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Abstract

A new procedure for NMR structure determination, based on the Internal Coordinate Molecular
Dynamics (ICMD) approach, is presented. The method finds biopolymer conformations that satisfy usual
NMR-derived restraints by using high temperature dynamics in torsion angle space. A variable target
function algorithm gradually increases the number of NOE-based restraints applied, with the treatment of
ambiguous and floating restraints included. This soft procedure allows combining artificially high tem-
perature with a general purpose force-field including Coulombic and Lennard-Jones non-bonded interac-
tions, which improves the quality of the ensemble of conformations obtained in the gas-phase. The new
method is compared to existing algorithms by using the structures of eight ribosomal proteins earlier
obtained with state-of-the-art procedures and included into the RECOORD database [Nederveen, A.,
Doreleijers, J., Vranken, W., Miller, Z., Spronk, C., Nabuurs, S., Guntert, P., Livny, M., Markley, M.,
Nilges, M., Ulrich, E., Kaptein, R. and Bonvin, A.M. (2005) Proteins, 59, 662—672]. For the majority of
tested proteins, the ICMD algorithm shows similar convergence and somewhat better quality Z scores for
the ¢, | distributions. The new method is more computationally demanding although the overall load is
reasonable.

Introduction

The NMR structure determination is usually per-
formed using a simulated annealing protocol to
minimize an energy function, which involves a
restraint energy based on the NMR measurement
of geometric parameters and a chemical energy
describing the physico-chemical properties of
the studied biomolecules (Brunger et al., 1998a).
The relationship between the NMR data and the

*To whom correspondence should be addressed: E-mail:
therese.malliavin@ibpc.fr

atomic coordinates is not straightforward: NMR
measures local geometrical parameters (distances
and angles), which may be easily computed from
the molecular structure, but not vice versa.
Therefore, NMR biomolecular structures often
exhibit defects, which may hamper molecular
modeling studies (Fan and Mark, 2003).

During the last 10 years, many successful
methods have been proposed to improve the con-
vergence of the NMR structure refinement and the
quality of the structures obtained. The parameters
of the non-bonded interactions were improved
(Linge and Nilges, 1999; Linge et al., 2003) to
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optimize the quality of the obtained conforma-
tions. The integration of motion in the torsion
angle space (Glintert et al., 1997; Stein et al., 1997;
Schwieters and Clore, 2001) was shown to improve
the structure convergence as well as the structure
quality. This is because the use of internal coor-
dinates along with the rigid standard geometry of
chemical groups generally improves the sampling
of the conformational space due to the reduced
complexity of the potential energy landscape
(Mazur, 2001). Moreover, the fixed standard
geometry of polypeptides allows for a significant
increase of the temperature and the time step in
MD-based simulated annealing protocols. On the
other hand, the final refinement of structure in
water was shown (Kordel et al., 1997; Linge et al.,
2003) to further improve the structure quality be-
cause a force-field including the Coulombic and
Lennard-Jones non-bonded interactions is used
during this refinement. Indeed, because of techni-
cal reasons, the high-temperature stages of the
simulated annealing protocol are run using sim-
plified force-fields.

The Internal Coordinate Molecular Dynamics
(ICMD) approach was one of the first approaches
(Abagyan and Mazur, 1989; Mazur and Abagyan,
1989) for modeling polymers with partially fixed
spatial structure. ICMD is not limited to dynamics
with a single choice of variables corresponding to
the torsion angle space. In contrast, it can vary the
degree of molecular flexibility by fixing and/or
unfixing torsions, bond angles, and bond lengths.
In the last 10 years, this approach was significantly
enhanced by making possible propagation of MD
trajectories in the space of canonical variables with
new symplectic numerical integrators and the
recursive mass matrix inversion algorithm (Jain
et al., 1993; Mazur, 1997). These techniques were
adapted for all-atom simulations of proteins and
nucleic acids in explicit aqueous environments
(Mazur, 1998a, b, 2002). All these advances are
potentially useful for NMR-based refinement
applications since they greatly improve the quality
and stability of MD trajectories and also allow
easy modeling of multimolecular complexes. A
new algorithm for NOE-based determination of
biomolecular structures has been recently intro-
duced in ICMD that has been successfully applied
in studies of peptides and peptide-ion complexes
(Kozin et al., 2001; Zirah et al., 2006). This algo-
rithm applies the idea of the variable target

function (Braun and Go, 1985) in the context of
torsion angle MD and also involves a simplified
treatment of floating and ambiguous restraints.

An important advantage of the variable target
function approach consists in the possibility of
using a general purpose force-field at all stages of
structural refinement. In standard MD based pro-
tocols, NMR restraints are applied simultaneously
from the very beginning. Under high temperature,
this results in stiff atom—atom collisions, which
would require a drastic reduction of the time step if
the full Coulombic and Lennard-Jones non-bon-
ded interactions were used. Therefore simplified
force-fields with softened atom-—atom repulsive
terms have to be employed. Further improvement
of the structures obtained is achieved by additional
in-water MD simulations under normal tempera-
ture with standard force-fields (Linge et al., 2003).
In contrast, in the variable target function proto-
col, the NMR restraints are introduced gradually
in a certain order that allows the refinement to
proceed via valleys of potential energy landscapes,
and makes this procedure compatible with stan-
dard all-atom force-fields.

Here we present an adaptation of this approach
to the classical problem of NOE-based determi-
nation of protein structures, as well as a thorough
comparative test on a representative group of
proteins earlier studied by the state-of-the-art
methods. For such comparison, a set of eight
proteins was selected from the database RECO-
ORD (Nederveen et al., 2005). This database
resulted from an effort of protein structure re-
calculation, with methods corresponding to the
state-of-the-art of the NMR structure determina-
tion. Our results show that the ICMD algorithm
converges to the same target structures, with a
slightly larger RMSD between the conformations
produced in repeated runs. For the majority of
tested proteins the new method also shows a
somewhat better quality Z scores for ¢, \y combi-
nations. At the same time, it is more computa-
tionally demanding.

Materials and methods

Molecular dynamics simulations

The numerical integration of ICMD equations of
motion employed an implicit leapfrog integrator in



torsion angle space, which makes it possible to use
a time-step of 10 fs step (Mazur, 1997). This time
step is optimal for torsion MD of biopolymers
with standard atom parameters (Mazur, 1998b).
To assure stability of numerical integration under
high temperature, the moments of inertia of all
rigid bodies are additionally increased by
300 amu A2 (Mazur, 1997). The accurate treat-
ment of flexibility of five-member rings by using
the projector operator approach (Mazur, 1999)
requires bond angle degrees of freedom. Therefore,
a simpler approximation was used here where
proline rings were left flexible with only torsion
degrees of freedom whereas the N-Cg bonds were
closed by using standard bond length and bond
angle potentials.

The NMR-based molecular dynamics simula-
tions were performed in the gas-phase. The force-
field parameters were taken from the AMBER
all-atom parameter set (Cornell et al., 1995), and
the covalent geometry of the amino-acids was de-
rived from the CNS paramallhdg5.2 parameters
(Linge and Nilges, 1999). The non-bonded van der
Waals energy was modeled through the Lennard-
Jones potential with simple spherical cutoff. The
Coulomb electrostatic energy was computed with
a force-shift truncation method (Levitt et al.,
1997). The cutoff distance was 6 A for all
non-bonded interactions. The temperature bath
coupling was performed using the Berendsen
algorithm (Berendsen et al., 1984).

In the AMBER force-field, the cis and trans
peptide bond conformations are characterized by a
modest energy difference (ca 10 kcal/mol) and a
torsion barrier of 10 kcal/mol. Therefore the high
temperature phase of refinement produces a non-
zero population of cis conformers if they are
compatible with NMR restraints. The cis/trans
barrier is raised to 100 kcal/mol before cooling to
remove intermediate conformations and reveal the
sites of high cis-peptide population. These popu-
lations are usually low and the cis peptide con-
formers are removed from the final structures by a
short MD run with a dihedral restraint that elim-
inates cis-conformers. The same restraint can be
applied all through the variable target function
protocol if the cis/trans statistics is not interesting.

The variable target function protocol is imple-
mented as set of scripts in ICMD command lan-
guage that involve calls to ICMD standard
functions for energy minimization, MD runs etc.
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These scripts as well as binary versions of ICMD
compiled on Linux, are freely available at: http://
www.ibpc.fr/~terez/ICMD. The structures ana-
lyzed here can be also downloaded from the same
Web address.

NMR restraints

The dihedral angle restraints were applied as
usual, that is, by using a harmonic potential, cal-
culated from the list of the four atoms concerned,
the energy constant value, the target value to
which the dihedral angle is restrained, and the
interval around this target value. The dihedral
angle potential was equal to zero in the interval
defined by the target value and the interval range,
and was harmonic outside this interval. All dihe-
dral angle restraints were active permanently
throughout the calculations.

The NOE restraints take as input the upper
bound of the distance interval, and two groups of
atoms between which the restraint is applied. The
NOE restraint potential was equal to zero for
distances smaller than the upper bound value, and
harmonic for larger distances. For groups of
atoms including more than one element two
alternative procedures were tested. In the first
procedure (swapping: floating restraint) all dis-
tances between all possible atom pairs were cal-
culated, and the restraint was applied to the
smallest distance. The swapping was repeated each
time the restraint list and/or forces are changed
(see below). This simple approach is considered as
standard in our variable target function protocol.
In the second procedure (ADR: ARIA ambiguous
restraint (Nilges, 1993)), the restraint was applied
to the pseudo-distance D, corresponding to the
sum of the inverse sixth power distances d; between
all possible atom pairs:

1 1
g —. 1
Y g
This second method was introduced for better
comparison because the reference structures from
the RECORD database were obtained with the
ambiguous form of restraints. We note that the
floating restraint can be considerably more strin-
gent than the ambiguous restraint.

Distance restraints were applied using the
variable target function algorithm (Braun and Go,



156

1985), modified as follows. The torsion angle
separation (TAS) is defined as the number of
torsion angles connecting a given pair of atoms.
The corresponding TAS values were assigned to all
atom pairs potentially involved in distance
restraints. The variable target function calcula-
tions started from TAS =1 and the following TAS
levels were added consecutively. In the case of
floating restraints, the swapping procedure was
applied before every cycle of dynamics or mini-
mization, with all NOE restraints checked and the
atom pair corresponding to the smallest distance,
chosen; the TAS of this atom pair was next used to
decide if the corresponding restraint should be
applied at the current stage of the protocol. In the
case of ambiguous restraints, the contributions to
each restraint were introduced successively,
according to their corresponding TAS value.

Simulated annealing protocol

The parameters of the simulated annealing pro-
tocol are given in Table 1. The starting protein
conformation was the extended polypeptide chain.
The protocol started with 100 steps of minimiza-
tion, followed by the high-temperature unfolding
phase (Table 1: lines 1-2), i.e., 100 steps of
molecular dynamics at 500 K, and 100 steps of
molecular dynamics at 7000 K. The upper limits
of the temperature were 1000 and 10,000 K,
respectively. The relaxation time for the coupling
to the temperature bath was 10 ps. At the end of
this unfolding phase, the polypeptide conforma-
tion was stored to be used as a starting point for
the next conformation generation.

The second step of the simulated annealing
protocol was the variable target function anneal-
ing phase (Table 1). It started with seven runs of
molecular dynamics at 3000 K (Table 1: lines 3-9)
with a maximum temperature value of 10,000 K
and a relaxation time of 0.1 ps for the coupling to
the temperature bath. For each level of torsion
angle separation (TAS), 200 steps of molecular
dynamics were performed followed by six runs of
100 steps. During these simulations, the energy
constant of the NOE restraints was increased from
0.1 up to 10 kc:al/mol/A2 and the energy constant
of the dihedral restraints was increased from 1 up
to 50 kcal/mol/rad>. At the end of the round
seven, 300 additional steps of molecular dynam-
ics were run (Table I: line 10). The following

condition C was then checked: the value R of the
restrained energy per restraint is larger than 1.2,
and the TAS level was not processed more than
three times. The larger the ratio R, the larger is the
number of unsatisfied restraints. If the condition C
was true, the variable target annealing phase was
again performed with the same TAS level. If the
condition is false, the next TAS level was pro-
cessed.

When all restraints have been applied, the NOE
regrouping phase (Table 1: lines 11-18) was per-
formed. Eight MD runs were carried out at a
temperature of 3000 K, with a maximum temper-
ature of 10,000 K, and a relaxation time of 0.1 ps.
The NOE energy constant was increased from 0.1
up to 50 kcal/mol/A2 and the dihedral angle en-
ergy constant from 1 up to 50 kcal/mol/rad®. The
number of steps was 300 for the first run and 100
for the others.

The cooling phase was then taking place with a
relaxation time of 1 ps for the temperature cou-
pling bath (Table 1: lines 19-22). The energy bar-
rier between cis and trans peptide conformers is
raised as explained above. Three runs of 600 steps
(Table 1: lines 19-21) were performed at mean
temperature values of 200, 100 and 50 K, with
energy constants, respectively of 5 and 50 kcal/
mol/rad® for the NOE and dihedral restraints.
Then, 100 steps of MD simulation (Table 1: line
22) were run with the target temperature of 0 K.
Finally, two runs of energy minimization are car-
ried out each one preceded by the NOE restraint
swapping.

A statistical analysis of non-proline peptide
bonds is then performed in order to detect sites of
persistent cis conformers. This situation is rare,
but it cannot be completely neglected. A high
population (> 50%) of a specific cis conformer can
arise from false NMR restraints as well as from a
true protein conformation. Analysis of high-reso-
lution X-ray structures shows (Jabs et al., 1999)
that 0.028% of non-proline peptide bonds are in
cis conformation, and detection of such cases by
improved NMR techniques may be anticipated. In
the calculations presented here, populations of cis
conformers never approached 50%, which means
that they can be neglected under normal temper-
ature. Moreover, the RECORD database struc-
tures used here for comparisons were all refined
with non-proline peptide bonds restrained to the
trans conformation. It was preferable, therefore, to
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Table 1. Parameters of the simulated annealing protocol used in the ICMD methodology

Number of steps Mean Maximum Relaxation time (ps) NOE energy Dihedral energy
temperature (K) temperature (K) constant constant
(kcal/mol/A%)  (kcal/mol/rad?)

High T unfolding phase

1 100 500 1000 10 0 0

2 100 7000 10000 10 0 0
Variable target phase

3 200 3000 10000 0.1 0.1 1

4 100 3000 10000 0.1 0.3 5

5 100 3000 10000 0.1 0.9 10

6 100 3000 10000 0.1 2.7 20

7 100 3000 10000 0.1 5.4 30

8 100 3000 10000 0.1 8.1 40

9 100 3000 10000 0.1 10 50
10 300 3000 10000 0.1 10 50
NOE regrouping phase
11 300 3000 10000 0.1 0.1 1
12 100 3000 10000 0.1 0.5 5
13 100 3000 10000 0.1 1 10
14 100 3000 10000 0.1 5 20
15 100 3000 10000 0.1 10 30
16 100 3000 10000 0.1 20 40
17 100 3000 10000 0.1 40 50
18 100 200 10000 0.1 50 50
Cooling phase
19 600 200 10000 1 5 50
20 600 100 10000 1 5 50
21 600 50 10000 1 5 50
22 100 0 10000 1 5 50
Repeated NOE regrouping phase
23 300 1000 10000 0.1 0.1 1
24 300 3000 10000 0.1 0.1 1
25 100 3000 10000 0.1 0.5 5
26 100 3000 10000 0.1 1 10
27 100 3000 10000 0.1 5 20
28 100 3000 10000 0.1 10 30
29 100 3000 10000 0.1 20 40
30 100 3000 10000 0.1 40 50
31 100 200 10000 0.1 50 50
Repeated cooling phase
32 600 200 10000 1 5 50
33 600 100 10000 1 5 50
34 600 50 10000 1 5 50
35 100 0 10000 1 5 50

carry out our comparisons with cis-peptide
conformers eliminated completely. To this end
their remaining population was further reduced by
repeating NOE regrouping and cooling phases
(Table 1: lines 23-35) with an additional dihedral

restraint that raised the energy of the cis peptide
bonds by about 30 kcal/mol. As a result, the
population of cis-peptide conformers reduced
from 1.8 to 0.1% and the fraction of protein
structures with at least one cis-peptide bond
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reduced from 71.1 to 6.9%, and this last group of
conformations was excluded from further analysis.

For each protein, about 100 conformations
were calculated. The exact numbers of conforma-
tions are given in Table 2.

Structure analysis

Comparison of different calculation protocols was
performed by using parameter values averaged
over the corresponding ensembles of conforma-
tions. Two parameters describe the convergence of
calculations and the fitting of the NMR restraints,
namely, the RMSD between selected protein re-
gions (Table 2), and the number of consistent
violations. The second set of parameters describes
the quality of the structures obtained, namely, the
percentage of residues in the core region of the
PROCHECK Ramachandran diagram, three
WHATIF Z scores, the Ramachandran score, the
2nd-generation packing score and the backbone
conformation score, and the number of bumps
detected by WHATIF. The analysis was per-
formed using PROCHECK v.3.5.4 (Laskowski
et al., 1993) and WHATIF (Hooft et al., 1996).
The violations of the distances restraints were
calculated in two different ways according to the
type of restraints used in calculations (ambiguous
or floating). For floating restraints, the violations
were calculated by taking the distances of all
possible pairs and checking if they were larger than
U+0.5 A, where U is the upper bound value of
the restraint. If all distances were larger than
U+0.5 1&, then the restraint was violated. For

Table 2. Set of the proteins used for the comparison

ambiguous restraints, the distance D (Equation 1)
was calculated from the set of distances d; between
the two groups of considered atoms. The restraint
was violated if D was larger than U+ 0.5 A. If not
otherwise stated, the violations in RECOORD
structures were determined for ambiguous
restraints. The consistent violations, i.e., the
restraints violated in more than 50% of the ana-
lyzed conformations (Nederveen et al., 2005) were
included in the analysis, as well as the RMS of
violations, calculated on all violations larger than U.

The RMSD between the conformations was
calculated by determining the mean coordinates of
all conformations, and by calculating the RMSD
of each conformation with respect to the mean
conformation. The mean RMSD value gives the
RMSD between the conformations (RMSD,qur).
The average CNW structure were compared to
other RECOORD and ICMD average structures
by calculating the RMSD values (RMSDy;y) be-
tween them. Only the regions of conformations
corresponding to well-defined structures were
superimposed: these regions are given in Table 2.
The RMSD values analyzed here were calculated
on the backbone atoms.

Results and discussion
The set of proteins used
The set of eight proteins used to analyze the

results obtained with ICMD and to compare
the ICMD conformations with those stored in

Name Size o p NOEc PDB (id) Reference Blup Adr2 RMSD NOEn
@ CHb) (O @ © O @ (h)
L25 94 9.0 435 0.54 1b75 Stoldt et al. (1998) 106 99 8-76 16.4
L30 104 37.6 19.5 0.31 Ick2 Mao and Willamson (1999) 101 111 10-101 14.2
L1l 76 45.9 5.9 0.49 1fow Markus et al. (1997) 110 100 8-76 12.0
L20 60 57.1 0.0 0.42 lgyz Raibaud et al. (2002) 112 109 1-60 13.1
L23 96 20.6 27.1 0.50 In88 Ohman et al. (2003) 104 100 7-60, 75-96 17.7
S28¢ 82 0.5 33.8 0.64 Iny4 Aramini et al. (2003) 114 109 7-56 21.1
S19 92 11.3 9.4 0.36 1gkh Helgstrand et al. (1999) 107 137 3-67 15.1
S27e 66 0.2 30.0 0.37 1gxf Herve du Penhoat et al. (2004) 134 139 4-53 11.5

(a) The size of the protein is expressed as the number of residues. (b) The percentage of o secondary structures. (c) The percentage of 8
secondary structures. The percentages of o and f secondary structures were calculated by DSSP (Kabsch and Sander, 1983 ). (d) The
NOE completeness taken from the database RECOORD (Nederveen et al., 2005). (¢) Number of conformations calculated using the
floating restraints. (f) Number of conformations calculated using the ambiguous restraints. (g) Residue numbers used in the confor-
mation superposition for the RMSD calculation. (h) Number of NOE restraints by residue.



the RECOORD database are ribosomal proteins
with sizes in the range of 60-104 residues (Ta-
ble 2). They are thus medium-size proteins with
respect to the sizes which are now attainable in
NMR structural studies (Miclet et al., 2003). Most
of the proteins are a—f proteins (L25, L30, L11,
L23 and S19), and there are one o protein (L20)
and two f proteins (S28¢ and S27¢). The NOE
completeness are in the 0.31-0.64 range, but half
of the proteins (L30, S19, S27e and L20) display a
NOE completeness smaller than 0.45, and are thus
in the region of low completeness (Doreleijers
et al., 1999). The number of NOE restraints by
residue is in the 11.5-21.1 range (Table 2).

Proteins L11, L23, S28e and S19 contain long
(about or more than 10 residues) loops and/or N
or C terminal tails. These regions may display
larger internal flexibility. The structures of the
majority of these proteins, except L25 and L30,
were determined only by NMR. X-ray (Lu and
Steitz, 2000) and NMR (Stoldt et al., 1999)
structures of the L25-RNA complex were deter-
mined. The structure of the protein L30 isolated
(Chen et al., 2003) was determined by X-ray
crystallography, and the structure of the L30-—
RNA complex was determined from a joint X-ray
and NMR refinement (Chao and Williamson,
2004).

Backbone dihedral angle restraints are avail-
able only for the proteins L30, L11, L23 and S28e.
Side chain y; angle restraints were also measured
on L30. The dihedral angles given for L23 were
automatically determined using TALOS (Cornile-
scu et al., 1999).

Analysis of the ICMD structures

The results presented in this and the following
subsections are obtained with the floating form of
restraints. The corresponding data for the alter-
native form (ambiguous) are similar and they will
be discussed in subsection ‘Ambiguous and float-
ing form of restraints.” The following analysis
involves the complete set of ICMD conformations
as well as the 25 lowest energy conformations,
obtained after the second NOE regrouping and
cooling phases (Table 1: lines 23-35). The total
energy is the sum of the ICMD potential energy,
and of the restraint energies.

For all proteins analyzed, the RMSD,,r values
calculated on the set of the 25 best conformations
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are smaller than the corresponding values calcu-
lated on the total set of conformations (Figure 1a).
The RMSD change during the selection of the 25
best conformations (Figure la) is smaller than
0.5 A, for all proteins except for S19 (3 A). This
difference for the S19 structure may come from the
presence of the long C terminal tail (residues 63—
80) which exhibits a non-canonical secondary
structure, formed by consecutive loops. Indeed,
two structure clusters, exhibiting different energies,
were observed in the total set of conformations.
All proteins, except L11 and S19, have RMSD
values over the complete set of conformations
smaller than 1.7 A, indicating that the protocol
used by ICMD converged to a well-defined 3D
structure. The protein L11 displays a large con-
formational variability in the loop 19-33: this
variability increases the corresponding RMSD.
The number of consistent violations (Fig-
ure 1b) varies significantly between different pro-
teins. L25 and L20 show the largest number of
violations whereas for L30, L11, S28¢ and S27e the
number of violations is low. The presence and the
quality of dihedral angle restraints influence
strongly the number of consistent violations. In
fact, no dihedral angle restraints were available for
all proteins (L25, L20 and S19) exhibiting the
largest number of violations. Moreover, the dihe-
dral angle restraints for L23 were automatically

- (@)
Nl 7
L25 L30 L11 L20 L23 S28e S19 S27e
o _ 7 (b)
“17 %
<1/ . 7
o] A __1m_A_
L25 L30 L11 L20 L23 S28e S19 S27e
o _ , (c)
“1em R "R 7R A m A"
1A AR A A AAY
- AR A A R A AN

L25 L30 L1 L20 L23 S28e S19 S27e

Figure 1. Comparison of the RMSD (A) (a), of the number of
consistent violations (b) and of the percentage of residues in the
core Ramachandran regions (c), for calculations run with
ICMD on the set of proteins from Table 2. The results shown
are those obtained using all floating restraints conformations
(shaded dark blue) and the best 25 floating restraints confor-
mations (dark blue). The compared values are mean values
calculated on the set of the analyzed conformations.
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derived from the TALOS protocol, and may con-
tain incorrect predictions (Cornilescu et al., 1999).
Thus, it seems that the application of reliable re-
straints on dihedral angles reduces the number of
violations. This tendency is probably intensified by
the use of larger energy constants for dihedral
angles than for distances (Table 1).

The number of consistent violations does not
change much over all generated conformations or
over the best 25 conformations. This is in agree-
ment with the small improvement of convergence
obtained by the selection.

The majority of violated restraints involve
methyl or methylene protons. In general, one-half
of them concerns long-range NOEs. The majority
of violations in S19 concerns the C-terminal f
strand (residues 56-62) and the C-terminal tail
(residues 63—-80) of the protein. The majority of
other proteins (L25, L30, L23) exhibits violations
involving residues located in f§ strands. Protein
L11 shows violations for long-range NOEs
between a-helices.

The percentage of residues in the core Rama-
chandran regions, determined by PROCHECK, is
displayed in Figure lc. All percentage values for
the best 25 conformations are larger than 69%.
The variation of percentage between all
conformations and the 25 best ones is smaller than
2%, except for S19, and is parallel to the variation
of RMSD. Proteins S28e, S19 and S27e display a
percentage smaller than 75%. The residues located
by PROCHECK in the non-allowed Ramachan-
dran regions were analyzed in detail for the best 25
conformations. These residues are mainly located
in loops, or in the C-terminal tails of S19 and S28e.

The conformations obtained with ICMD were
also analyzed by calculating WHATIF quality Z
scores (Figure 2). For the majority of proteins
analyzed here, the Z scores are larger than —4
and the conformations generated by ICMD are
thus of good quality. Also, the Z scores increase
when the 25 best conformations are selected. Z
scores smaller than —4 are observed for L25
(Ramachandran and backbone conformation
scores), for L20 (Ramachandran score), for S28e
(backbone conformation score) and for S19
(Ramachandran, 2nd-generation packing and
backbone conformation scores). For S19, L20
and S28e, the results of WHATIF are in agree-
ment with the results previously described for
PROCHECK.

-4
L

L20

L23 S28e S19 S27e

] ’ (b)
17 7R 78R 73 78 7R "R 7
4

L23 S28e S19 S27e

§ll%l'|%-

L20 L23 S28e S19 S27e

-5 -2

Figure 2. Comparison of the WHATIF Ramachandran Z
score (a), of the 2nd-generation packing Z score (b), and of
the backbone conformation Z score (c) for calculations run on
the set of proteins from Table 2. The results shown are those
obtained using all floating restraints conformations (shaded
dark blue), and the best 25 floating restraints conformations
(dark blue). The compared values are mean values calculated on
the set of the analyzed conformations.

The WHATIF results were analyzed in detail
for the 25 best conformations, to detect which
residues are responsible for lowering the backbone
conformation Z score. Similarly to PROCHECK,
these residues are mainly located in loops and in
the N- or C-terminal tails. Almost the same set of
residues was detected whatever the restraint type
(floating or ambiguous) was used.

The selection of the 25 best conformations,
based on their total energy, improves the conver-
gence of the calculation, as the RMSD between
conformations decreases, and also improves the
structural quality, as well as the restraint fit. The
convergence and the quality of the obtained con-
formations are generally good before the selection,
except for S19. A larger number of violated NOE
restraints are observed for proteins exhibiting no
dihedral angle restraints, or automatically pre-
dicted dihedral angle restraints.

Ambiguous and floating form of restraints

Comparison of these two different treatments of
the restraints presents a non-negligible methodo-
logical interest. It should be clear that they were
used separately, in different refinement series.
With the floating restraints, one always assigns a
restraint to a definite pair of protons. This proce-



dure is simple and transparent and it can be
employed only in the framework of the variable
target function protocol where re-attribution of
restraints is made frequently anyway. With
ambiguous restraints, many atoms contribute to
the restraint simultaneously, which in some cases is
equivalent to the first approach, and in some cases
not. The latter method is standard in the ARIA-
CNS refinement algorithm used for producing the
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reference structures borrowed from the RECORD
database, and we should check if any large dif-
ference in the final structures can arise just from
the different type of NOE restraints.

The data assembled in Table 3 demonstrate
that the results obtained with ICMD using the two
types of restraints are not significantly different.
This concerns the quality scores, the radii of
gyration, the RMSD.,, ¢ values, as well as the

Table 3. Comparison of the RECOORD conformations from the CNS and CNW sets with the 25 best ICMD conformations

calculated using floating (blup) and ambiguous restraints (adr)

Name set bph PROCHECK RMS of
(a) % core (b)

WHATIF
violations (¢)  bump (d)

% Sidechains  RMSDco¢ (f)  RMSDyigr (8)  Rgyr (h)
(e)

L25 cns 8 4838 0.03 (0.07) 207
L25 w7 66.1 0.03 (0.07) 6.6
L25 blup 0 713 0.13 (0.12) 16.2
L25  adr 1 758 0.09 15.4
L30 cns 4 781 0.01 (0.02) 48
L30 caw 0 804 0.01 (0.02) 2.5
L30  blup 1 803 0.05 (0.07) 9.0
L30 adr 0 815 0.05 9.2
LIl ons 1 835 0.01 (0.03) 6.7
LIl  cnw 0 788 0.01 (0.03) 3.6
LIl blup 1 780 0.06 (0.06) 8.4
L1l adr 1  8LI 0.05 8.8
L20 cns 24 716 0.04 (0.08)  25.3
L20 cnw 1 773 0.04 (0.09) 7.6
L20  blup 1 787 0.19 (0.17) 10.9
L20 adr 0 788 0.12 7.8
L23  cns 20 73.6 0.06 (0.04) 232
L23 cnw 11 816 0.06 (0.03) 10.8
123  blup 1 818 0.09 (0.09) 10.3
L23  adr 0 815 0.05 8.2
S28¢  cns 6 700 0.01 (0.04) 7.1
$28¢ caw 5 727 0.01 (0.04) 5.0
S28¢  blup 1 69.5 0.06 (0.05) 9.6
S28¢  adr 3 69.4 0.05 9.4
SI9 cns 4 644 0.02 (0.06) 16.0
S19 w0 712 0.03 (0.07) 7.9
SI9  blup 4 724 0.13 (0.11) 12.5
S19 adr 0 717 0.12 11.8
S27¢ cns 15 708 0.05 (0.04) 47
S27¢ eaw 1 770 0.04 (0.04) 34
S27¢  blup 1 702 0.05 (0.04) 6.8
$27¢  adr 1 712 0.01 7.6

56.4 1.5 0.8 13.3£0.1
28.7 1.6 0.0 12.9+0.1
79.2 1.6 1.2 13.140.1
82.7 1.6 1.5 13.140.1
69.5 0.9 0.7 13.5+0.1
44.7 1.1 0.0 13.0£0.1
89.3 1.1 0.7 13.1£0.2
92.1 1.3 0.6 13.1£0.1
90.7 1.8 0.9 14.1+0.3
36.7 1.8 0.0 13.3+£0.4
85.8 2.1 1.1 13.2+0.5
85.6 2.4 1.1 13.2+0.6
44.1 0.9 0.5 10.7+0.1
41.1 0.8 0.0 10.6+0.1
68.9 0.9 0.6 10.7£0.1
75.2 0.9 0.5 10.8+£0.1
58.0 0.5 1.0 14.6+0.2
48.0 0.6 0.0 14.1£0.3
85.0 0.8 1.8 14.6£0.5
85.8 0.8 1.0 14.7+0.5
61.2 0.9 1.8 14.1£0.6
242 1.1 0.0 13.0£0.6
79.8 0.9 1.6 13.2+0.7
78.8 1.0 2.0 13.4+0.7
62.9 0.7 0.6 12.2+0.2
52.2 0.8 0.0 11.8£0.2
87.5 0.7 0.7 11.9+0.3
86.6 0.9 1.0 12.2+0.3
75.7 1.0 0.8 11.54+0.1
62.0 1.2 0.0 11.0£0.1
89.6 1.0 1.2 11.1£0.2
86.9 1.2 1.4 11.3+£0.2

The calculations were performed on the set of proteins described in Table 2. The analyzed parameters are: (a) the total number of
hydrogen pairs closer than 1.5 A, (b) the mean % of residues in the PROCHECK Ramachandran core, (c) the RMS of NOE violations
(A). Numbers in parentheses are calculated on the minimized conformations described in Figure 4. (d) The mean number of WHATIF
bumps, (e) the percentage of WHATIF bumps involving one or two sidechain atoms. (f) The RMSD value (RMSDcon: A) calculated
between the conformations. (g) The RMSD value (RMSDyig: A) of the average structures (cns, blup, adr) with respect to the cnw
average structure. (h) Mean values and standard deviations (A) of the protein radius of gyration.
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population of cis-peptide conformers at different
stages of the refinement (not shown). The number
of consistent violations is sometimes different, but
one should keep in mind that this number is
evaluated differently for ambiguous and floating
restraints (see Methods). Using a single universal
definition would be misleading because structures
obtained with ambiguous restraints exhibit an
exaggerated apparent number of floating viola-
tions and vice versa. We will show below that the
apparently different number of NOE violations in
structures produced with floating and ambiguous
restraints disappears when the corresponding
conformations are re-minimized in identical con-
ditions.

Comparison between ICMD and RECOORD

In order to compare the ICMD methodology with
the state-of-the-art methods in NMR structure
determination, we compared the 25 lowest energy
conformations obtained with ICMD with the
conformations of the same proteins, stored in the
database RECOORD (Nederveen et al., 2005).
RECOORD is an effort of protein structure
recalculation, based on the most recent protocols
and softwares available (CYANA (Herrmann
et al., 2002), CNS (Brunger et al., 1998b)) using
ARIA simulated annealing scripts. The compari-
son presented here was performed with the con-
formations obtained in the gas-phase using CNS
(the CNS set) and with the conformations ob-
tained after a further refinement step in water (the
CNW set) (Linge et al., 2003). Both comparisons
are important because the ICMD approach can be
considered as an intermediate between the CNS
and CNW protocols. A comparison with the
conformations calculated with CYANA (CYA
and CYW sets) gives results similar to those ob-
tained in the ICMD/CNS comparison.

Within each set of conformations (CNS, CNW,
and ICMD), the RMSD value RMSD,,,r between
the best 25 conformations are shown in Figure 3a
and in Table 3(f, g). The variation of the
RMSDcons values between the different sets is
small (0.1-0.6 A): there is no large difference of
convergence, whatever the method used. One can
notice that larger RMSD,,,r values are generally
obtained within the ICMD conformations than
within RECOORD conformations. The largest
differences of RMSD,,,s values are observed for
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Figure 3. Comparison of the RMSD,, ¢ value (A) (a), and of
the percentage of residues in the core Ramachandran regions
(b), for calculations run on the set of proteins from Table 2.
The results shown are those obtained using CNS (red), CNW
(shaded red) and ICMD with floating restraints (dark blue).
The compared values are mean values calculated on the set of
the analyzed conformations.

proteins L23 and L11. To compare the structures
obtained in each set of calculation, the RMSD
values RMSDy;r between the average CNW
structure and the three average structures of the
sets CNS and ICMD, are shown in Table 3. The
RMSDy;r values are smaller than the RMSD ¢
values, except for L23, S28e and S27¢. For the
majority of proteins, the difference between the
structures is within the conformational variability
of each structure, and the structures are thus very
similar. The large RMSDy;s observed for L23,
S28e and S27e arise from local conformational
variability in loops and in helix 15-23 of L23.

For the majority of cases studied here, the
largest RMSD,.,,r values are obtained in the
ICMD structures. The use of the ICMD protocol
thus produces a slightly better exploration of the
conformational space than the other methods. In
RECOORD, the refinement of the protein struc-
ture by a short molecular dynamics simulation in
water (CNW set) increases the RMSD values with
respect to the CNS set. The use of ICMD has thus
an effect similar to those produced by a molecular
dynamics simulation in water: this may come from
the general purpose force-field used for the ICMD
calculations.

The largest percentages of residues in the core
Ramachandran region are observed (Figure 3b
and Table 3(b)) for the ICMD structures of L25,
L30, L20, L23 and S19.

The quality of NMR structures depends upon
the relative weight attributed to violations of
experimental data with respect to the conforma-
tional energy. By changing this balance, the



number of violated restraints can always be
reduced at the expense of degraded chemical
geometry, and vice versa. In order to compare
equivalent objects, we decided to energy-minimize
the CNS, CNW and ICMD floating conforma-
tions in identical conditions. To this end, the
internal biopolymer geometry was set free and all
ICMD floating conformations were re-minimized.
Simultaneously, the corresponding structures
were imported from RECORD database to ICMD
and energy minimized in identical conditions.
The results of these calculations are compared in
Figure 4 .

Similar numbers of consistent violations are
obtained for the three sets of conformations
(Figure 4a), which proves that the differences in
these numbers previously observed did not arise
from large differences in protein structures. On the
other hand, the quality of minimized conforma-
tions was evaluated through the percentage of
residues in the core Ramachandran regions
(Figure 4b). The comparison of the percentage of
residues in the core Ramachandran diagram shows
that these percentages were not sensibly modified
with respect to Figure 3b. The conformation
quality is thus not significantly modified by the
minimization.

The RMS of NOE violations, averaged over all
the violations (Table 3(c)) are larger in ICMD
than in RECOORD structures, except for the

(a)
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Figure 4. Comparison of the number of consistent violations
(a) and of the percentage of residues in the core Ramachandran
regions (b) for calculations run on the set of proteins from
Table 2. The results shown are those obtained on minimized
ICMD conformations obtained with floating restraints (dark
blue), obtained on CNS conformations minimized with floating
restraints (red) and obtained on CNW conformations mini-
mized with floating restraints (shaded red). All minimizations
were performed with ICMD. The compared values are mean
values calculated on the set of the analyzed conformations.
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proteins L23 and S27¢. The largest RMS are
obtained for structures calculated with floating
restraints. Nevertheless, the RMS of NOE
violations were calculated on the re-minimized
RECORD and ICMD conformations (Table 3(c))
and they increase, usually by 50%, in all RECO-
ORD structures except L23. These numbers are
thus not very stable with small structure varia-
tions, and their variations are even larger than
0.04 A for L25 and L20. On the other hand, the
RMS of NOE violations decrease in RECOORD
structures re-minimized in ICMD. The differences
between the RMS of NOE violations in ICMD
and in RECOORD structures become smaller than
0.05 A after the ICMD minimization, in half of
the structures considered. The difference observed
in [ICMD and RECOORD structures for the RMS
of the NOE violations are not significant.

The WHATIF quality Z scores (Figure 5) dis-
play different trends when the ICMD and the
RECOORD structures are compared. The worst
Ramachandran (Figure 5a) and 2nd-generation
packing (Figure 5b) Z scores are observed for the
CNS structures. The best Ramachandran Z scores
(Figure 5a) are generally observed in the ICMD
structures, whereas the best 2nd-generation pack-
ing Z scores (Figure 5b) are generally obtained in
the CNW structures. Exceptions are observed for
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Figure 5. Comparison of the WHATIF Ramachandran Z
score (a), of the 2nd-generation packing Z score (b), and of
the backbone conformation Z score (c) for calculations run on
the set of proteins from Table 2. The results shown are those
obtained using CNS (red), CNW (shaded red), ICMD with
floating restraints (dark blue). The compared values are mean
values calculated on the set of the analyzed conformations.
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the proteins L30, L11 and L20, for which the
CNW structure exhibit the best Ramachandran Z
scores, and for protein S19, for which ICMD
structure displays the best 2nd-generation packing
Z score.

Concerning the backbone conformation Z
score (Figure 5¢), the worst values are mainly
exhibited by the RECOORD structures, except for
the proteins L30 and L11. For all calculations, the
residues showing most of the poor ¢, \ values are
mainly located in loops, C- and N-terminal tails.

The number of hydrogen pairs closer than
1.5 A, are smaller in ICMD than in RECOORD
structures (Table 3(a)). On the other hand, the
mean numbers of bumps detected by WHATIF
(Table 3(d)) are in the 2.5-25.3 range for the
RECOORD structures, and in the 7.6-16.2 range
for the ICMD structures. A closer inspection
reveals that the bumps in ICMD and in RECO-
ORD conformations are somewhat different on
average. In RECOORD structures, for all proteins
except L11 (CNW set) the percentage of bumps
where one or two sidechain atoms are involved is
in the 24.2-75.7 range (Table 3(e)). For the ICMD
structures, the fraction of such bumps is signifi-
cantly higher (68.9-92.1%). As the sidechain
atoms have a higher probability to be located in
more mobile regions, the bumps between such
atoms are less severe. The decrease of the per-
centage of main chain atoms involved in the
bumps is also in agreement with the improvement
of the Ramachandran Z scores in ICMD struc-
tures. Furthermore, visual inspection of the resi-
dues involved in the bumps, shows that their
sidechains are mainly directed towards the protein
exterior. The bumps observed in ICMD structures
should thus have a more limited impact on the
molecular dynamics trajectories starting from
these structures (Fan and Mark, 2003).

The mean radii of gyration of the ICMD
structures were calculated and compared to those
of the CNS and CNW sets (Table 3(h)). For pro-
teins S28e and S27e the polypeptide chain consid-
ered in the ICMD calculation is larger than the
ones in the PDB and RECOORD databases.
Therefore, some residues are unrestrained, and
their conformational variability increases signifi-
cantly the radius of gyration. To remove this bias,
the radii of gyration of S28¢ and S27e were calcu-
lated by selecting only the sub-sequence present in
the RECOORD structures. The mean radii of

gyration are smaller in ICMD structures than in
CNW one, for protein L11. The other proteins the
mean radii of gyration are larger in ICMD struc-
tures than in the CNW structures, but these
differences are smaller than or equal to the sum of
the corresponding standard deviations. One can
conclude, therefore, that the use of the all atom
force-field in the gas-phase calculations in ICMD
introduces no undesirable general bias towards
more compact or more extended protein structures.

The CPU time required to produce one con-
formation with ICMD was in the 1-3 h range on a
processor operating at 2.4 GHz for the proteins
analyzed here. On the other hand, the CPU time
needed for the production of one conformation
using the CNS (respectively CNW) protocol is
15 min (respectively 40 min). The ICMD protocol
is thus more time-consuming than the CNS and
CNW protocols, which is not surprising since the
number of integration steps is 20-fold larger. The
number of steps in the CNS protocol is 20,000,
whereas the number of steps for ICMD is
3100 + (10072,,5), Where rnpay is the number of TAS
levels contained in the set of restraints. Although
there are many possibilities for improving this
timing we did not work on that because, with the
CPU speed currently available, this factor becomes
essential only for large proteins not considered
here. The CPU time used for running the ICMD
protocol varies much within the set of proteins
studied, as the variable target function algorithm
(Braun and Go, 1985) may behave in a very dif-
ferent way for o and f secondary structures, and
depends on the protein size. The protocol is also
certainly sensitive to the consistency of the
restraints, as too many inconsistent restraints
produce repeated cycles of variable target phase
(Table 1: lines 3-9), and thus delay the confor-
mation calculation.

In summary, the comparison between the
RECOORD and the ICMD structures shows that
the ICMD methodology exhibits an efficiency
similar to those of the state-of-the-art methods, as
far as the convergence of the calculation and the
quality of the obtained structures are concerned.
The quality of the ¢, | distributions is slightly
better in the ICMD than in the RECOORD
structures. The bumps detected by WHATIF in
the ICMD structures concern mainly sidechain
atoms, in contrast to the observations made in the
RECOORD structures. The radii of gyration



display similar values in ICMD and in RECO-
ORD structures. The RMSD,,,r values are slightly
larger, which is the sign of a better exploration of
the conformational space. Thus, the ICMD ap-
proach permits a slight improvement of the quality
of the obtained structures as well as of the explo-
ration of the conformational space, justifying the
more important computational effort.

Conclusion

With the ICMD methodology, structures of a
quality similar to that observed in RECOORD,
are obtained, and ICMD is thus competing well
with the current NMR refinement methods. The
calculations performed here also indicate that it
may be important to use a general purpose force-
field, including the Coulombic and Lennard-Jones
non-bonded interactions, from the beginning of
the refinement. Indeed, ICMD, which uses such a
force-field, produces conformations, with gener-
ally better Ramachandran Z scores than the
RECOORD structures. The use of a relatively
short (6 A) cutoff value for the non-bonded
interactions reduces the influence of long-range
interactions during the high-temperature phase of
the refinement, and probably improves the calcu-
lation stability. The use of a slower cooling pro-
tocol in ICMD can be another reason for
obtaining better Ramachandran Z scores in the
structures. This tendency is in agreement with the
observation recently made (Fossi et al., 2005) that
a slow cooling in structure determination is more
productive.

The ICMD conformations produced with the
floating restraints often exhibit a larger number of
consistently violated restraints, but this apparent
difference results from the definition of restraints
and is canceled by minimization of the confor-
mations in identical conditions.

The residues lowering the structure quality are
mainly located in the less-defined parts of the
molecules, in long loops and tails. However, the
methods to check structure quality rely on
the knowledge of the X-ray crystallographic
structures, and the flexible parts (loops and tails)
are usually invisible in the electronic densities
(Kwasigroch et al., 1997). Thus, the poor quality Z
scores due to residues located in such protein
regions may arise from the protein structure itself
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as well as from the lack of database knowledge
from X-ray structures.

A larger computational time is required to
perform a refinement using the ICMD protocol.
Nevertheless, as the ICMD methodology permits
to run molecular dynamics in torsion space, with
only one evaluation of the energy per step, it has a
relatively fast integration scheme, and is particu-
larly well-adapted to the protocol proposed here.

The protocol presented here was developed in
order to demonstrate the possibility of a structure
calculation completely performed with all terms of
a general purpose force-field, including the
Coulombic and Lennard-Jones interactions. The
authors believe that such an approach can modify
the further analysis of structures, as well as their
use in molecular modeling studies. In a certain
sense, the ICMD approach can be considered as
intermediate between the CNS and CNW proto-
cols. Compared to the latter two methods, the
RMSD,,r values observed for the ICMD results
are between those of the CNS and CNW. At the
same time, the percentage of residues in the core
Ramachandran diagram as well as the WHATIF Z
scores for ICMD structures are most often slightly
superior to both CNS and CNW sets. The number
of WHATIF bumps and the RMS of violations
obtained with ICMD are worse than or interme-
diate between the CNS and CNW results.

The difference between ICMD and the
approaches classically used for NMR structure
determination reside mainly in the simulated
annealing protocol. Indeed, the algorithm used for
the integration in the torsion angle space is not
very different from others published in the litera-
ture (Schwieters and Clore, 2001). However, the
simultancous use of TAD and of a general purpose
force-field to describe the interactions between
atoms during an NMR structure determination,
was not, to our knowledge, proposed until now.
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