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Abstract

A method for incorporating dipolar coupling restraints into structure calculations is described which follows closely
on methodology that has been recently presented for orienting peptide planes using dipolar couplings [Mueller
et al. (2000)J. Mol. Biol., 300, 197–212] and is specifically developed for use in cases of an axially symmetric
alignment tensor. Modeling studies on an allα-helical protein, farnesyl diphosphate synthase, establish the utility of
the approach. A global fold of the 370-residue maltose binding protein in complex withβ-cyclodextrin is obtained
from experimentally derived restraints. The average pairwise rmsd values between the N- and C-terminal domains
in this NMR structure and the corresponding regions in the X-ray structure of the protein are 2.8 and 3.1 Å,
respectively.

Introduction

Recent developments in both NMR methodology
(Wider and Wüthrich, 1999) and isotope labeling
strategies (Gardner and Kay, 1998) have significantly
impacted on the size of proteins that are amenable
to solution structural studies. One important advance
is in the use of residual dipolar couplings for struc-
ture determination (Tolman et al., 1995; Tjandra and
Bax, 1997). In cases where large numbers of NOE
restraints are available, direct refinement against dipo-
lar couplings results in structures which are signif-
icantly improved relative to those generated in the
absence of such information (Bewley et al., 1998; Cai
et al., 1998). Dipolar couplings also play an impor-
tant role in structural studies of large proteins, where
the number of NOEs that can be readily assigned, es-
pecially in cases where deuteration is necessary, is
limited. In this context we have recently used dipolar
couplings in concert with methyl–methyl, methyl–
amide, and amide–amide NOEs to generate a global
fold of the 370-residue maltodextrin binding protein,
MBP, in complex with the cyclic heptasaccharide,β-

cyclodextrin (Mueller et al., 2000). Initial attempts
to directly refine structures against measured dipolar
couplings proved unsuccessful and led to the develop-
ment of a new protocol which uses dipolar restraints
to orient peptide planes (Mueller et al., 2000). This
approach is predicated on obtaining well-defined pep-
tide orientations from measured dipolar couplings. In
cases where only a single axially symmetric molecular
alignment frame is available, peptide plane orienta-
tions cannot be determined from dipolar data alone
since the dipolar couplings are insensitive to rota-
tions of the plane about the unique axis of alignment.
The methodology developed previously (Mueller et
al., 2000) can therefore not be applied directly. In this
communication a related protocol is presented for pro-
teins with axially symmetric or near axially symmetric
alignment frames. The methodology is demonstrated
with synthetic data generated for the protein avian
farnesyl diphosphate synthase and with experimental
data recorded on a2H, 15N, 13C, Val, Leu, Ile (δ1
only) methyl protonated sample of MBP in complex
with β-cyclodextrin.
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Figure 1. Comparison of methods 1 (a,b,c,d) and 2 (a,b,e,f) for incorporating dipolar coupling based restraints in structure calculations of
proteins with limited numbers of NOE restraints. Details are given in the text.

Results and discussion

The approach described here can best be understood
by first reviewing the protocol presented previously
(Mueller et al., 2000) in which the orientation of
peptide planes is obtained from five dipolar coupling
values, derived from the pairs of nuclei connected by
the red arrows in Figure 1a (Yang et al., 1999). In
the discussion that follows we refer to two coordi-
nate frames: a molecular frame,Exm, Eym, Ezm, in which
the coordinates of the protein are defined, and a lo-
cal frame defined for each peptide plane,ExP , EyP , EzP .
Given a set of experimental dipolar couplings it is
possible to determine the orientation of the principal
axes of the alignment tensor for the entire molecule,
EXALM , EYALM , EZALM , as well as for individual peptide
planes, EXALP , EYALP , EZALP . This provides the basis for
our approach to structure refinement where individual
peptide planes are reoriented to minimize the differ-
ence between (EXALP , EYALP , EZALP ) and (EXALM , EYALM ,
EZALM ).

The orientation of the alignment axesEXALP , EYALP ,
EZALP in the local coordinate frame,Exp, Eyp, Ezp,
can be conveniently described by three Euler angles,
(αP ,βP ,γP ). These angles can be obtained by a grid
search which minimizes the difference between mea-

sured and predicted couplings,χ2 (Tjandra and Bax,
1997):

χ2 =
5∑
j=1

(δ
pred
j − δ

meas
j )2 (1a)

δ
pred
A−B = δ0

A−BAa{(3 cos2 θA−B − 1)

+3
2R sin2 θA−B cos 2φA−B}

(1b)

whereθA−B andφA−B are the polar angles describing
the orientation of the dipolar vector connecting nuclei
A and B in the peptide alignment frame,Aa andR are
axial and rhombic components of the alignment tensor
[estimated from the distribution of dipolar couplings
(Clore et al., 1998a)],δpredA−B , δ

meas

A−B are predicted
and measured values of the dipolar coupling between
nuclei A and B, respectively,δ0

A−B is the dipolar in-
teraction constant and the sum in Equation 1a is over
all five dipolar coupling values measured for a given
peptide plane (see Figure 1a). Eight possible sets of
Euler angles (αP ,βP ,γP ) can, in general, be obtained
for a set of planar dipolar vectors and there are thus
eight discrete orientations of each peptide plane that
are consistent with the dipolar coupling data (Mueller
et al., 2000). Figure 1c illustrates the eight orientations
for the peptide plane bridging residues Thr280 and
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Figure 2. Comparison of the 10 lowest energy structures of farnesyl diphosphate synthase obtained without (a) and with (b) dipolar coupling
based restraints using method 2. All restraints for this molecule were produced from the X-ray structure, 1fps (Tarshis et al., 1994), usingR= 0.
(c) Structures of the N- (red) and C-terminal (blue) domains of MBP generated from experimental restraints (method 2). The X-ray structure,
1dmb, (Sharff et al., 1993) of each domain is superimposed on the family of the 10 lowest energy structures and shown in black. Structure
calculations used the square well potential described by Equation 3 withkDIP set to 200 000. Specific details of the refinement protocol are
described in Mueller et al. (2000).

Val281 in MBP, derived exclusively from dipolar cou-
plings. One of the eight possible orientations is then
selected based on comparison with the correspond-
ing peptide plane from the average structure derived
on the basis of NOE, dihedral angle and hydrogen-
bonding data, after first rotating this structure into the
molecular alignment frame,EXALM , EYALM , EZALM . This is
accomplished by calculating the dot products of the
five normalized dipole vectors from the plane in Fig-
ure 1b with the corresponding vectors from each of
the planes in Figure 1c. The sums of the five dot prod-
ucts are indicated in panel 1d with the largest value
registered for plane 3 in Figure 1c, where the sum is
4.5 out of a maximum of 5.0. The orientations of each
of the dipolar vectors in this peptide plane are there-
fore used to generate restraints for further refinement
of the set of structures in Figure 1b. Note that this
method completely defines the orientations of peptide
planes within an alignment frame and hence requires
well-defined values for (αP ,βP ,γP ).

In cases where the alignment asymmetryR is very
small the value ofγP is ill-defined. Any rotation of the
peptide plane about the Z-axis of the peptide align-
ment frame,EZALP , will therefore produce a structure
which is consistent with the dipolar data and the ap-

proach described above (method 1) becomes prone to
errors. In this case we have developed an alternative
strategy (method 2), illustrated schematically in Fig-
ures 1a,b,e and f. Starting from a peptide fragment
placed in the x-y plane of a coordinate axis system,
ExP , EyP , EzP (indicated in green in Figure 1e), there are

four possible orientations of the Z-axis of the pep-
tide alignment frame,EZAL,1−4

P [polar angles (αP ,βP ),
(αP + π, βP ), (αP ,π − βP ), (αP + π,π − βP )], il-
lustrated by the four red vectors in Figure 1e. It is
convenient to expressEZALP as

EZALP = c1Exp + c2EyP + c3EzP ,
ExP = EνCO,N|EνCO,N | ,

EzP = EνCO,N × EνCO,Cα

|EνCO,N × EνCO,Cα| ,
(2)

and

EyP = −ExP × EzP ,
whereEνCO,N and EνCO,Cα are vectors originating at
the CO of the peptide plane and pointing to the bound
N and Cα, respectively. Equation 2 gives the orienta-
tion of EZALP in the local peptide frame. Subsequently,
the orientation ofEZALP in the coordinate system of
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the average NOE-based structure (Figure 1b) can be
determined in a straightforward manner. In Figure 1f
the peptide plane bridging residues 280 and 281 is
illustrated, extracted from the average NOE-based
structure. The four possibleEZALP vectors derived from
five dipolar couplings are shown in red, with the Z-axis
of the molecular alignment frame,EZALM , determined
from the full set of experimental dipolar couplings
measured on MBP, indicated in blue. In principle, one
of the four EZALP should be nearly coincident withEZALM ,
as observed in the case of the peptide plane in Fig-
ure 1f where the dot products of unit vectors along
EZALP and EZALM are indicated. In practice, differences
in the orientations of the Z-axes of peptide and mole-
cular alignment frames can arise from errors in initial
NOE-based structures, errors in dipolar couplings, the
effects of dynamics and errors in values ofAa andR.

For each peptide plane with five measured dipolar
couplings theEZALP is selected which makes the small-
est angle (θmin) with EZALM , so long as this angle is less

than 45◦ (denotedEZAL,min
P in Figure 1f). In the case of

MBP (R = 0.26) where five dipolar couplings were
obtained for 240 residues,θmin is less than 15◦ for
36% of the residues, less than 30◦ for 77% and less
than 45◦ for 92% (221 residues). The orientations of
residues withθmin < 45◦ are subsequently refined by
minimizingθmin, so that the Z axes of the peptide and
the overall molecular alignment frames are brought
together. Note that, sinceEZAL,min

P is attached to the
peptide plane,θmin will only change as each peptide
plane moves in the molecule. At the same time, this
type of dipolar restraint allows each plane the free-
dom to rotate aboutEZAL,min

P , which is precisely the
degree of freedom for which little or no information is
obtained in the case that the alignment rhombicity is
small.

The minimization procedure described above is
programmed using a new subroutine written for CNS
(Brünger et al., 1998), based on the original SANI
module developed by Clore and co-workers (Clore
et al., 1998b), and very similar to what we have
used for orienting individual peptide planes previously
(Mueller et al., 2000). For each peptide plane for
which a EZAL,min

P is obtained, a ‘square-well’ potential
function,

EDIP =
0 if EZAL,min

P · EZALM≥ cosψerror,

kDIP (1− EZAL,min
P

· EZAL
M
)2 if EZAL,min

P
· EZAL

M
< cosψerror

(3)

is used to minimize the difference between peptide and
overall Z-axes of alignment, whereEDIP is the en-
ergy andkDIP is the force constant. The valueψerror
was estimated by determining the range of orientations
of EZALP which are consistent with experimental errors
in the measured dipolar couplings obtained for MBP,
assuming a normalized distribution of errors with stan-
dard deviations of 0.49, 0.13, 0.53, 0.45, 0.55 Hz for
δNi -HN

i
, δNi -COi−1, δCα

i−1-COi−1, δHN
i -COi−1

, δHN
i -Cα

i−1
. A

set of alignment frames was obtained by a grid search
in the space of (αP ,βP ,γP ) for which calculated and
measured dipolar couplings are within experimental
error. ForR = 0.1, 100% of EZALP generated in this
manner are within 15◦ of the Z-axis of the peptide
alignment frame with minimumχ2 (85% for R= 0.2)
and we have therefore setψerror to 15◦. It is notewor-
thy that forR> 0.2 the value ofψerror increases and
for rhombicities of this magnitude or larger method 1
(Mueller et al., 2000) is preferred over the present
approach.

The utility of method 2 was first established by
performing structure calculations on the allα-helical
protein, avian farnesyl diphosphate synthase (348
residues), using synthetic data restraints derived from
the X-ray structure of the molecule, 1fps (Tarshis
et al., 1994). Only NOE, dihedral and dipolar re-
straints that can be obtained from2H, 15N, 13C methyl-
protonated samples have been included in the calcula-
tions, with numbers of restraints chosen to properly
reflect the level of experimental data that would nor-
mally be available based on our experience with MBP
(Mueller et al., 2000). Figure 2a shows an ensem-
ble of the 10 lowest energy structures obtained using
only dihedral angle (471) and NOE (1902) restraints
in the calculations. Average rmsds between pairs of
structures (precision) and between each structure and
the X-ray coordinates (accuracy) of 6.0 Å and 5.5 Å
are obtained. Inclusion of dipolar coupling restraints
(for 200 residues) using the protocol described above,
method 2, and illustrated in Figures 1a,b,e,f, results
in structures with considerable improvement, both in
precision (3.2 Å) and accuracy (3.8 Å), as shown in
Figure 2b. It is noteworthy that the same levels of
precision and accuracy were obtained for simulated
dipolar data sets withR= 0 andR= 0.1.
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It is instructive to compare the structures obtained
using the two methods illustrated in Figure 1. Recall
that in method 1 orientations of peptide planes are
defined completely by the dipolar coupling data. In
the case ofR = 0 the rotation of the peptide plane
about the unique axis of alignment (corresponding to
the Euler angleγP ) is, in fact, not constrained by the
dipolar coupling data so that method 1 is expected to
produce inferior structures compared to method 2 in
this limit. As a test we have used method 1 withγP set
to 0◦ for all of the constrained peptide planes. The ac-
curacy of the ensemble of structures generated in this
manner is 4.3 Å, somewhat worse than the accuracy
of structures obtained via method 2, 3.8 Å. Additional
simulations establish that, for measurement errors on
the order of those obtained for MBP, structures gener-
ated by the two approaches are of similar accuracy for
R= 0.1 and that forR> ∼0.2, method 1 is preferred.

Solution structures of MBP have been calculated
using method 2 with restraints obtained from experi-
ments recorded on an15N, 13C, 2H, Val, Leu, Ile (δ1)
methyl protonated sample. The details of the experi-
ments have been described previously (Mueller et al.,
2000). Briefly, preliminary structures (Figure 1b) were
generated on the basis of 1943 NOEs, 48 hydrogen
bonds and 555 dihedral angle restraints. Subsequently,
dipolar couplings were used to determineEZAL,min

P

for 221 peptide planes in the molecule as described
above, using values ofAa = 0.0017 andR = 0.26
estimated from the distribution of measured dipolar
coupling values. Figure 2c shows an ensemble of the
10 lowest energy structures of MBP with the individ-
ual N- (red) and C-terminal (blue) domains of this
two-domain protein displayed separately in the figure.
Average pairwise rmsds of the N- and C-domains to
the corresponding regions in the X-ray derived struc-
ture, 1dmb (Sharff et al., 1993), are 2.7 Å and 3.1 Å,
compared to 2.7 Å and 2.8 Å for structures generated
previously with method 1.

The most significant difference between structures
obtained from the two methods is in the relative ori-
entation of the domains. Because very few NOEs (10)
connect the two domains, their relative position is de-
termined largely by the dipolar coupling data. In this
context the fact that the alignment of the molecule is
not axially symmetric is important, since it is possible
to generate unique peptide plane orientations, lead-
ing to moderately well-defined domain orientations,
from the dipolar coupling data using method 1. This
is not the case with method 2, since the energy func-
tion in Equation 3 allows for rotation of the peptide

planes about their corresponding Z-axes of alignment.
Because the Z-axis of molecular alignment is nearly
collinear with the long axis of the molecule, the indi-
vidual domains can, in turn, rotate about this axis. This
extra degree of freedom (twist, see Skrynnnikov et al.,
2000) is responsible for increasing the rmsd between
individual structures of the protein in the ensemble of
calculated structures and 1dmb from 3.3 Å (method 1)
to 3.8 Å (method 2).

In summary, a method for incorporating dipolar
couplings into structure calculations in cases of (near)
axial symmetry of alignment and where only lim-
ited numbers of NOE restraints are available has been
presented. The utility of the approach has been estab-
lished with calculations using simulated and experi-
mental data sets resulting in significant improvements
in structures relative to those generated exclusively
from NOE and dihedral restraints.
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