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Abstract

A quick and accurate method is described for assessing protein alignment from residual dipolar coupling (RDC) measurements. In

contrast to observing D2O resonance splitting, which reflects the orientational order of the alignment medium, the degree of alignment

of a protein of interest can be estimated directly from 1H–1H RDCs. In this study, RDCs between aromatic protons in unlabeled Cp-

rubredoxin were measured from proton homonuclear J-resolved experiments with high sensitivity, and the alignment was assessed

without the need of extensive resonance assignment. Since labeled proteins are not needed, this method provides an efficient way for

screening alignment media. In situations where the protein structure is known, as in the case of Cp-rubredoxin, a full set of order tensor

parameters can be determined, allowing further studies, such as those of ligand alignment relative to a target protein.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Residual dipolar couplings (RDCs) observed in high-
resolution NMR spectra of partially aligned samples

have become standard sources of information for

probing structure and dynamics in biological macro-

molecules [1,2]. Their utility resides in the angular de-

pendence of the through-space dipolar interaction

between pairs of spin 1/2 nuclei. These interactions are

observable as additional splittings of NMR resonances

(D), or additional contributions to splittings that al-
ready exist due to scalar couplings between directly

bonded nuclei (J þ D), when a sufficient level of align-

ment is induced. In the latter case, molecules of interest

are frequently isotopically labeled with 15N or 13C so

that one-bond couplings between the heteronucleus and

a directly attached proton is observed.

However, there are instances when introduction of

isotopic labels is not convenient, and it becomes desir-
able to assess interactions using naturally occurring spin

1/2 nuclei, such as pairs of proximate protons. One such
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instance occurs when the orientation of ligands relative

to a protein of known structure is of primary interest.

The orientation of the protein, in addition to the ligand,
must be determined in this case, but the effort required

to specifically label the protein, and assign the reso-

nances, may be unwarranted. Another instance arises

when the protein is of interest, but the sacrifice of pre-

cious isotopically labeled protein in preliminary experi-

ments to select an appropriate alignment medium may

be unwarranted. There are now a dozen or more align-

ment media in use, and not all are compatible with a
given protein [3–5]. Also, an optimum alignment level

must be found that gives dipolar couplings that are

neither too large nor too small.

It is tempting to assess alignment from splittings of

the deuterium resonance from D2O added to the sample

[6–8]. Here a quadrupole splitting displays the same type

of angular dependence as the RDCs. But, D2O align-

ment really probes properties of the medium and may
not relate simply to the alignment of the biomolecule of

interest. We present here a procedure based on mea-

surement of RDCs from proton pairs in the molecule of

interest that may be of particular value in these in-

stances.
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Fig. 1. Pulse scheme for obtaining couplings between aromatic

protons. Narrow and wide bars correspond to 90� and 180� pulses,

respectively, with phase x, unless indicated. The selection of proton–

proton couplings between aromatic protons during t1 is achieved by

applying a REBUP pulse to the aromatic region (5–9 ppm). The

WATERGATE 3919 scheme is applied for water suppression with d3

duration of 100ls. Phase cycling: /1 ¼ x;�x; y;�y; /2 ¼ x; x; 4ðyÞ;
4ð�xÞ; 4ð�yÞ; x; x; /4 ¼ x;�x; y;�y;�x; x;�y; y; and /5 ¼ �x; x;�y; y.
All gradients are 1ms long with strengths G1 ¼ 20:4G/cm and

G2 ¼ 26:6G/cm.
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Protons seem ideal probes of alignment in molecules
of interest. They are the nearly 100% naturally abundant

isotope of hydrogen, they provide maximum NMR

sensitivity, and they exhibit strong dipole–dipole inter-

actions. However, the high proton density in most

molecules presents a problem. 1H–1H dipolar couplings

between all pairs of protons within 6–7�A, are often

observable leading to broad peaks and multiple split-

tings. Therefore, it is desirable to suppress most
couplings while retaining a sufficient number of repre-

sentative dipolar couplings to characterize the align-

ment. Background signals from alignment media might

also be considered problematic. However, compared to

resonances from the macromolecules dissolved in the

alignment medium, resonances from the strongly

aligned medium are split by many more strong cou-

plings, rendering them largely unobservable. In this
study, we choose to observe couplings between aromatic

protons from a protein of interest. Few alignment media

used for proteins have aromatic resonances minimizing

background, and proteins have limited sets of well re-

solved aromatic resonances making retention and anal-

ysis of limited sets of couplings possible.

As a target for illustration we choose the Zn form of

Clostridium pasteurianum (Cp) rubredoxin [9], a well
characterized, highly soluble, small protein. Several

crystal structures exist for this protein (pdb codes:

1IRN, 1IRO, 5XRN, 4XRN, 1FHH, and 1FHM) as

well as close homologs from other organisms [10–12]. Its

amino acid sequence includes 1 tryptophan, 2 phenyl-

alanines, and 3 tyrosines, which comprise 1/9 of the

overall sequence. The Cp-rubredoxin used in our ex-

periments was expressed as previously documented [13].
A sample was prepared to be 1mM rubredoxin in

50mM potassium phosphate at pH 6.3. It was subse-

quently lyophilized and re-dissolved in a 7% 3:1 DMPC/

DHPC (dimyristoylphosphatidylcholine/dihexanoylphos-

phatidylcholine) bicelle solution that was prepared in

D2O to reduce signals from amide protons.

Fig. 1 depicts the pulse sequence designed for this

study. It is a simple modification of the original proton
homonuclear J-resolved experiment [14]. Since only

scalar plus dipolar coupling evolves in the t1 dimension,

a narrow spectral width can be used, along with a small

number of t1 points, to give adequate resolution with a

modest investment in time. In the pulse sequence, a

band-selective single pulsed field gradient spin echo

(SPFGSE) is introduced in the middle of the t1 evolu-

tion period. The selective 180 pulse is set to affect only
the proton resonances in the range from 5 to 9 ppm.

Only the resonances carrying couplings between protons

in the selected band, i.e., aromatic protons, now evolve

with couplings and refocus at the end of each t1 incre-

ment; amide protons, when they are present, give rise

primarily to a single, decoupled peak at zero frequency

in the t1 dimension. Since the water resonance is outside
the selective envelop, the SPFGSE contributes to water

suppression. However, to further suppress the water

resonance, a WATERGATE segment is added after t1

evolution.

Spectra were acquired on a Varian Inova 500MHz

spectrometer. Data collection typically included 50 t1

data points and 2048 t2 data points over a period of
20min. All data processing was done with the nmrPipe

package [15]. Experiments were run at 25 �C where the

bicelle medium is isotropic and at 35 �C where the me-

dium is partially oriented. Typical splittings of the

deuterium water resonance under aligned conditions

were 15Hz.

Figs. 2A and B present data on the rubredoxin

sample under isotropic and oriented conditions, re-
spectively. Sixteen well resolved vertically displaced

multiplets corresponding to the 16 resonances expected

for the 6 residues in CP-rubredoxin can be seen in the

isotropic spectrum. The splittings in the isotropic spec-

trum correspond to those expected for three bond scalar

couplings (7–10Hz); the multiplets are triplets or dou-

blets depending on whether one coupling partner exists

as for tyrosine d protons or two coupling partners exist
as for phenylalanine f protons.

The change in splitting under aligned conditions is

due to the addition of dipolar couplings to the isotropic

scalar couplings, and the difference between splittings in

isotropic and aligned spectra provides a measurement of

the through-space dipolar coupling. With a signal to

noise ratio of 20:1, an error of 1/3 of the line width

provides a reasonable estimation of experimental error.
On this basis an average error of about 1.6Hz is pre-

dicted for the majority of the individual couplings

measured. The experimental errors in the RDCs are

about twice this large. The dipolar coupling can also be

positive or negative depending on the orientation of

inter-proton vector orientation. Under most weakly

aligned conditions, however, the magnitudes of these



Table 1

Aromatic proton RDCs (Hz) of Cp-rubredoxin extracted from

J-resolved experiments

Y4 Hd–He 15

Y11 Hd–He 5

Y13 Hd–He )2
F30 Hd–He )2 He–Hf 2

F49 Hd–He )2 He–Hf 1

W37 He3–Hf3 5 Hf2–Hg2 )1 Hf3–Hg2 3

Fig. 2. Spectra of Cp-rubredoxin recorded on a Varian Inova 500

spectrometer (500MHz proton frequency) with the pulse scheme of

Fig. 1. (A) spectrum acquired at 25 �C (isotropic); (B) spectrum ac-

quired at 35 �C (aligned). Spectral widths in the F1-(F2-) dimen-

sion¼ 50 (8000)Hz, number of t1 increments¼ 64, number of

transients¼ 16, acquisition time (t2)¼ 256ms. Data were linear pre-

dicted to 128 in the F1-dimension, and a squared cosine window

function was applied in the F1- and F2-dimensions. Processing was

performed using NMRPipe software package [15]. The cross-section is

for Hd of tyrosine 4 at 6.48 ppm, which is coupled to the He proton of

the same ring.
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dipolar couplings are smaller than the corresponding J
values leading to positive J þ D values and easily de-

termined signs for the dipolar contribution. If the mol-

ecules align too strongly, however, a sign ambiguity in

J þ D that results in two possible D values has to be

considered. In a few cases, additional smaller splittings

are observed; these most likely arise from cross-ring

meta protons that have no significant J coupling. Signs
of measured splittings here are truly ambiguous.

In Fig. 2 F1 slices are highlighted for Hd of tyrosine

4, which is coupled to its neighboring He proton. The

change in splitting from 9Hz in the isotropic case to

�24Hz under the aligned conditions, leads to a differ-

ence of 15 or )33Hz that can be attributed to residual

dipolar coupling. While the size of the coupling could, in

principle, have lead to an observed J þ D that is either
positive or negative, a )33Hz dipolar coupling would

have had to result from a level of alignment much higher

than those typically observed under the conditions used
here. Hence a value of +15Hz is chosen. The signs of
most ambiguous RDCs from Cp-rubredoxin can be re-

solved using similar arguments; all resulting RDCs are

summarized in Table 1.

Even without specific assignments, and knowledge of

the structure of the protein, we can extract useful in-

formation from the data in Table 1. Theoretically, if the

internuclear vectors are distributed uniformly and iso-

tropically in space, the axial and rhombic components of
the order tensor can be extracted from the distribution

of normalized residual dipolar couplings in the absence

of any structural information [16]. In our case, the small

set of inter-proton vectors in aromatic rings samples the

space in a manner that is far from uniform. Neverthe-

less, it is possible to set limits on at least the axial

component of the order tensor. From the data in table

one, the maximum coupling of 15Hz would suggest an
order tensor with a minimum principal order parameter,

Szz, of )9� 10�4 (assuming 2.5�A distance for all

neighboring aromatic protons). Knowing an order ten-

sor is extremely valuable in choosing conditions for

further structural studies on proteins. If alignment is too

low, the precision of RDC measurements is degraded; if

alignment is too high additional long-range couplings

degrade signal quality and complicate extraction of in-
dividual RDCs. The above procedures provide ready

access to information that allows optimization of

alignment media with small amounts of unlabeled pro-

tein. This can be particularly important in structural

genomics applications where large numbers of proteins

are to be studied [17].

Much more information can be obtained with as-

signment of individual aromatic resonances and
knowledge of the protein structure. In the case of ru-

bredoxin, assignments of aromatic proton resonances

exist for either the Cp protein on which we are working

or for the closely homologous Pf protein [18]. Assigning

couplings to specific sites as indicated in Table 1, and

using coordinates derived from the Cp-rubredoxin

crystal structure [PDB code: 1IRN (1.2�A)] (protons

were added using a tool available in the Reduce pro-
gram [19]), a set of equations relating couplings and

inter-proton vector geometry to order parameters can be

solved. In situations where a structure is available, but

assignments of resonances are not, it may still be pos-

sible to proceed. Assigning multiplets to an amino acid
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type (tyrosine, vs phenylalanine, vs tryptophan, vs his-
tidine) can easily be done with additional connectivity

information from a TOCSY experiment (data not

shown), and within each amino acid type, assignment to

a specific site can be based on consistency with RDCs

[20]. For Cp-rubredoxin, there are only three tyrosines,

two phenylalanines, and a single tryptophan. Permuting

coupling values among the tyrosine set and the phenyl-

alanine set presents only 12 possible sets. These can
easily be checked for consistency with dipolar data and

known structures.

Looking for consistency of aromatic proton RDCs

with structural predictions requires certain assumptions

about averaging of couplings due to ring flips about b–c
bonds. For Tyr and Phe, the existence of this type of

averaging has been amply documented. For example, a

recent search of the BioMagResBank suggested that the
overwhelming majority of the Phe and Tyr rings (>95%)

are flipping rapidly on the chemical shift time scale at

ambient temperature [21]. Hence, we will assume rapid

ring flipping and motional averaging for these residues.

Tryptophan presents a more complex case. However, it

seems likely that ring flips will occur less readily, at least

for buried tryptophans, because substantial packing re-

arrangements would be required to accommodate an
alternate tryptophan side-chain geometry. We will,

therefore, assume tryptophan side-chains to be rigid. In

principle, ring flips could average all H–H RDCs,

complicating a structural analysis. However, when a

ring flips about the Cb–Cc bond, orientations of Hd–He

vectors of Phe and Tyr do not change, allowing inter-

pretation as in a completely rigid case. RDCs for the

He–Hf vectors of phenylalanine will be averaged by the
motion. In this case, provision must be made for simu-

lation of averaged RDCs.

A program named residual dipolar coupling analysis

tool (REDCAT) is available for the interpretation of

RDCs in terms of molecular structure and alignment of
Fig. 3. Orientations of molecular alignment tensors of (A) Cp-rubredoxin b

bredoxin by REDCAT calculation with NH RDCs. Orientations are visualiz

unit sphere into a plane by converting latitude (u) and longitude (k) to Cart
that structure [23]. A new version, which implements
simulation of motional effects has been designed and is

used for the first time here. Having assigned measured

RDCs to specific sites in a protein of known structure,

the program can return both principal order parameters

and the orientation of the order frame from the point of

view of the protein. The program operates by initially

solving a set of equations that relate RDCs to internal

vector geometry and a set of five order parameters. The
order parameters are extracted and assembled in a

symmetric and traceless order matrix; diagonalization of

the order matrix yields principal order parameters (Sxx,
Syy, and Szz) and a transformation matrix that relates the

principal order frame to the molecular frame. Szz is the
largest in magnitude of the principal order parameters; it

defines the level of axial order. An asymmetry parame-

ter, g is defined in terms of the other principal order
parameters (ðSyy � SxxÞ=Szz, where jSzzj > jSyyj > jSxxj);
it describes the anisotropy of order. These parameters

are simply related to alignment parameters Da and R

used in some analysis programs as

Da ¼ 1

2
DmaxSzz ¼

1

2

 
� l0

4p

!
cicjh

2p2r3ij

 !
Szz and R ¼ 2

3
g;

where ci and cj are the gyromagnetic ratios for the spin

1/2 nuclei i and j, h is Plank’s constant, and rij is the

internuclear distance.

The solutions from the application of REDCAT to

the RDC data on rubredoxin are shown in Fig. 3A as a

Sauson–Flamsteed plot that depicts the orientation of

the principal order frame as positions of x, y, and z axes

on the surface of an exploded globe. Multiple solutions
produced through a Monte-Carlo sampling of allowed

RDC values (using error estimates of 6Hz, which ac-

count for both experimental errors and errors in struc-

tural representation) are superimposed on the plot. The

lack of a precise definition of axis directions is not sur-
y REDCAT calculation with aromatic proton RDCs and (B) Pf-ru-

ed using Sauson–Flaumsteed projections, which maps the surface of a

esian coordinates (x; y) via y ¼ u and x ¼ k cosðuÞ.
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prising given the small number of data used in this case.
The definition is, however, clearly adequate for orienting

a protein domain, as would be needed in ligand binding

or protein association studies.

An assessment of the accuracy of the order direction

can be made by comparing the above results to results

from analysis of a set of 1H–15N RDCs. We do not have

a complete set for Cp-rubredoxin, but we do have a set

for rubredoxin from Pyrococcus furiosus (Pf). Pf-rubre-
doxin is the hyperthermophilic counterpart to Cp-ru-

bredoxin; it shares approximately 57% primary sequence

identity and 83% primary sequence homology with Cp-

rubredoxin [12]. Superimposition of the two highest

resolution structures, 1BRF (Pf-rubredoxin, 1.6�A) and

1IRN (Cp-rubredoxin, 1.2�A) shows a 0.47�A RMS de-

viation in Ca atomic positions. When dissolved in a bi-

celle medium, where the primary interaction between
protein and bicelle particles is steric, Cp- and Pf-rubre-

doxins are expected to have similar medium induced

alignment. The order tensor for Pf-rubredoxin in a bi-

celle medium was, therefore, calculated based on NH

RDCs collected in a bicelle solution at the same con-

centration used here [22]. Fig. 3B shows the alignment of

the order tensor of Pf-rubredoxin from this set of H–N

RDCs. An averaged error of 7Hz was assumed. Com-
paring two maps, orientation distributions of the solu-

tions determined from aromatic proton RDCs nearly

overlap those from NH RDCs. Ranges of Szz and g also

overlap for the two determinations.

For proteins of larger size, the availability of more

aromatic residues will provide more RDC restraints and

the inter-proton vectors will have a better chance to

sample orientation space. This will allow a better as-
sessment of overall order and asymmetry. Where

structures and resonance assignments are available, ac-

curacy and definition of protein alignment could also

improve. The current method for measurement of 1H–
1H RDCs was tested on the somewhat larger (14 kDa)

protein, lysozyme, and accurate measurement of RDCs

could still be made. This means that levels of alignment

can be estimated for proteins of this size and possibly
larger. Making assignments needed for determination of

a complete order tensor will be more problematic.

However, experiments with more chemical shift resolu-

tion, including ones based on aromatic selective COSY

sequences, will help. It is also possible to include RDCs

from other amino acid types by selecting subsets of

resonances with newly designed NMR experiments. We

therefore remain very optimistic about future applica-
tions.

In this paper, we have illustrated an ability to obtain

a good estimation of the alignment of a protein with a

minimal investment in time (10–20min) for a small

protein at 0.5mM concentration. Since labeled proteins

are not needed, this method provides an efficient way for

screening alignment media. In cases where the protein
structure is known, the method can be used to deduce
the direction of alignment axes. This should prove to be

of particular value where ligand alignment relative to

that of a protein is of primary interest.
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