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Abstract

The present study deals with the relevance of using mobility-averaged dipolar couplings for the structure refine-
ment of flexible proteins. The 68-residue protein p8MTCP1 has been chosen as model for this study. Its solution
state consists mainly of three α-helices. The two N-terminal helices are strapped in a well-determined α-hairpin,
whereas, due to an intrinsic mobility, the position of the third helix is less well defined in the NMR structure. To
further characterize the degrees of freedom of this helix, we have measured the dipolar coupling constants in the
backbone of p8MTCP1 in a bicellar medium. We show here that including D

dip
HN dipolar couplings in the structure

calculation protocol improves the structure of the α-hairpin but not the positioning of the third helix. This is due
to the motional averaging of the dipolar couplings measured in the last helix. Performing two calculations with
different force constants for the dipolar restraints highlights the inconstancy of these mobility-averaged dipolar
couplings. Alternatively, prior to any structure calculations, comparing the values of the dipolar couplings measured
in helix III to values back-calculated from an ideal helix demonstrates that they are atypical for a helix. This can
be partly attributed to mobility effects since the inclusion of the 15N relaxation derived order parameter allows for
a better fit.

Introduction

Since their introduction in the field of high-resolution
NMR (Tolman et al., 1995; Tjandra and Bax, 1997),
dipolar couplings have been widely used for the de-
termination and/or refinement of the structure of bio-
molecules. Including dipolar coupling constants in the
structure calculations of medium-sized proteins im-
proves the local geometry of peptide bonds (Bax et al.,
1997; Arnesano et al., 2000). In case of larger pro-
teins, when protein deuteration implies a minimal set
of NOEs, the use of dipolar couplings leads to the
drastic improvement of both accuracy and precision of
the NMR derived structure (Clore et al., 1999; Huang
et al., 2000; Mueller et al., 2000).

Another important feature of residual dipolar cou-
pling restraints is the ability to establish the relative
orientation of distant molecular fragments in modular
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proteins (Bewley and Clore, 2000; Skrynnikov et al.,
2000). In these studies, it is generally assumed that
dipolar couplings are measured between dipoles ex-
isting in a fixed, rigid geometry. Nevertheless, the
relative orientation of secondary elements or larger
domains in a protein is seldom fixed, due to the intrin-
sic backbone dynamics. It has been long recognized
that dipolar couplings also reflect internal dynamics
of protein (Tolman et al., 1995, 1997; Tsui et al.,
2000). Correlation plots of dipolar couplings against
R2/R1 values have been used to identify residues sub-
ject to conformational exchange in large anisotropic
proteins (de Alba et al., 1999). Inter-domain motions
have also been postulated to explain discrepancies be-
tween dipolar couplings measured in the individual
domains of two modular proteins (Fischer et al., 1999;
Skrynnikov et al., 2000).

It thus appears important to evaluate the contribu-
tion of this intrinsic mobility to the experimental val-
ues of dipolar couplings, as well as its consequential
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effect on the 3D models deduced from these measure-
ments. To this aim, we used the dipolar couplings mea-
sured on p8MTCP1 to further investigate the structure
and dynamics of this protein. P8MTCP1 (Madani et al.,
1995) is a small (68 residues) mitochondrial protein
encoded by one of the two splicing forms of MTCP1,
the first gene univocally identified in the group of
uncommon leukemia with a mature phenotype (Stern
et al., 1993). Previous reports on the structure of hu-
man p8MTCP1 revealed an original scaffold consisting
of three α-alpha helices, associated with a new cystein
motif (Barthe et al., 1997, 1999) (Figure 1a). Two
anti-parallel amphipatic helices spanning residues 8–
20 (helix I) and residues 29–40 (helix II) are strapped
in an α-hairpin motif by the two disulfide bridges 7–
38 and 17–28. The third helix (helix III) spanning
residues 48-63, is connected to this double-helix mo-
tif by a relatively well-defined loop (residues 41–46)
and the third disulfide bridge 39–50. Probably due to
an intrinsic flexibility, the relative orientation of he-
lix III with respect to the α-hairpin is however poorly
defined. Indeed, the presence of complex motions in
helix III was clearly demonstrated by the analysis of
15N relaxation data (Barthe et al., 1999; Canet et al.,
2001). On the other hand, NMR measurements clearly
established that the average structure of this segment
is predominantly helicoïdal since typical (i, i+3) and
3JHN couplings < 5.5 Hz (Barthe et al., 1997, 1999)
were observed. We present here the refinement of the
structure of p8MTCP1 using restraints deduced from the
measurement of NH dipolar couplings. More impor-
tantly, we point out some deleterious effects due to the
introduction of mobility-averaged dipolar couplings
in the structure calculation. For all these last points,
we think that our conclusions go beyond the frame
of the structure refinement of p8MTCP1 and should be
relevant for any multi-domain proteins.

Materials and methods

Dipolar coupling measurements

The protein expression and purification has been de-
scribed elsewhere (Barthe et al., 1999). The final
concentration of 15N labeled p8MTCP1 in the NMR
tube was 0.4 mM (pH 6.4). Experiments were run
at 30 ◦C on an AMX 600 MHz Bruker spectrometer
equipped with a z-gradient 1H-13C-15N triple reso-
nance probe. The DHN couplings were measured on a
bicelle-free tube and on a tube containing 7% (w/w)

Figure 1. (a) ribbon representation of the backbone of the solution
structure of p8MTCP1. The value of the global order parameter S2 is
encoded in the width of the ribbon line. The N- and C-terminal ends
of the protein are indicated in bold letters. (b) Experimental dipolar
coupling constants as a function of residue number for p8MTCP1.
The position of the three helices is indicated as horizontal bold lines.

DLPC/CHAPSO (5:1) (Wang et al., 1998) as fre-
quency differences in the t1 dimension between the
N+ and N- correlation peaks for each residue in the
spectra recorded using the TROSY and anti-TROSY
HSQC type experiments (Weigelt et al., 1998; Cordier
et al., 1999). NMR experiments (256 complex t1 ×
1024 complex t2 points) were processed using the Gifa
software (Pons et al., 1996) to a final resolution of
1 Hz/pt. To increase the precision of the measure, the
peak shape was then fitted using the Peak_fit routine
in Gifa. The D

dip
HN dipolar couplings were obtained as

differences between D
dip
HN splittings measured on the

bicelle-free and bicelle containing solutions.
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Structure calculations

Structures were calculated using the CNS software
version 1.0 (Brünger et al., 1998) using the im-
plemented protocol of simulated annealing. A high-
temperature (50 000 K) simulated annealing protocol
in torsion space starting from randomized coordinate
positions was used for the first stages of structure
calculations in which the NOE and dihedral angle
restraints were included with constant forces of 150
kCal Å−2 and 100 kCal rad−2 respectively. This was
followed by a torsion slow-cool annealing stage cool-
ing down the system to 0 K in step of 250 K. At
each temperature step, 75 fs of molecular dynamics
were recorded with a time-step of 15 fs. In addition,
a Cartesian slow-cool annealing stage cooling down
the system from 2000 K to 0 K in step of 25 K
was performed. At each temperature step, 185 fs of
molecular dynamics were recorded with a time-step
of 5 fs. Structures were then subjected to 10 cycles
of Powell minimization with the force constants set
to 75 kCal Å−2 and 400 kCal rad−2 for distance and
dihedral restraints, respectively. For the calculations
with dipolar coupling constraints, the dipolar cou-
pling force constant was progressively raised to its
final value Kdip during these two slow-cool annealing
stages. The inclusion of dipolar restraints in structure
calculations requires values of the parameters Aa and
R, the axial and rhombic components of the align-
ment tensor. Rough estimates of these values were
obtained from the fit of Equation 1 (vide infra) using
the available NMR structures of p8MTCP1. Preliminary
calculations were then run to optimize the values of
these parameters (Clore et al., 1998; Schwalbe et al.,
2001). The values giving the lowest energies were
selected for the final calculations (Aa = −12, R =
0.45).

In addition to the dipolar restraints free calculation,
3 calculations were performed using different sets of
dipolar couplings. The first set includes 28 dipolar re-
straints, corresponding to NH groups located in helix
I, helix II, and the N-terminal part of helix III (residues
49–52). This set corresponds to the residues that have
been identified as rigid on the basis of NMR relax-
ation measurements (Barthe et al., 1999; Canet et al.,
2001), and will be referred as ‘minimal set’ in the fol-
lowing. The second set contains 40 dipolar restraints
corresponding to helix I, helix II, and helix III, and
will be referred as ‘rigid set’ in the following. Finally,
additional calculations were performed with a third
set of dipolar splittings, identical to the ‘rigid set’ but

with dipolar values inversely weighted by the NMR-
derived order parameter S. This set will be referred
as ‘mobile set’ in the following. The energy function
for the dipolar restraints was a harmonic potential.
For each dipolar set, we have used two different fi-
nal force constants Kdip of 0.5 kcal mol−1 Hz−2 and
1.5 kcal mol−1 Hz−2, since the results appeared to
be dependent on this constant force. Both values be-
long to the interval defined in the literature (Clore and
Garett, 1999) as producing acceptable structures. Typ-
ically, a set of 50 structures was generated for each
calculation, and the 20 best ones in term of violation of
experimental restraints were selected. In addition, the
average structure over these 20 structures was calcu-
lated and minimized. Inspection and manipulation of
the structures were made on a Silicon Graphic station
with Insight (MSI, San Diego).

Model calculations

Independently from the structure calculations, dipolar
couplings were fitted to alignment tensors by minimiz-
ing the function:

χ2 = 1

N − n

∑
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Ddip

HN

)
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(
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)
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}2
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)
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, (1)

N is the number of experimental constraints, n is the
number of parameters to be optimized (here 5), σj is
the measurement error,
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j
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)
free

,

D = −(1/2π)(µ0/4π)(h/2π)γNγHr3
HN is the dipolar

interaction constant, S is the order parameter that re-
flects isotropic averaging (Tolman et al., 1997; Tsui
et al., 2000), Aa is the axial component of the molecu-
lar alignment tensor, R is its rhombicity parameter and
θ and φ are polar angles that specify the orientation of
the HN vector with respect to the molecular alignment
frame (Tjandra and Bax, 1997). The orientation of the
alignment frame is defined relative to a fixed molecu-
lar frame, such as the NMR coordinate frame, and is
expressed by the Euler angles (α, β, γ). Minimization
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of the error function was performed using a simulated
annealing algorithm as previously described (Déméné
et al., 2000). R.m.s. deviations between simulated and
experimental dipolar restraints were calculated with
this program for the structures issued from CNS cal-
culations, with the Aa and D parameters fixed to the
previously determined values.

Results

Dipolar couplings measurement

Dipolar couplings were measured as described in the
Material and Methods section. The experimental pro-
file of the residual dipolar coupling constants versus
the protein sequence is depicted on Figure 1b. The
periodic profile of D

dip
HN couplings from residues 8 to

20 and 29 to 40 corresponds perfectly to what is ex-
pected for the two N-terminal helices of p8MTCP1, the
high similarity between the patterns obtained for the
two helices being a result of their almost parallel dis-
position in the NMR derived structure (Barthe et al.,
1999). By contrast, the dipolar couplings measured for
residues 49–63 exhibit an atypical pattern for a heli-
cal structure, with negative values slowly increasing
to zero from the N- to the C-terminal end of the helix.

Structure calculations without dipolar restraints for
the mobile part of helix III: Effect of inclusion of
dipolar restraints into structure calculations

The structure of p8MTCP1 was calculated without and
with dipolar restraints for helix I and II and the N-
terminal part of helix III (‘minimal set’ – see Materials
and methods). The structural statistics for both ensem-
bles of structures are listed in Table 1. As previously
reported (Clore et al., 1999; Huang et al., 2000;
Schwalbe et al., 2001), inclusion of dipolar restraints
increases the precision of the calculated structures:
the mean backbone r.m.s.d. decreases from 0.48 to
0.42 and 0.36 when using a dipolar constant force
of 0.5 and 1.5 kcal mol−1 Hz−2, respectively. The
PROCHECK analysis (Laskowski et al., 1993) shows
that the percentage of residues lying in the most fa-
vored regions of the Ramachadran plot is slightly
increased. This effect is more pronounced when using
the lowest dipolar constant force value. On the other
hand, inclusion of dipolar restraints causes a small
increase in deviations from ideal covalent geometry.
This effect has been already reported (Schwalbe et al.,

2001) and is positively correlated with the value of
Kdip. Finally, different behaviors are observed for the
others experimental restraints (NOE-derived distances
and 3J-derived φ values): the energy term correspond-
ing to distance restraints violations remains identical if
not better, whereas the one corresponding to dihedral
angles deviations is increased (but in an acceptable
manner). All these conclusions are in agreement with
calculations reported so far (Tjandra et al., 1997; Clore
et al., 1999; Clore and Garett, 1999; Schwalbe et al.,
2001).

From a strict structural point of view, inclusion of
dipolar restraints in the calculations leads to a slight re-
orientation of helix II with respect to helix I. The mean
angle between the axes of the two helices is 6.5 ± 4.04,
9.8 ± 2.5 and 14.5 ± 2.5 in the dipolar-free, in the low
Kdip and in the high Kdip-based calculations, respec-
tively. By calculating the Euler transformation which
transposes helix I into helix II, we find in addition a
small in-plane rotation of helix II around its principal
axis. The relevant angle is −145 ± 2.25, −149 ± 2.1
and −152 ± 3.1, for the same three calculations, re-
spectively. The average minimized structures issued
from calculations with and without dipolar restraints
(‘minimal set’, high Kdip) are superimposed on Fig-
ure 2.

Structure calculations including dipolar restraints for
helix III: Effect of the motional averaging of dipolar
couplings

The experimental profile of the dipolar couplings in
helix III shows a pattern where the (negative) dipolar
coupling constants increase slowly to zero without a
net apparent periodicity. 15N relaxation measurements
have previously shown that HN bonds within helix
III experience a complex motion (Barthe et al., 1999;
Canet et al., 2001), with generalized order parameters
S decreasing to zero from residue 54 to the C-terminal
end. The relaxation-derived S2 values are given as
supplementary material.

Structure calculations were thus repeated, includ-
ing the dipolar restraints for the mobile part of helix
III. Two sets of calculations were performed, with S
assumed to be equal to 1 (‘rigid set’) in Equation 1 or
with the dipolar restraints inversely weighted by the
S order parameter derived from previous 15N NMR
relaxation measurements (‘mobile set’), this last cal-
culations being likely to correspond more closely to
the real situation. Again, the two different previously
defined values of Kdip were used for the calculations.
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Table 1. Structural statistics calculated for the 20 low-energy structures obtained without and with the ‘minimal set’ of dipolar couplingsa

Without dipolar coupling With dipolar couplingsb With dipolar couplingsc

(high Kdip) (low Kdip)

RMS deviations from ideal covalent geometry

Bonds (Å) 0.0056 ± 0.0004 0.0063 ± 0.0004 0.0058 ± 0.0003

Angles (deg) 0.652 ± 0.025 0.695 ± 0.037 0.658 ± 0.025

Improper (deg) 0.528 ± 0.029 0.563 ± 0.040 0.508 ± 0.039

RMS deviations from experimental restraintsd

Dihedral (deg) 0.126 ± 0.119 0.189 ± 0.156 0.156 ± 0.20

NOE (Å) 0.048 ± 0.003 0.045 ± 0.002 0.042 ± 0.003

Dipolar (Hz) 13.88 ± 4.60 0.07 ± 0.06 0.65 ± 0.20

Structural quality and coordinates precision

Backbone RMSD to mean (Å) residues

(8–63) 0.75 ± 0.27 0.80 ± 0.22 0.85 ± 0.21

Backbone RMSD to mean (Å) residues

(8–20, 29–40 = helix I + helix II) 0.48 ± 0.12 0.36 ± 0.09 0.42 ± 0.10

Backbone RMSD to mean (Å) residues

(49–63 = helix III) 0.57 ± 0.21 0.64 ± 0.19 0.59 ± 0.18

Percentage of residues in the most favoured

regions of the Ramachadran plote 83.5% 83.7% 85.0%

aThe ‘minimal’ set corresponds to the dipolar couplings measured for residues 8–20 (helix I), 29–40 (helix II) and 49–52 (N-terminal part
of helix III).
bCalculations were performed with a final value of 1.5 kcal mol−1 Hz−2 for the dipolar coupling force constant.
cCalculations were performed with a final value of 0.5 kcal mol−1 Hz−2 for the dipolar coupling force constant.
dNo structure presents NOE violations >0.5 Å or dihedral violations >5◦. Calculations with a high Kdip and low Kdip yield 0 and 0–2
dipolar violations >2 Hz, respectively.
eCalculated with the program PROCHECK (Laskowski et al., 1993).

Back-calculated dipolar couplings obtained from the
different calculations are plotted in Figure 3 versus
the protein sequence and Table 2 lists the structural
statistics obtained for all structure ensembles.

Surprisingly, although one would expect to obtain
more realistic structures, identical conclusions can be
drawn from structures obtained with either the ‘mobile
set’ or the ‘rigid’ set of dipolar couplings (Table 2).
In particular, in spite of significant differences be-
tween the weighted and non-weighted values of D

dip
HN

in helix III, all calculations performed using the high
Kdip value converge successfully to structures possess-
ing acceptable geometry and fulfilling all experimental
data (NOEs, J couplings and dipolar couplings). As
compared to structure calculations performed with the
‘minimal set’ of dipolar couplings, adding the dipolar
restraints (rigid or mobile set) measured in the mobile
part of helix III in the structure refinement affects the
statistics in different ways. In terms of deviations from
ideal geometry, the percentage of residues lying in the
most favored regions of the Ramachadran plot remains
identical. Similarly, the number and the magnitude of

NOEs violations are unchanged. On the other hand,
one observes an increase of the number of the dihe-
dral violations, especially when the high Kdip value
is used. Nevertheless, even in this case, deviations
remain in acceptable limits (no violations > 5◦). Con-
sidering dipolar couplings, significant violations are
observed in helix III between experimental and back-
calculated values, even though the use of the high Kdip
value yields acceptable deviations. Finally, in terms of
precision of the structures, backbone r.m.s.d. for the
segments (8–63) (helix I + helix II + helix III) and
(49–63) (helix III) remain similar (high Kdip value),
indicating that there is no improvement neither in the
positioning of helix III with respect to the hairpin mo-
tif nor in the local definition of the helix. Nevertheless,
calculations with the low Kdip value yield structures
presenting a somehow better definition, but as men-
tioned above, at the expense of severe violations of the
experimental dipolar couplings.

In order to better appreciate a potential improve-
ment of the local structure in the different helices, a
comparison has been made between each helical seg-
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Figure 2. Superimposition of the average structures (ribbon representation) of the α-hairpin in the p8MTCP1 solution structures issued from
CNS calculations without dipolar restraints (black) and with dipolar restraints (red) (‘minimal set’ = helix I + helix II + residues 49–53, high
Kdip). The two views are 90◦-rotated around an axis perpendicular to the α-hairpin main axis. The superimposition has been enforced on helix
I residues (8–20) in order to highlight the reorientation of helix II (residues 29–40) upon inclusion of dipolar couplings.

ment in the different models (no dipolar, ‘minimal’,
‘rigid’ and ‘mobile’ set) and ideal helices (Creighton,
1993). Table 3 summarizes the pairwise backbone
atoms r.m.s.d. values measured between ideal he-
lices and the corresponding helices in the structure of
p8MTCP1 obtained from the different calculations. As
a first result, including dipolar couplings in the CNS
calculations improves the geometry of helix I and II
toward what is expected for an ideal helix. By con-
trast, inclusion of dipolar couplings for helix III leads
to a pronounced distortion, especially when dipolar
coupling are not weighted with the NMR-derived or-
der parameter. From a structural point of view, this
is the sole evidence of a ‘positive’ discrimination be-
tween the ‘rigid’ set and the ‘mobile’ set in the CNS
calculations.

To summarize, it appears that including mobility-
averaged dipolar couplings in structure calculations
gives rise to local structures presenting acceptable sta-

tistics and geometry but does not improve – if not
damage – the quality of the global structure. Trying to
account for flexibility by including the order parame-
ter in the calculations with the dipolar couplings does
not yield any substantial improvements. Although the
rigid set and the mobile sets yield acceptable struc-
tures, the cost is a deviation of the structure of helix
III from ideality, particularly for the rigid set.

Fitting dipolar restraints against ideal secondary
elements

Figure 4 displays the experimental values of the
dipolar couplings as well as the simulated dipolar
couplings deduced from the coordinates of the NH
bonds of ideal helices individually fitted on each he-
lix of p8MTCP1. For this particular calculation, all
the components of the alignment tensor were opti-
mized (orientation and magnitude) (see Materials and
methods).
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Figure 3. Experimental (black lines) and back-calculated dipolar coupling constants as a function of the residue number in the sequence
considering the HN bonds as rigid in helix III (red lines), or taking into account the NMR derived experimental order parameters in Equation 1
(blue lines). Calculations have been performed using the coordinates of the CNS structures with a high Kdip value, 1.5 kCal mol−1 H−2

3 (a)

and a low Kdip value, 0.5 kCal mol−1 H−2
3 (b).

Figure 4. The experimental dipolar couplings of helix I (a), helix II (b) and helix III (c) are fitted to the alignment tensor calculated from the
coordinates of an ideal helix (see Materials and methods) considering the NH bonds as rigid (S=1). In (d), the fit is performed considering the
NH bonds of helix III are mobile (S=SNMR in Equation 1). For these particular calculations, optimization of the tensor alignment concern all
components (orientation and magnitude).
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Table 2. Structural statistics calculated for the 20 low-energy structures obtained with the ‘rigid’ and the ‘mobile’ sets of dipolar couplingsa

Rigid set + high Kb
dip Rigid set + low Kc

dip Mobile set + high Kb
dip Mobile set + low Kc

dip

RMS deviations from ideal covalent geometry

Bonds (Å) 0.0065 ± 0.0003 0.0061 ± 0.0003 0.0063 ± 0.0004 0.00059 ± 0.000

Angles (deg) 0.730 ± 0.026 0.680 ± 0.030 0.715 ± 0.030 0.663 ± 0.031

Impropers (deg) 0.617 ± 0.022 0.524 ± 0.033 0.594 ± 0.034 0.521 ± 0.034

RMS deviations from experimental restraintsd

Dihedral (deg) 0.282 ± 0.025 0.141 ± 0.115 0.245 ± 0.143 0.125 ± 0.016

NOE (Å) 0.047 ± 0.000 0.044 ± 0.002 0.046 ± 0.004 0.042 ± 0.003

Dipolar (Hz) 0.23 ± 0.14 0.95 ± 0.20 0.31 ± 0.28 0.63 ± 0.15

Structural quality and coordinates precision

Backbone RMSD to mean (Å) residues

(8–63) 0.77 ± 0.25 0.60 ± 0.30 0.83 ± 0.22 0.64 ± 0.13

Backbone RMSD to mean (Å) residues

(8–20, 29–40 = helix I + helix II) 0.40 ± 0.11 0.37 ± 0.14 0.38 ± 0.10 0.37 ± 0.11

Backbone RMSD to mean (Å) residues

(49–63 = helix III) 0.69 ± 0.26 0.41 ± 0.13 0.68 ± 0.11 0.62 ± 0.18

Percentage of residues in the most favored

regions of the Ramachadran plote 83.2% 83.6% 84.4% 82.3%

aThe mobile and rigid sets correspond to the dipolar couplings measured for residues 8–20 (helix I), 29–40 (helix II) and 49–63 (helix III).
bCalculations were performed with a final value of 1.5 kcal mol−1 Hz−2 for the dipolar coupling force constant.
cCalculations were performed with a final value of 0.5 kcal mol−1 Hz−2 for the dipolar coupling force constant.
dNo structure presents NOE violations > 0.5Å or dihedral violations >5◦. Calculations with a high Kdip and low Kdip yield 0–2 and 4–8
dipolar violations >2 Hz, respectively.
eCalculated with the program PROCHECK (Laskowski et al., 1993).

Table 3. Pairwise backbone r.m.s. deviations measured be-
tween an ideal helix and each helix of the minimized average
structures resulting from the different calculations

Helix I Helix II Helix III

No dipolar couplings 0.516 0.742 0.896

With dipolar couplings

‘minimal set’, high Ka
dip 0.375 0.515 0.947

With dipolar couplings

‘minimal set’, low Kb
dip 0.388 0.377 0.771

With dipolar couplings

‘rigid set’, high Ka
dip 0.404 0.504 1.680

With dipolar couplings

‘rigid set’, low Kb
dip 0.389 0.695 1.561

With dipolar couplings

‘mobile set’, high Ka
dip 0.388 0.501 1.153

With dipolar couplings

‘mobile set’, low Kb
dip 0.368 0.645 1.234

aCalculations were performed with a final value of
1.5 kcal mol−1Hz−2 for the dipolar coupling force constant.
bCalculations were performed with a final value of
0.5 kcal mol−1Hz−2 for the dipolar coupling force constant.

For helix I and II, the individual fits give good
normalized χ2 values of 1.34 and 1.77 respectively
(Figures 4a and 4b). Beside any structure calcula-
tions, the excellent agreement between experimental
and simulated dipolar couplings indicates that helices
I and II are very close to ideal helices. By contrast, a
bad χ2 value (12.40) is obtained for helix III. Such
a bad value may come either from the fact that the
mean structure of helix III is not ideal, as suggested
by our structures calculations including dipolar cou-
plings, or/and from the effect of the intrinsic flexibility
of this segment, as suggested by our previous studies
(Barthe et al., 1999; Canet et al., 2001). Weighting
the dipolar restraints by the NMR relaxation derived
order parameter leads to a drastic decrease of the χ2

value (3.43). This strongly suggests that an important
part of the discrepancies observed between the exper-
imental dipolar coupling values in helix III and the
back-calculated values based on an ideal helix comes
from the contribution of the flexibility sensed by the
15N heteronuclear relaxation parameters.



55

Discussion and conclusion

Previous studies have shown that the orientation of
helix III with respect to the α-hairpin in the refined
solution structure of p8MTCP1 cannot be defined pre-
cisely only with NOEs or scalar coupling derived
distance and angular restraints (Barthe et al., 1999).
Deep insights in the backbone dynamics of the protein
based on 15N relaxation studies have then suggested
that this ill-definition was due to an intrinsic flexi-
bility of helix III (Barthe et al., 1999; Canet et al.,
2001). The present study reports the refinement of the
structure of p8MTCP1 using dipolar couplings derived
restraints, the final aim being to draw more general
conclusions about the relevance of these couplings
when they are measured on flexible segments.

As compared to the previous ensemble of NMR
structures, there is a need for a slight mutual reorienta-
tion of helices I and II to account for dipolar couplings.
The required reorientation is small (+4 to +8 deg),
yielding a geometry close to what observed in canoni-
cal coiled-coils (20◦, Schultz and Schirmer, 1979). In
addition, a better agreement is obtained between ex-
perimental and back-calculated dipolar couplings for
helix II after a slight in-plane reorientation of this he-
lix. Hence, this study is another clear demonstration of
the usefulness of dipolar coupling restraints to monitor
the orientation of rigid elements inside small proteins
and peptides where NOEs are sparse by nature.

On the other hand, as a result of motional aver-
aging, the positioning of helix III with respect to the
α-hairpin cannot be specified further from the inclu-
sion in the calculations of the experimental dipolar
couplings measured in this mobile segment. More-
over, calculations with these dipolar couplings yield
structures where helix III is distorted, in contradiction
with preliminary NMR studies that suggest a more or
less canonical geometry for helix III (Barthe et al.,
1997, 1999). Interestingly, a geometry closer to what
expected for an ideal helix is obtained when weight-
ing with the order parameter issued from relaxation
studies. Nevertheless, no significant differences in any
energy terms could be found in the structural statis-
tics of the calculated structural ensembles allowing an
irrefutable discrimination between weighted or non-
weighted data. Recent theorical studies (Tsui et al.,
2000; Tolman et al., 2001; Meiler et al., 2001) sug-
gest that such a result is expected when the HN bonds
exhibit anisotropic motions or motions slower than the
tumbling rate of the molecule.

On the other hand, the significant improvement of
the fits when considering the NMR order parameter S
for the back-calculation of the dipolar couplings from
coordinates of ideal helices indicates that an impor-
tant part of mobility for helix III is sensed by the
measured heteronuclear relaxation parameters, with
the implication that the relevant motion is faster than
the overall correlation time. This is consistent with
previous results obtained from a multiple-fields re-
laxation analysis of p8 that have demonstrated that
slow motions, related to conformational exchange,
were essentially limited to the side-chain reorienta-
tion of aromatic residues (Tyr23, Phe50) located in
the loops joining the different helices (Canet et al.,
2001). Thus, weighting the measured dipolar data for
helix III by the 15N relaxation-derived order parameter
should give a correct estimation of the motional aver-
aging experienced by the C-terminal part of helix III
of p8MTCP1. The residual discrepancy between sim-
ulated and experimental dipolar couplings may then
come from the anisotropy of the motion sensed by the
dipolar couplings (Tsui et al., 2000) or from slight de-
viations of the geometry of helix III from ideality. The
exact explanation will require more measurements of
dipolar couplings, either between other atoms or in
other media, as suggested in recent studies (Tolman
et al., 2001; Meiler et al., 2001). Note that these
studies require the measurement of an extensive set of
dipolar couplings: Six values by peptidic plane for Tol-
man et al., nine different alignment media for Meiler
et al.

From our different attempts to introduce mobility-
averaged dipolar couplings in the structure calculation
of p8MTCP1, we draw the following conclusions:

– It is easy in the process of structure calcula-
tions to accommodate for ‘wrong’ dipolar couplings,
without high violations of other experimental parame-
ters or ideal geometry. Clore and Garett (Clore and
Garett, 1999) have established an interval of Kdip val-
ues (0.2–2.25 kcal mol−1 Hz−2) compatible with CNS
structure calculations. On the basis of our calculations,
we would recommend to exclude the higher values of
this interval. The discrepancies between the two stud-
ies stem obviously from the fact that Clore and Garett
have used dipolar couplings where the flexibility ef-
fects could be neglected, so that using higher values of
Kdip still leads to valid results.

– On the other hand, repeating structures calcula-
tions with two different Kdip values gives insight into
the consistency of the experimental dipolar couplings.
In our study, the sole hint that we use inadequate dipo-
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lar couplings is that using a higher Kdip value slightly
decreases the precision of the calculated structures, in
complete contradiction with what is usually observed.
This result was confirmed when using a higher value
for Kdip (2.25 kcal mol−1 Hz−2; data not shown).

We think that these conclusions might be relevant
for others flexible proteins.
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