints Ubiquitin Sso AcP

SB SVD 0.61 0.70

SVD SVD 0.34 0.36

SB SB 0.44 0.55

SVD SB 0.27 0.43

For each protein we compared the SVD and SB ensembles, the first of

which was determined using RDC restraints calculated with the SVD

method, and the second using the SB method (column 2). For each of

these ensembles, we back-calculated the RDCs using the SVD

method or the SB method (column 1). For example, the ensemble of

ubiquitin determined using SVD-calculated RDCs has a �Q factor of

0.61 when the RDCs are back-calculated using the SB method (row

2). The values reported in Table 2 differ from those in Table 1

because in the case of Q factors, the averaging over an ensemble of

conformations is done for the RDC values, whereas for the �Q factors

the averaging over the ensemble is done directly on the Q factors
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method described in this work capture the dynamics of

ubiquitin better than other methods, with a Q factor of 0.129.

The use of only 4 sets of RDCs within the SB approach

results in a slight loss of accuracy, but it still provides Q

factors lower than those obtained using the SVD approach a

much larger number (12 sets) of RDCs (Table 1).

Comparison of alternative methods for calculating

alignment tensors

In order further investigate the reasons for which SVD

methods are less effective in recovering the dynamics than the

SB method that we describe here, we calculated the Q factors

for the conformations in the SVD and SB ensembles either by

using the SVD method or the SB method (Fig. 3; Table 2). We

found that for both the SVD (Fig. 3a) and SB (Fig. 3b)

ensembles the Q factors are lower when the alignment tensor

is calculated using the SVD method (see also Table 2). These

findings can be understood by recalling that the SVD method

does not provide the actual alignment tensor of a given

structure, but rather the alignment tensor that generates the

RDC values in closest agreement with the experimental ones.

In this sense the SB methods will never generate lower Q

factors than SVD methods for individual structures, since the

latter may suffer from overfitting problems. The extent of

overfitting can be measured by considering the difference

between the average Q factors, defined as

D �Q ¼ �QSVD � �QSB ¼
1

Nstruct

XNstruct

k¼1

Qk;SVD�
1

Nstruct

XNstruct

k¼1

Qk;SB

ð15Þ

where �QSVDand �QSB are the average Q factors obtained by

using the SVD and the SB back-calculations, respectively;
�Qk;SVDand �Qk;SB are the Q factors for conformation k in

an ensemble. The back-calculation in Table 2 is performed

on individual structures of the ensemble both for the SB and

single value decomposition (SVD) estimation of the align-

ment tensor. The resulting RDC values are then averaged

over the ensemble. The results that we obtained indicate that

the SVD ensemble appears to be of good quality in terms of

Q factors when the back-calculation is performed with the

SVD method, but of rather poor quality when the back-

calculation is performed with the SB method. For the SB

method this difference is D �Q = 0.17 (Table 2, column 3,

rows 4 and 5), and for the SVD method is D �Q = 0.27

(Table 2, column 3, rows 2 and 3).

Determination of the structural fluctuations in the native

state of Sso AcP

A particularly challenging case for SB methods is that of

Sso AcP (Fig. 4a), since this protein has a very polarised

charge distribution (Fig. 4b). The alignment of this protein

in Pf1, which is the alignment media that we used in the

RDC measurements (Table S2), is therefore strongly

dependent on the ionic strength used in the experiment

(Fig. 5a–c). By varying the ionic strength (NaCl) used in the

SB calculation of the alignment tensor (Fig. 4a) we obtain

the best agreement at 200 mM (Q factor 0.39, Fig. 5b),

which is indeed the ionic strength that we used in the

experiments. By increasing the ionic strength value in the

calculations we obtain RDC values that converge to those

corresponding to a steric medium (Fig. 5a). The importance

of the electrostatic interactions is demonstrated by the cal-

culations of the RDCs in Pf1 with the electrostatic terms

switched off, which result in a Q factor of 0.83 (Fig. 5c).

The SB calculations shown in Fig. 5 were carried out

using the X-ray structure of Sso AcP (2BJD) (Corazza et al.

2006), and hence they do not take account of the structural

fluctuations of this protein. In order to include this aspect,

we performed molecular dynamics simulations with rep-

lica-averaged SB RDC restraints, using the same procedure

described above for ubiquitin, with the difference that in

this case we used Pf1 in the SB calculations. These simu-

lations provide an ensemble of conformations (Fig. 6a)

whose Q factor demonstrates an excellent agreement

between calculated and experimental RDCs (coefficient of

correlation 0.9955, Q factor 0.11, Fig. 5b).

An analysis of the results presented in Table 2 indicates

that the problem of overfitting introduced by the use of

SVD methods to calculate restraints in molecular dynamics

Fig. 4 a X-ray structure of Sso

AcP (2BJD) (Corazza et al.

2006). b Representation of the

electrostatic field on the surface

of Sso AcP
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simulation is more severe for Sso AcP than for ubiquitin. In

this case the best average Q factor is found for the SVD

ensemble when the back-calculation is done with the SVD

method (Table 2, column 4, row 3). However, there is a

very wide difference (D �Q = 0.34) between the Q factors

back-calculated with the SB and SVD methods. By

contrast, for the SB ensemble there is a much smaller

corresponding difference (D �Q = 0.12), indicating that

the implementation of RDCs as structural restraints suffers

less from overfitting. These results are consistent with the

observation made above that the SVD method provides the

alignment tensor that corresponds to the RDC values in

closest agreement with the experimental ones, instead of

the actual alignment tensor of a given structure.

As in the case of ubiquitin, therefore, by extracting the

information about the conformational fluctuations provided

by RDC data, we have been able to determine an ensemble

of conformation that represents the native structural fluc-

tuations of Sso AcP.

Discussion

In this work we have described a strategy aimed at

extracting the information about conformational fluctua-

tions of proteins provided by RDC measurements by

incorporating them as structural restraints in molecular

dynamics simulations. The method is based on the defini-

tion of an accurate mapping between RDCs and protein

structures, which enables one to go from protein structures

to RDCs and vice versa. In the following we discuss some

important aspects of the calculations that we presented.

Assumptions made in the molecular dynamics

simulations with RDC restraints

In this work we did not make the assumption that the

alignment tensor of a protein is nearly constant during

the dynamics (Clore and Schwieters 2004a, b; De Simone

et al. 2009; Fenwick et al. 2011), nor that its fluctuations

are uncorrelated with those of the protein (Salvatella et al.

2008). There are, however, other assumptions that we made

to determine the dynamics of proteins using RDC restraints

in molecular dynamics simulations:

1. Only the orientation of a protein, but not its conforma-

tional properties, is changed by its interaction with the

alignment medium. This approximation can be expected

to hold if the inter-molecular interactions between the

protein and the alignment medium are weaker than the

intra-molecular interactions within the protein. In this

Fig. 5 a Correlation between experimental (measured in Pf1 at

200 mM ionic strength) and structure-based RDCs; the latter were

calculated from the X-ray structure of Sso AcP for values of the ionic

strength ranging from 0 to 1,000 mM. The best correlation is found

for 200 mM ionic strength, which matches the value used in the

experiments. b Scatter plot of the correlation between experimental

and structure-based RDCs at 200 mM ionic strength. c Scatter plot
of the correlation between experimental and structure-based RDCs

at 200 mM ionic strength, but with the electrostatic interactions

switched off in the calculations

b
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case the interactions with the alignment medium will

affect much more strongly the orientation of the protein

than its internal structure and dynamics. This assump-

tion may be problematic in some cases, in particular for

example for unstructured proteins. If this approximation

cannot be made, it means that the process by with RDCs

are measured perturbs significantly the conformational

properties of a protein and therefore less invasive

structural measurements may be considered.

2. The partial charges on the protein do not change

during the dynamics. Although is well established that

the partial charges of a protein are conformation

dependent, we have assumed that this effect can be

neglected in the cases of ubiquitin and Sso AcP

discussed in this work. If needed, however, the

procedure presented here can be implemented with a

recalculation of the partial charges during the dynam-

ics, in order to avoid this assumption.

3. The electrostatic interactions with the alignment

medium do not change the partial charges on the

protein. This approximation is valid if the electrostatic

interaction between the protein and the alignment

medium is weak, a situation that can be achieved by

varying the ionic strength. In practice this means that

only a specific range of values of the ionic strength are

allowed for Pf1 (between 100 and 300 mM). In this

case the Gouy-Chapman approximation holds to

calculate the electrostatic field. It this approximation

breaks down, one can expect strong interactions

between the protein and the alignment medium, which

would not be desirable as they would affect the

conformational properties of the protein itself.

Structure-based (SB) calculations of the alignment

tensor

The alignment tensor of a given protein conformation can

be obtained through fitting procedures, such as the

singular-value decomposition (SVD) method (Losonczi

et al. 1999), in which the alignment tensor is chosen to

optimise the agreement between calculated and experi-

mental RDCs. Alternatively the alignment tensor can be

determined by SB procedures in which this quantity is

calculated on the basis of the shape and charge of the

protein molecule (Zweckstetter and Bax 2000; Fernandes

et al. 2001; Almond and Axelsen 2002; Azurmendi and

Bush 2002; van Lune et al. 2002; Ferrarini 2003; Zweck-

stetter 2008; Berlin et al. 2009), without reference to

experimentally measured RDCs.

These two general approaches are not equivalent in the

presence of conformational fluctuations of large amplitude.

In order to clarify this point, we observe that the calcula-

tion of the average RDCs corresponding to an ensemble of

conformations involves the definition of the alignment

tensor for each conformation in the ensemble (see Eq. 2).

In approaches in which the RDCs are fitted to a structure,

one can either assume that all the conformations in the

ensemble have the same alignment tensor, or that the

alignment tensor of each individual conformation can be

obtained by a separate fitting to the experimental RDCs. In

this latter case, a very large number of experimental RDCs

is required in order to avoid overfitting. In any case, fitting

methods are at risk of failing to capture the full changes in

the alignment tensor during the conformational fluctuations

(Fig. 3; Table 1). By contrast, the SB approach that we

adopted in this work defines a specific alignment tensor for

each conformation in the ensemble without relying on the

knowledge of experimental RDCs.

Conclusions

We have presented a method of determining the structural

fluctuations of proteins using information derived from

RDC measurements. A key question that can be asked

about any method of this type is whether it enables one to

determine ensembles of structures with Q factors lower

Fig. 6 a Ensemble of structures of Sso AcP calculated from N-HN

RDCs measured in Pf1 and used as restraints in the approach

presented in this work. b Scatter plot of the correlation between

experimental and structure-based RDCs at 200 mM ionic strength for

the ensemble of conformations shown in a; the coefficient of

correlation is 0.9955
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than those that can be obtained from high-resolution indi-

vidual structures, in particular for RDC data that are not

used as restraints in the calculations. The results that we

presented indicate that our method is capable of achieving

this result.
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