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Abstract

Residual dipolar coupling constants measured in anisotropic solution contain information on orientations between
internuclear vectors and the magnetic field, providing long-range information that may help determine the relative
orientations of distinct domains in biomolecules. Here we describe the measurement and use of residual dipolar
coupling restraints in the refinement of the structure of the complex of DNA with three zinc fingers of transcription
factor IIIA (TFIIIA), measured in a DMPC/DHPC bicelle solution. These dipolar restraints were applied on a
variety of orientations of the zinc finger domains (derived from crystallography, previous NMR studies, and
systematic modeling) in order to examine the validity and sensitivity of using residual dipolar splittings to study
interdomain orientations. The spread in interdomain angles between zinc fingers is reduced from 24◦ to 9◦ upon
incorporation of dipolar restraints. However, the results also show that the ability to determine relative orientations
is strongly dependent on the structural accuracy of the local domain structures.

Introduction

Nuclear magnetic resonance spectroscopy has emerg-
ed as a major tool in structure determination of bio-
molecules. Its abilities to examine structures in aque-
ous solution, probe the dynamics of the system, and
study the behavior of bound water molecules give the
technique several advantages over X-ray crystallog-
raphy. Nevertheless, there are limitations stemming
from the inherent nature of structural information pro-
vided by NMR data. The conventional approach to
NMR structure determination involves the conversion
of nuclear Overhauser effects (NOEs) to proton-proton
distances as restraints in structure calculations. NOEs
can only be observed for pairs of nuclei that are within
about 5 Å of each other, so that the structural infor-
mation is short-ranged (Clore and Gronenborn, 1998).
The lack of long-range experimental restraints may
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lead to uncertainties in structure determination when
the system contains distinct domains, whose interac-
tions with each other and positioning with respect to
one another may not be accurately described by the
small number of observable short-ranged NOEs.

A new technique was introduced recently that can
improve the accuracy of NMR structure determination
by directly measuring internuclear dipolar coupling
constants in biomolecules (Tjandra and Bax, 1997;
Prestegard, 1998). The introduction of anisotropy us-
ing dilute solutions of magnetically oriented particles,
such as bicelles, yields a small degree of solute align-
ment, leading to readily measurable residual dipolar
splittings between pairs of nuclei. The magnitude of
the dipolar splitting is related to the angle between
the corresponding internuclear vector and the direc-
tion of the magnetic field, Bo. Because the direction
of Bo is fixed over the entire molecule, angles made
with respect to Bo in turn relate the orientations of
the internuclear vectors to each other, independent
of the distance between the vectors. Therefore, dipo-
lar coupling constants have the potential of providing
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important long-range information for NMR structure
determination.

Since the introduction of this method, there have
been several efforts to examine the usefulness of such
data and to apply them to structure refinement (Tjan-
dra et al., 1997; Banci et al., 1998; Ottiger et al.,
1998b; Clore et al., 1999; Fischer et al., 1999). The
relative positioning of protein domains could in prin-
ciple be determined by dipolar coupling data. For a
correctly determined structure with fixed relative in-
terdomain orientation, the different domains should
have a common alignment tensor. Thus, knowing
the substructures of the domains, one should be able
to determine the relative orientations of the domains
(Prestegard, 1998; Fischer et al., 1999; Losonczi et al.,
1999).

To test this idea, we used a system of three zinc
fingers of transcription factor IIIA (TFIIIA) bound to
the cognate DNA. Each zinc finger is a compact glob-
ular domain containing anα-helix and a smallβ-sheet.
Zinc finger 1 consists of residues 12 to 37, zinc finger 2
consists of residues 42 to 67, and zinc finger 3 consists
of residues 72 to 98, using the numbering scheme in
the NMR and crystal structures. These residues com-
prise the core region of the zinc finger domains. The
fingers are connected by flexible polypeptide linkers
and display rigid-body motions in the absence of DNA
(Brüschweiler et al., 1995). When bound to DNA, the
domains become ordered, and the linkers lose their
intrinsic flexibility (Foster et al., 1997). The NMR
solution structure of this complex was recently solved
by conventional methods (Foster et al., 1997; Wuttke
et al., 1997) and was followed by a 3.1 Å crystal struc-
ture of the complex of six zinc fingers of TFIIIA bound
to DNA (Nolte et al., 1998). Comparison of the NMR
and crystal structures shows generally close agreement
in the local zinc finger conformations and DNA con-
tacts, but there is a noticeable difference in the relative
positioning of the first and second amino-terminal zinc
fingers. In the NMR structure, these two fingers are
closely packed, with a significant protein–protein in-
terface formed between them. The relative orientation
of these fingers differs in the crystal structure, such
that there are fewer packing contacts between them.
Here we report the use of dipolar coupling constants
to examine the relative orientation between the first
two zinc finger domains. We have carried out structure
refinement using a combination of NOE, J-coupling
and dipolar coupling data, and have applied dipolar
restraints directly to the previously obtained structures
in order to study the effects of domain substructure on

Figure 1. The pulse sequence of IPAP-CT-C13 HSQC. Narrow rec-
tangular pulses represent 90◦ flip angle pulses, and wider ones
180◦ flip angle pulses. 180◦

φ6 and 90◦φ7 are only used for AP
FIDs, but not for IP FIDs. The IP and AP FIDs are acquired
in an interleaved fashion. Cα (and CO) 90◦ and 180◦ pulse
widths were adjusted so that the excitation profile had a null
CO (and Cα); i.e. pw(90) = √15/4δ, pw(180) = √3/2δ,
where δ is the frequency difference between Cα region and
CO region. The phases are along+x unless otherwise indi-
cated. φ1 = y,−y; φ2 = x,x,−x,−x; φ3 = 4(x), 4(y),
4(−x), 4(−y); φ4 = 16(x), 16(y); φ7 = 16(x),16(−x); φr =
2(x,−x,−x,x,−x,x,x,−x),2(−y,y,y,−y,y,−y,−y,y); φ5 = x + δφ5,
δφ5 = −52◦, resulting from the CO 180◦ off-resonance effect
during the t1 evolution (Cavanagh et al., 1996).

orientational preference. We will discuss the potential
as well as limitations of this method.

Methods

Experimental procedures
A 20% DMPC/DHPC bicelle stock solution with an
approximate molar ratio of 3:1 was added to the pro-
tein samples, so that a 4–5.5% final bicelle solution
was obtained. The solution was titrated with either
20% DMPC or DHPC to obtain a stable, aligned
bicelle medium, as judged by the splitting of the
2H resonance in D2O. The residual dipolar couplings
were obtained by subtracting the isotropic1J(N-H)
and1J(Cα-Hα) coupling constants measured in the ab-
sence of bicelles, from the D+J values measured using
the aligned bicelle medium. All measurements were
made at 37◦C.

The N-H dipolar splittings were measured with
15N-labeled samples using the pulse sequence of Ot-
tiger et al. (1998a). Sixteen scans were used in both
the J measurement (in isotropic solution) and the J+D
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measurement (in the aligned medium). The spectral
width and acquisition time were 8992.8 Hz (centered
at 4.7 ppm) and 114 ms, respectively, in the t2 (1H)
dimension. In the t1 (15N) dimension, these values
were 2356.6 Hz (centered at 118 ppm) and 109 ms,
respectively. Further zero-filling and application of
appropriate window functions (Gaussian broadening
(6 Hz)/exponential narrowing (6 Hz) in1H, and a
90◦-shifted sinebell function in the15N dimension)
resulted in a final matrix of dimension 1024× 1024.

The Cα-Hα dipolar splittings were measured on
a 15N, 13C-labeled sample in D2O buffer using an
IPAP-CT-HSQC experiment, as shown in Figure 1.
In Figure 1, 180◦φ6 and 90◦φ7 were only used in the
AP experiment, but not in the IP experiment. Cα

(and CO) 90◦ and 180◦ pulse widths were adjusted
so that the excitation profile had a null at CO (and
Cα); i.e. pw(90) = √15/4δ and pw(180)= √3/2δ,
whereδ is the frequency difference between the Cα

region and the CO region (Cavanagh et al., 1996).
90◦φ5 was corrected for 52◦ to compensate for the CO
180◦ off-resonance effect (Cavanagh et al., 1996). In
both the J measurement (in isotropic solution) and
J+D measurement (in the aligned medium), 128 scans
were used. The spectral width and acquisition time
were 4960 Hz (centered at 3 ppm) and 103 ms in
t2 (1H dimension), respectively. In t1 (13C dimen-
sion), these values were 7.15 kHz (centered at 50 ppm)
and 22.4 ms, respectively. Data in the13C dimen-
sion was linear-predicted to 44.8 ms (i.e. from 160 to
320 complex points). After zero-filling and application
of appropriate window functions (Gaussian broaden-
ing (6 Hz)/exponential narrowing (6 Hz) in1H and
90◦-shifted sinebell-squared function in the13C di-
mension), a final matrix of dimension 512× 2048
was obtained. Figure 2 shows regions of (A) up-
field and (B) downfield doublet components of a [13C,
1H] IPAP-CT-HSQC experiment on the TFIIIA/DNA
complex.

Two sets of dipolar coupling constants were ob-
tained for 13Cα-1H from a double-labeled sample
at around 5.5% bicelle concentration in D2O buffer.
These data were averaged to give the values used as
restraints, giving 60 data points. The average unsigned
deviation between these two sets of data was 0.5 Hz.
Two sets of dipolar coupling constants were obtained
for 15N-1H using two15N-labeled samples at bicelle
concentrations of 4% and 5.5% in 10% D2O:90% H2O
buffer. Figure 3 shows a comparison of these data.
With the exception of one dipolar splitting, that of
a histidine residue in zinc finger 2, the two sets of

data were simple multiples of each other. The set of
data obtained at 5.5% bicelle concentration was used
because this concentration was closer to the concen-
tration at which the13Cα-1H data were obtained. The
dipolar splittings for the different sets of15N-1H and
13Cα-1H data are given in Table 1.

Refinement using residual dipolar couplings
All simulations were performed using AMBER 5
(Case et al., 1997), which has been modified to incor-
porate residual dipolar coupling restraints; the mod-
ifications are included in AMBER 6. Following the
notation of Bastiaan et al. (1987), the residual dipolar
coupling between a pair of spin 1/2 nuclei,i andj, can
be written as

D = µ0

4π

γiγjh

2π2r3

〈
P2(ẑ

′ · ẑ′′)〉 (1)

whereµ0 is the magnetic permeability of vacuum,γi
andγj are gyromagnetic ratios,h is Planck’s constant,
r is the distance betweeni and j, ẑ′ is a unit vector
along the direction of the magnetic field, andẑ′′ is a
unit vector along the internuclear axis. The brackets
indicate averaging in the presence of internal motion
and tumbling. In isotropic solution, this term aver-
ages to zero. Anisotropy in the solution induces slight
alignment preferences in the tumbling molecule and
gives rise to measurable values ofD.

Equation 1 can be rearranged to refer to an overall
molecular frame, denoted by unprimed variablesp̂,
q̂ = (x̂, ŷ, ẑ) (Bastiaan et al., 1987):

D = µ0

4π

γiγjh

2π2r3

∑
p,q

〈
3

2
(p̂ · ẑ′)− 1

2
δpq

〉
〈
3

2
(p̂ · ẑ′′)(q̂ · ẑ′′)− 1

2
δpq

〉
≡ −µ0

4π

γiγjh

2π2r3

∑
p,q

Apq0pq (2)

The expression for the dipolar coupling constant is
thus broken down into two parts:A is the Saupe or-
der matrix and carries out the transformation from
the laboratory frame to the molecular frame, and
0 carries out the transformation from the molecu-
lar frame to the local frame of the individual vec-
tors. 0 depends only on the molecular structure
and relates each spin–spin vector to the molecu-
lar coordinate frame. In the case that the internal
motion of a bond vector is cylindrically symmetric
about its average position,0 can be expressed in
terms of the average bond vectorẑav (see Appendix):
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Table 1. Experimental dipolar splittings for backbone15N-1H and13Cα-1H of the three N-terminal zinc
fingers of Transcription Factor IIIA (TFIIIA) when bound to DNA

A. 15N-1H Dipolar coupling constants

Res Conc. 1a Conc. 2b Res Conc. 1a Conc. 2b Res Conc. 1a Conc. 2b

Arg12 −2.22 −4.76 Cys45 6.21 14.52 Cys75 0.66 2.19
Tyr13 −5.77 −12.15 Lys46 −0.24 −0.01 Asp76 −1.21 −2.34
Thr14 −5.88 −12.69 Glu47 8.24 19.44 Ser77 −0.73 −0.77
Cys15 0.60 1.32 Glu48 3.53 8.18 Asp78 6.15 13.67
Phe17 −5.51 −12.17 Gly49 −8.58 −17.06 Gly79 3.92 10.52
Ala18 2.97 6.25 Cys50 5.67 12.80 CYS80 0.26 1.48
Asp19 −2.84 −4.76 Glu51 −0.85 −0.88 Asp81 −1.38 −2.96
Cys20 −2.35 −4.42 Lys52 −1.94 −3.19 Leu82 5.31 12.8
Gly21 −1.94 −2.20 Gly53 6.70 16.30 Arg83 1.23 3.89
Ala22 2.58 6.07 Phe54 7.49 17.18 Phe84 1.64 5.91
Ala23 −2.30 −4.40 Thr55 −3.48 −5.05 Thr85 4.01 9.85
Tyr24 −5.78 −11.85 Ser56 5.60 − Thr86 −2.90 −4.67
Lys26 0.52 2.34 Leu57 −5.36 −11.20 Lys87 −5.74 −11.21
Asn27 0.92 2.49 Leu60 −6.22 −13.48 Ala88 −5.34 −10.87
Trp28 1.71 4.02 Thr61 −4.19 −7.62 Asn89 3.63 8.86
Lys29 −0.69 −0.34 Arg62 −5.77 −11.66 Met90 −2.50 −4.47
Leu30 0.87 2.55 His63 −14.70 −20.21 Lys91 −5.73 −11.38
Gln31 1.16 3.74 Ser64 −4.59 −9.22 Lys92 −0.33 0.26
Ala32 1.95 5.38 Leu65 1.85 5.41 His93 2.55 5.15
His33 −0.17 0.93 Thr66 −9.80 −19.59 Phe94 −3.34 −6.76
Leu34 1.48 4.77 His67 −4.21 −7.64 Asn95 −7.00 −13.65
Ser35 −0.11 0.28 Thr68 0.54 3.75 Arg96 3.79 9.23
His37 1.64 4.94 Gly69 −3.69 −6.47 Phe97 −0.78 −3.77
Thr38 −0.70 −0.04 Glu70 −8.37 −17.78 His98 −10.37 −21.82
Gly39 3.61 9.27 Lys71 0.72 1.74 Asn99 −0.51 −0.32
Glu40 −0.30 −0.71 Asn72 −7.54 −15.49 Ile100 1.24 3.48
Lys41 3.48 8.01 Phe73 1.05 2.89 Lys101 1.05 2.74
Phe43 7.54 18.04 Thr74 1.32 4.18

B. 13Cα−1H Dipolar coupling constants

Res <D>c dD/2d Res <D>c dD/2d Res <D>c dD/2d

Met1 7.32 0.35 Phe43 14.49 1.54 Thr74 4.83 0.39
Tyr13 −23.29 1.09 Pro44 15.54 0.07 Asp76 20.07 1.80
Ile14 −21.60 1.45 Cys45 2.71 1.01 Ser77 13.45 0.30
Ser16 11.6 0.50 Glu47 23.01 0.26 Asp78 11.64 0.21
Ala18 −3.83 0.15 Cys50 −2.93 0.03 Cys80 −6.10 0.31
Asp19 16.73 0.09 Phe54 18.53 0.77 Asp81 2.44 0.40
Cys20 −10.75 0.16 Thr55 −15.70 0.15 Leu82 19.51 0.13
Ala22 6.24 0.12 Ser56 −26.10 1.73 Arg83 9.49 0.47
Ala23 2.75 0.31 Leu57 13.60 0.14 Phe84 6.04 0.12
Tyr24 −10.40 0.57 Leu60 3.72 1.32 Thr85 25.86 0.10
Asn25 −28.04 1.74 His63 −2.20 0.75 Lys87 −27.31 0.71
Lys26 −8.13 0.50 Ser64 4.24 0.01 Ala88 7.88 0.04
Asn27 1.89 0.03 Leu65 19.39 0.40 Asn89 21.81 0.09
Lys29 −16.24 0.32 Thr66 −23.21 0.81 His93 7.36 0.97
Ala32 22.62 0.17 His67 0.63 1.69 Phe94 −21.88 2.37
Ser35 −3.58 0.07 Thr68 24.09 0.51 Asn95 −4.44 0.58
His37 9.60 0.88 Glu70 −15.65 0.77 His98 −29.37 0.32
Glu40 15.08 1.69 Lys71 −9.67 0.53 Asn99 −3.40 0.21
Lys41 20.44 0.75 Asn72 2.74 0.59 Ile100 2.36 0.11
Pro42 −8.95 0.31 Phe73 5.86 0.27 Lys101 −0.14 0.16

aMeasured in 4% bicelle, q= DMPC/DHPC= 3.0.
bMeasured in 5.5% bicelle, q= DMPC/DHPC= 3.0.
cAverage dipolar splitting from two sets of data measured at 5.5% bicelle, q= DMPC/DHPC= 3.0.
dAverage error between two sets of data.
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Figure 2. Regions of the TFIIIA/DNA complex [13C, 1H] IPAP-CT-HSQC spectrum. (A) Upfield and (B) downfield doublet components.
Experimental conditions are described in the text.

0pq = S
〈
3

2
(p̂ · ẑav)(q̂ · ẑav)− 1

2
δpq

〉
(3)

whereS is the order parameter introduced by Lipari
and Szabo (Lipari and Szabo, 1982). The alignment
tensorA is a symmetric, traceless tensor with five
variable parameters (Bastiaan et al., 1987; Bothner-
By, 1996), which we take asAyy, Azz, Axy, Axzand
Ayz. This is an alternative to models that consider the
axial and rhombic components, plus the three Euler
angles, as variable parameters. Expanded into indi-
vidual terms, the equation for the dipolar coupling
constants becomes

D = µ0

4π

γiγjh

2π2r3S[cos2 φx(−Ayy − Azz)
+ cos2 φyAyy + cos2 φzAzz

+2 cosφx cosφyAxy
+2 cosφx cosφzAxz
+2 cosφy cosφzAyz] (4)

where cosφi is the projection of the average internu-
clear vector onto axisi. Differentiation of Equation
4 with respect to atomic coordinates or elements of
the A tensor is straightforward; the use of Cartesian
components as parameters simplifies the expressions
for derivatives and avoids singularities as special Euler
angles.

Figure 3. Plot of 15N-1H dipolar splittings obtained at bicelle con-
centrations of 5.5% versus 4%. The splittings are expressed in units
of Hz. The outlier point at the lower left is for residue His 63.

To find the optimal alignment tensor for a fixed
structure, given a set of experimental dipolar cou-
plings, AMBER optimizes the five parameters inA by
minimizing the energy term

Edipolar = kdipolar(Dcalc−Dexp)
2 (5)

wherekdipolar is a force constant. For a fixed structure,
the optimalA tensor can be determined by minimizing
Edipolar , and one can useA ≡ 0 (the isotropic case)
as a starting guess. In a structure refinement, where
the atomic coordinates and theA matrix are simul-
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taneously optimized, the total energy of the system
includesEdipolar, the force field energy terms, and
energy terms from any other NMR restraints, such
as distance or torsion angle restraints. The structure
is continuously adjusted to both satisfy experimental
data and maintain low force field energy, while the
alignment tensor is continuously adjusted to fit the
current structure.

Simulated annealing refinement
Each of the 22 original NMR structures (Wuttke et al.,
1997) [Brookhaven PDB 1TF3] and the relevant por-
tion of the X-ray structure [PDB entry 1TF6] was
subjected to a round of simulated annealing, heating
to 400 K and cooling to 0 K over a total of 15 ps.
The structures were refined against residual dipolar
coupling restraints and the distance and dihedral an-
gle restraints used to determine the original NMR
structures (Wuttke et al., 1997). These include 1819
distance restraints derived from intermolecular and in-
tramolecular NOEs, as well as torsional restraints for
54 backboneφ and 60 side-chainχ1 dihedral angles
derived from three-bond homonuclear and heteronu-
clear coupling constants. Additional restraints forω

dihedral angles, chirality, Watson–Crick hydrogen-
bonding, and DNA phosphate backbone torsional
angles were also included, as described previously
(Wuttke et al., 1997).

When dipolar coupling restraints are included, we
have found it necessary to increase angle and tor-
sion force constants to prevent violations of local
geometries. To prevent such structural distortions, the
force constant for the NMR-based torsion angle re-
straints was increased from 32 kcal mol−1 rad−2 to
300 kcal mol−1 rad−2. For the same reason, we
also added angle restraints to maintain ideal backbone
geometry. The Hα-Cα-Cβ, Hα-Cα-N, and Hα-Cα-
C angles were restrained to 109.5◦, and the H-N-C
and H-N-Cα angles were restrained to 119◦ with a
force constant of 1000 kcal mol−1 rad−2. Differ-
ent trials were conducted to find a force constant
for the dipolar restraints large enough to give good
agreement between experimental and calculated dipo-
lar coupling splittings, and still not introduce serious
violations in the other restraints. Two sets of simula-
tions will be described, one with a force constant of
1.0 kcal mol−1 Hz−2, and one with a force constant of
0.3 kcal mol−1 Hz−2. (In principle, a different force
constant should be used for N-H and C-H couplings
to reflect the differentγ values, but this was not done
here.) The structures with the weaker force constant

turned out to satisfy the dipolar coupling restraints to
within the estimated experimental errors (see below),
and will be referred to as the ‘joint refinement re-
sults’, since they were determined with conventional
and dipolar coupling restraints active simultaneously.

This joint refinement (using both conventional and
dipolar restraints) has the advantage of using all avail-
able information, but suffers the disadvantage that
it could fail to detect incorrect alignments (e.g. that
could result from errors in the NOE assignments),
and does not use the dipolar restraints in an indepen-
dent way to assess the correctness of the finger–finger
alignment. To see if our results might be biased toward
the original NMR family, one of the original NMR
structures was subjected to two additional rounds of
simulated annealing refinement, using the same pro-
tocols as above, but with a reduced set of restraints
that excluded all NOE restraints between zinc fingers
1 and 2. The first round included only dipolar coupling
restraints in the core region of zinc finger 1 (residues
12 to 37), whereas the second round used only dipolar
coupling restraints in the core region of zinc finger 2
(residues 42 to 67). These ‘individually refined’ lo-
cal zinc finger structures were used in the analysis
described below, and the results compared to those
obtained when all NMR restraints were included in the
calculation.

Results and discussion

Treatment of the residual dipolar coupling data
As described in the Methods section, the two sets of
15N-1H dipolar couplings obtained at different bicelle
concentrations were simple multiples of each other.
Thus, it is likely that, for our15N-1H and 13Cα-1H
data, which differ slightly in bicelle concentration,
the alignment tensors maintain the same tensor di-
rection and differ only in magnitude. To determine
the optimal scaling, simulated annealing calculations
were performed using independent alignment tensors
for the two sets of data (15N-1H and13Cα-1H), thus
optimizing 10 alignment parameters. This produced
final structures with alignment tensors that are similar
to each other in direction (within 12◦) and magni-
tude (ACH,calc/ANH,calc = 0.9, where A is one of
the principal components of the alignment tensor).
To minimize the effect of incorrect structures on the
fitting of alignment tensors, and to make sure the treat-
ment of residual dipolar coupling data is not biased
towards the domain orientations of the original NMR
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Table 2. Summary of structural statisticsa

Original NMR With strong With weak

refinement dipolar rstc dipolar rstc

Average unsigned deviation from distance restraintsb (Å) 0.0036 0.0047 0.0046

Average unsigned deviation from dihedral restraintsb (◦) 0.058 0.026 0.025

Average unsigned deviation from dipolar restraintsd (Hz)

Overall 4.62 0.25 0.71

ZF1 3.25 0.24 0.65

ZF2 3.99 0.23 0.72

ZF3 3.68 0.22 0.64

AMBER energy (kcal mol−1) −2546 −2389 −2421

Deviation from ideal bonds (Å) 0.0054 0.0031 0.0036

Deviation from ideal torsion angles (◦) 2.6 1.4 1.2

aStatistics were averaged over ensembles of 22 structures for each family of structures.
bNone of the distance violations exceeded 0.4 Å, and none of the dihedral angle violations exceeded 7◦.
cStrong: force constant= 1.0 kcal mol−1 Hz−2; weak: force constant= 0.3 kcal mol−1 Hz−2.
dFor the crystal structure, the average unsigned deviations from dipolar restraints are 4.31 Hz overall, 2.16 Hz
for ZF1, 4.94 Hz for ZF2, and 3.78 Hz for ZF3.

Table 3. Root-mean-square deviations from mean structuresa

Rmsd when fitting allb (Å) Rmsd when fitting zf2c (Å)

Original 0.63 1.21

Strong dipolard 0.39 0.58

Weak dipolard 0.40 0.67

aThe rmsd values were calculated for backbone heavy atoms (Cα,N,C,O) of
residues 12–98, containing all three zinc fingers and linker regions.

bStructures were superimposed on backbone heavy atoms of residues 12–98.
cStructures were superimposed on backbone heavy atoms of residues 42–67 (zinc
finger 2 without linker regions).

dStrong: force constant= 1.0 kcal mol−1 Hz−2; weak: force constant=
0.3 kcal mol−1 Hz−2.

structures, only the third zinc finger in the original
NMR structures, which gave the best results, was used
in the following procedure. For this zinc finger, 8 out
of 11 structures whose tensor directions for the two
sets of data were within 10◦ gave ACH,calc/ANH,calc=
0.9. This is consistent with the ratio obtained from
the set of simulated annealed structures. Therefore, a
scaling factor of 0.9 was introduced for the15N-1H
data, and only a single tensor was optimized for the
rest of the simulations. This reduced the number of
fitting parameters from 10 to 5.

As shown in the Appendix, dipolar coupling con-
stants are dependent onS, the square root of the order
parameterS2. In our calculations, the dipolar cou-
pling values for only the 54 residues withS2 ≥ 0.80
were used, whereS2 values were determined from15N
relaxation studies (Radhakrishnan and Wright, unpub-
lished data). Over these 54 residues, values ofSranged

from 0.89 to 0.98. Assuming a common value should
introduce little error, a uniformSvalue of 1 was used.

Results of simulated annealing
As described in the Methods section, two sets
of dipolar-refined structures were determined, with
force constants for dipolar coupling restraints set to
1.0 kcal mol−1 Hz−2 and 0.3 kcal mol−1 Hz−2. The
refinement starting from the crystal structure is also
included in the family refined with weaker dipolar
constraints. Table 2 provides a summary of the statis-
tics of three families of structures: the original solution
structures refined without dipolar restraints (Wuttke
et al., 1997), and the two sets of structures refined
with different weights on the dipolar restraints. The
dipolar coupling refined structures show dramatic im-
provement in the agreement between experimental and
calculated dipolar coupling data, even with the smaller
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Figure 4. Stereo plots showing the backbone of the protein and the features of the DNA for the two ensembles of structures, refined with and
without dipolar coupling restraints. Cyan: without dipolar restraints. Yellow: with dipolar restraints at a force constant of 0.3 kcal mol−1 Hz−2.
Red: crystal structure refined with NOE and dipolar restraints. (a) Structures were superimposed on all protein backbone heavy atoms (Cα, N,
C, O of residues 12 to 98). (b) Structures were superimposed on backbone heavy atoms of the second zinc finger domain, residues 42–67. The
coordinate frame of the alignment tensor is shown above, with the z axis representing the direction of the axial component of the tensor.

force constant. The two sets of dipolar-refined struc-
tures were similar, with an rmsd for all heavy atoms
of 0.18 Å between their mean structures. The mean
difference between calculated and fit dipolar couplings
for the strong and weak dipolar restraints (0.25 and
0.71 Hz) straddle the estimated experimental uncer-
tainty of 0.5 Hz, as measured by the reproducibility

of repeated experiments (see above). The rmsd for
all heavy atoms between the mean structure of the
original family and those of the two dipolar-refined
families was 0.43 and 0.42 Å for the stronger and
weaker weights on dipolar restraints, respectively; this
shift of mean structure is smaller than the spread of
the earlier structures about their mean (0.92 Å for all
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Figure 5. Variations in zinc finger 1 upon superposition of the
zinc finger 2 backbone Cα atoms. Red: original NMR structure.
Blue: crystal structure. Green: dipolar refined structure. The orig-
inal NMR structure and dipolar refined structure are taken from the
structure in the family closest to the mean. The family of original
NMR structures is also shown as light red lines to indicate the
amount of variation in the ensemble.

heavy atoms). However, the families of dipolar-refined
structures were generally tighter, with increased over-
all precision (see Table 3). Especially interesting is
the comparison between rmsd values of the protein
backbone heavy atoms when the families of structures
were superimposed on the backbone heavy atoms of
the core region of zinc finger 2 (residues 42 to 67).
These values indicate the tightness of the ensemble
in terms of relative positioning between different zinc
fingers, and show that the domain orientation becomes
better defined with the addition of dipolar restraints.
This tightening of structural families is illustrated in
Figure 4. Figure 4a shows the original structures and
the structures refined with lighter weights on dipolar
restraints, when superimposed on all protein backbone
heavy atoms. The difference in precision between the
two families becomes clearer in Figure 4b, where the
same two ensembles of structures were superimposed
on the backbone heavy atoms of the second zinc finger
only (residues 42 to 67). Zinc fingers 1 and 3 are more
poorly superimposed in the original structures, taking
up a larger range of orientations due to uncertainties in
finger–finger packing. These two fingers are more well
defined in the family of dipolar-refined structures. The
refinement starting with the crystal structure is also
depicted in Figure 4 (red). These show that the com-
bination of NOE and dipolar coupling restraints was
able to arrive at a common family of structures, even
from a significantly different starting conformation.

Figure 6. Plot of correlation coefficient and rms error between cal-
culated and experimental dipolar coupling data for zinc fingers 1
and 2 at various angles of rotation of finger 1 about an axis that
relates the NMR and crystal orientations to each other directly. The
NMR and crystal orientations are marked by red and blue dot-
ted vertical lines, respectively. Different lines represent different
local structures of fingers 1 and 2 at these specified orientations.
These local zinc finger structures are taken from the original NMR
structure (red), the crystal structure (blue), the joint dipole-refined
structure (solid-green), or the individual dipole-refined structures
(dashed-green). The orientations of the ensembles of the original
structures and dipolar coupling refined structures were projected
onto the axis of rotation; these ranges are shown as red stars (original
NMR structures) and green X’s (joint dipole-refined structures).

Dipolar coupling data for finger–finger orientation
To evaluate the sensitivity of residual dipolar cou-
plings to the relative orientation of the zinc finger
domains, the agreement between calculated and exper-
imental dipolar coupling data was examined at differ-
ent relative orientations for fingers 1 and 2. For a well-
ordered structure with correctly oriented domains, the
agreement between calculated and experimental dipo-
lar coupling data should be the same when fitting each
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zinc finger individually as when fitting all zinc fingers
together (Prestegard, 1998). However, when the fin-
gers are oriented incorrectly with respect to each other,
the optimized alignment tensors for the individual fin-
gers are no longer the same, and one should expect
a decreased agreement with experiment when fitting
all fingers simultaneously. To assess the sensitivity of
the method, we have optimized the alignment tensor
for zinc fingers 1 and 2 for a family of different rela-
tive orientations. These were generated by fixing zinc
finger 2 and rotating zinc finger 1 about various axes
of rotation. This allows us to address the question of
how ‘incorrect’ the relative orientations have to be in
order to be detected by dipolar coupling data; in other
words, with what range of uncertainty can we deter-
mine the relative orientations of two domains using
residual dipolar couplings?

First, a rotation axis was chosen that relates the
orientation between fingers 1 and 2 in the original
NMR structure to that of the crystal structure. As
mentioned above, this orientation is one of the most
prominent differences between the NMR and the crys-
tal structures (Figure 5). Figure 6 shows a plot of
the correlation coefficient and rms error between cal-
culated and experimental dipolar coupling data for
fingers 1 and 2, when finger 1 is rotated about an axis
that relates the original NMR structure to the crystal
structure. The NMR orientation is at 0◦ rotation, as
indicated by the red vertical line. A 31.9◦ rotation
from the NMR orientation results in the crystal ori-
entation, as indicated by the blue vertical line. The
behavior of different zinc finger substructures (orig-
inal NMR, crystal, joint refinement and individually
refined) along this path of orientations is plotted on the
same graph. This was achieved by superimposing the
individual zinc finger domains of the original NMR
and the crystal structures onto the overall dipolar cou-
pling refined structure, such that the final structures
have the same relative orientations between finger 1
and finger 2 but differ in the fine details of each
zinc finger substructure. Also shown as red and green
crosses in Figure 6 is the range of orientations adopted
by the ensembles of structures for the original NMR
and the joint dipolar-refined structures.

Both the original NMR and the X-ray substruc-
tures (red and blue lines in Figure 6) give a relatively
flat surface along this chosen axis of rotation, with
maximum correlations and minimum rms errors near
the orientation of the crystal structure. Using the zinc
fingers of the joint refinement (green line) or the indi-
vidual finger refinement (dashed green line) produced

Figure 7. Plot of calculated versus experimental dipolar coupling
splittings for zinc fingers 1 and 2 at different orientations of these
two fingers. These are plotted for the dipolar coupling refined struc-
ture for rotations of finger 1 about an arbitrary axis, with a rotation
angle of zero as the original orientation adopted in the dipolar cou-
pling refined structure. Rotation angles (from the top): 0◦, 10◦, 20◦,
50◦. Dipolar coupling splittings are expressed in Hz, and show only
data from the core regions of fingers 1 and 2. The original NMR
structure and the dipolar coupling refined structure are taken from
the structure in the family closest to the mean.
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a different behavior. Here, the best agreement be-
tween calculated and experimental data seems to lie
between the NMR and the crystal orientations. Fur-
thermore, the range covered by the family of joint
dipolar-refined structures is smaller (8.9◦) than that of
the original structures (24.3◦), indicating that the joint
dipole-refined structures adopt more well-defined in-
terdomain orientations. The peak (or dip) in Figure 6
is much sharper for the structures that include dipolar
coupling restraints (either for the whole structure, or
for each finger individually). This shows that the better
the domain substructures fit the local dipolar data, the
more precisely can one determine interdomain orien-
tations. The optimal orientation using the individually
refined fingers (dashed green line in Figure 6) closely
matches that found when all constraints are included
(green line), within the range of about 10◦ seen in the
family (green crosses).

Figure 7 shows another way of visualizing the pro-
gressively poorer agreement with experimental dipo-
lar coupling data as the structure adopts less correct
finger–finger orientations. The top plot represents the
dipolar-refined structure, and subsequent plots repre-
sent increased rotation about an arbitrary axis of zinc
finger 1, holding finger 2 fixed. The calculated versus
experimental dipolar splittings lie on a straight line at
the starting orientation, consistent with the high corre-
lation and low rms error shown in Figure 6. As we
rotate zinc finger 1 further from the optimal orien-
tation, the points become more scattered. For many
structures which have not been refined against dipolar
coupling data, the agreement between calculated and
experimental data might resemble that of the second
plot in Figure 7. In such a case, one could still dis-
tinguish correct orientations from incorrect ones, but
with less precision. Hence, residual dipolar splittings
are useful for examining interdomain orientations, but
the range of uncertainty depends on how well the in-
dividual domain substructures agree with the dipolar
coupling data. The amount of uncertainty can be qual-
itatively determined by the sharpness of the maximum
correlation peak when the correlation is plotted for
different interdomain orientations, as in Figure 6.

Conclusions

The use of residual dipolar coupling constants for
structure refinement holds great promise for improv-
ing the quality of NMR structures. Dipolar couplings
can provide long-range structural information to sup-

plement the traditional short-ranged NMR restraints.
Two caveats have emerged from the present studies.

First, when using dipolar splittings as restraints,
one must avoid distorting the local structure in or-
der to fit the dipolar coupling data. In our dipolar
coupling refinement of the TFIIIA-DNA complex, we
have increased weights on dihedral angle restraints
and included additional angle restraints to overcome
this problem. Use of as small a value ofkdipolar as
possible is also helpful. Second, the local structure
of each domain plays an important role in assessing
the relative orientation between domains. The bet-
ter the agreement of the local structure with dipolar
coupling data, the more precisely one can determine
relative orientations. The intradomain structure affects
not only the range of orientational uncertainty, but
can also affect which orientation is considered optimal
(Figure 6). Therefore, care must be taken in the inter-
pretation of results. In the present case, for example,
the use of dipolar restraints alone (in conjunction with
either the X-ray or original NMR structures of the indi-
vidual fingers) would allow only a relatively imprecise
assessment of the interdomain orientation (see the red
and blue lines in Figure 6). When the dipolar results
are used in combination with NOE restraints and tor-
sion restrictions based on coupling constants (as in
the green lines in Figure 6), the structural precision
becomes greater.

An alternative approach to the analysis of domain
orientation has been considered by Prestegard and co-
workers (Fischer et al., 1999; Losonczi et al., 1999).
This uses singular value decomposition to determine
alignment tensors that best describe dipolar coupling
data, and (unlike the present analysis) provides esti-
mates of the uncertainties in the principal directions of
the fitted alignment tensors. The key to both methods
lies in comparisons between results using one domain
at a time to results using data for the whole system,
but the SVD method may be particularly helpful for
generating an initial orientational model.

This study has resulted in an improved set of
structures of the TFIIIA-DNA complex, refined with
dipolar coupling restraints in addition to the original
distance and torsion restraints. The new structures are
similar in their overall features to the original NMR
structures, with a heavy-atom rmsd of 0.4 Å between
the mean structures of the new and original families.
The most prominent difference stems from the in-
creased preciseness and accuracy in defining relative
orientations between zinc finger domains upon the ad-
dition of dipolar restraints, illustrating the utility of
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residual dipolar coupling data for determining long-
range interactions. However, since variations in the
details of the local domain structures limit the pre-
cision of the interdomain orientations, care must be
taken in interpreting the results. Further analysis of the
structures, including a description of hydration at the
protein–DNA interface, will be presented elsewhere.
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Appendix

The coordinate transformations illustrated in Equa-
tions 1 to 3 are a common feature of many analyses
of dipolar coupling tensors in oriented media. Here we
outline a derivation of Equation 3, which connects the
tensor described in terms of theinstantaneousbond
vectors to one that is defined in terms of theaverage
bond vector. Following the notation in the main body
of the text,0pq is defined as

0pq =
〈
3

2
(p̂ · ẑ′′)(q̂ · ẑ′′)− 1

2
δpq

〉
(A1)

If we now introduce new axesr ands, whosez axis is
along the average bond directionẑav, the0pq can be
expressed in this new coordinate frame:

0pq =
∑
r,s

〈
(ẑ′′ · r̂)(ẑ′′ · ŝ′′)

[
3

2
(p̂ · r̂)(q̂ · ŝ)

−1

2
δpq

]〉
(A2)

The final term in square brackets involves angles be-
tween the overall molecular axes(p̂, q̂) and the axes
of the average bond vector angles(r̂, ŝ); these angles
are independent of molecular motion, and hence can
be taken outside of the averaging brackets. We can
also take advantage of the fact that(3ab − δab) is a
traceless quantity to rewrite this:

0pq = 2

3

∑
r,s

〈
3

2
(ẑ′′ · r̂)(ẑ′′ · ŝ′′)− 1

2
δrs

〉
[

3

2
(p̂ · r̂)(q̂ · ŝ)− 1

2
δpq

]
(A3)

Now, if the motion of the instantaneous bond vectorẑ′′
about its average position̂zav is cylindrically symmet-
ric, then the first term in brackets in Equation A3 will
be a diagonal tensor, whosezzcomponent is

S ≡
〈
3

2
(ẑ′′ · ẑav)2− 1

2

〉
(A4)
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and whosexx and yy components are each−S/2.
Direct substitution of these values into Equation A3
and re-arrangement yields Equation 3. An elegant dis-
cussion of these types of transformations is given by
Biedhenharn (1960).

The original Lipari–Szabo (1982) analysis is gen-
erally represented in terms of an order parameter
determined from the contribution of internal motion
to the correlation function:

C(τ) ≡
〈
3

2
(ẑ′′(0) · ẑ′′(τ))− 1

2

〉
(A5)

This is evaluated at a timeτ whereC(τ) reaches a
plateau and becomes approximately independent of
τ. Using the same sort of algebra to carry out the
cylindrical averaging of̂z′′ aboutẑav yields:

C(τ) =
〈
3

2
(ẑ′′(0) · ẑav)− 1

2

〉 〈
3

2
(ẑav · ẑ′′(τ))− 1

2

〉
= S2 (A6)

This demonstrates that the definition ofS in Equa-
tion 3 is formally equivalent to that of the usual

Lipari–Szabo approach. It should be noted, however,
that the timeτ of the plateau in the internal mo-
tional correlation functionC(τ) must be shorter than
the rotational correlation time for the conventional
Lipari–Szabo analysis of dipolar relaxation, whereas
the influence of internal motion on direct dipolar cou-
plings is not subject to this limitation. In principle, this
offers an approach to detection of longer time scale
motions by NMR (Tolman et al., 1997). The appear-
ance of a simple scalar order parameter in Equation 3
follows from the assumption of cylindrical symmetry
in the motional averaging of the instantaneous bond
vector about its average position. For more complex
motions, the ‘order parameter’ would itself become
a tensor. The present result is a generalization of the
diffusion-in-a-cone model previously considered by
Tolman et al. (1997), which also has cylindrical sym-
metry. It would be, of course, possible to characterize
the internal motion with a more complex model, but
such experimental characterizations are only available
for a few proteins, whereas Lipari–Szabo order pa-
rameters derived from15N relaxation measurements
have been widely reported.


