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Abstract
There are a number of circumstances where a focus on determination of the backbone structure of a
protein, as opposed to a complete all-atom structure, may be appropriate. This is particularly the case
for structures determined as a part of a structural genomics initiative where computational modeling
of many sequentially related structures from the backbone of a single family representative is
anticipated. It is, however, also the case where the backbone may be a stepping-stone to more targeted
studies of ligand interaction or protein-protein interaction. Here an NMR protocol is described that
can produce a backbone structure of a protein without the need for extensive experiments directed
at side-chain resonance assignment or collection of structural information on side-chains. The
procedure relies primarily on orientational constraints from residual dipolar couplings as opposed to
distance constraints from NOEs. Procedures for sample preparation, data acquisition, and data
analysis are described, along with examples from application to small target proteins of a structural
genomics project.

Introduction
Residual Dipolar Couplings (RDCs) are now widely used as a source of constraints in the
structure determination of biomolecules. Several reviews on the subject have appeared (Al-
Hashimi and Patel, 2002; Bax et al., 2001; de Alba and Tjandra, 2002; Prestegard et al.,
2000; Tolman, 2001; Zhou et al., 1999) and there are numerous examples of application to
proteins in the more recent literature (Alexandrescu and Kammerer, 2003; Assfalg et al.,
2003; Beraud et al., 2002; Lin et al., 2004; Nair et al., 2003; Ohnishi et al., 2004; Tossavainen
et al., 2003; Zheng et al., 2004). However, in the majority of cases, use has been as a supplement
to other structural information, rather than a primary source of information. While this is often
appropriate, there are cases in which use as a primary source of structural data should be
considered. One case arises in the context of the structural genomics initiative (Adams et al.,
2003; Chance et al., 2002; Montelione et al., 2000). This initiative set as its goal the production
of massive numbers of three dimensional protein structures in an effort to leverage the
information flowing from whole genome sequencing efforts of the previous decade (Burley et
al., 1999; Norvell and Machalek, 2000). Production of experimental structures for each gene
sequenced would obviously be impossible, but production of a sufficient number of structures
to populate “fold space” (10,000 structures in ten years) might be possible with adequate
attention to automation of existing methodology and development of new methodology for
structure determination. With representative structures in each “fold family” computer
modeling methods would then be able to build structures for most sequences. However, even
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with the reduced number of structures to be determined, the methodology developed would
have to be efficient.

For NMR, substantial efficiency might be gained by focusing on backbone structures as
opposed to structures complete with all side chain atoms. Given the intent to model most
structures starting from representative structures that may have as little as 30% sequence
identity, a backbone structure for a fold family representative should be adequate. As much as
70% of the side-chains would, after all, be replaced in the course of modeling a new protein.
While structural information is obviously limited, backbone structures may have direct
application in other areas as well. Drug discovery programs often rely on perturbations of
resonances from just backbone atoms to identify ligand-binding sites (Fesik, 1999; Fesik,
2001; Hajduk et al., 2002; Hajduk et al., 1999). Orientational data collected on >15N->1H pairs
of atoms along the backbone is often enough to align elements of protein complexes (Clore
and Schwieters, 2003; Dosset et al., 2001; Weaver and Prestegard, 1998). And, a backbone
structure, with assignments of resonances from backbone atoms, is potentially a good starting
point for a more complete structure determination. These considerations make presentation of
backbone structure determination methodology as a part of this volume particularly
appropriate.

Focusing on backbone atoms is, unfortunately, not entirely compatible with a traditional NOE-
based approach to protein structure. NOEs stem from very short-range interactions; we can
easily measure an NOE for a pair of protons at 3Å separation, but at 6Å, the steep 1/r>6 distance
dependence reduces signal by a factor of 64 and nearly eliminates the possibility of observation.
Except for β-sheets, atoms in remote parts of a protein backbone seldom come within 6Å of
one another. Reliance on RDC data enters at this point. RDCs show orientational dependence
in addition to distance dependence, and these orientational dependencies give rise to constraints
that are effective in relating remote parts of the backbone, no matter what their separation in
space.

In what follows we present a particular strategy that evolved from an attempt to produce protein
structures efficiently as a part of a structural genomics project (Adams et al., 2003). This is, of
course, not the only such strategy; there are ones that use different sets of RDC data, and ones
that use fundamentally different algorithms for the determination of structure (Andrec et al.,
2001a; Andrec et al., 2001b; Delaglio et al., 2000; Haliloglu et al., 2003; Rohl and Baker,
2002). The strategy presented here shares some of the philosophy of these other methods, but
also has some unique characteristics. One is that it was designed to work with lower levels
of >13C enrichment; this can lead to significant cost savings in some situations, but it also
avoids some of the complexities associated with >13C decoupling and the loss of signal due to
multiple magnetization transfer pathways. The ability to use simpler pulse sequences and
exploit selective pathways compensates for some of the loss in sensitivity with lower levels of
labeling. In addition, prior assignment of resonances is not essential; this avoids the need for
collection of separate resonance assignment experiments.

In the following we present the basic rationale for converting RDCs into a three-dimensional
backbone structure, a set of experiments that have proven useful in acquiring the required data,
and step-by-step examples of applications to structural genomics targets. While the
presentation centers on efficiency of structural genomics applications (data acquisition takes
about one third the time of a complete NOE based structure), many aspects of the procedure
should be of more general utility. Efficient collection of the same subsets of RDC data used in
structural genomics applications may find application in refinement of structures based on
NOE data, and the procedures described for orienting backbones may have application to
assembly of subunits into multi-protein complexes.
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Origin of RDCs
Residual dipolar couplings arise from the same basic interaction that gives rise to the NOE,
namely a through-space dipole-dipole interaction between nuclei that possess magnetic
moments. For a pair of weakly coupled spin one-half nuclei this interaction can be represented
as in Eq. 1. Here r is the distance between nuclei i and j, γi,j are the magnetogyric ratios for the
nuclei, μ0 is the permeability of space, h is Planck's constant, and θ is the angle between the
inter-nuclear vector and the magnetic field. For a directly bonded pair of nuclei, r is fixed and
θ becomes the primary source of structural information. Clearly, a constraint on θ for every
bond vector along a protein backbone would be a powerful determinant of molecular geometry.

Dij = −
μ0γiγ j

h

(2πr)3
3 cos2 θ − 1

2 (1)

The brackets in Eq. 1 denote averaging over the rapid molecular tumbling that occurs in
solution. When this tumbling makes the interaction vector sample directions in space
isotropically, the interaction averages to zero and no dipole-dipole contributions to splittings
are observed. This is why NMR spectroscopists working in solution seldom worry about direct
dipole-dipole contributions to their spectra and rely on indirect spin relaxation contributions
such as the NOE for structural information. However, the average can be made non-zero by
inducing partial alignment of the molecules studied. As long as molecular tumbling remains
rapid, a single average interaction that adds to multiplet splittings in coupled spectra results.
Alignment is commonly accomplished with the use of aqueous liquid crystal media such as
bicelles or filamentous bacteriophage that interact weakly with the molecule of interest to give
departures from isotropic sampling by one part in 103 or 104. A large number of media for
inducing alignment now exist, as do paramagnetic tags that aid self-alignment of molecules in
high magnetic fields (Barbieri et al., 2002;Wohnert et al., 2003). These are described in recent
reviews (Bax et al., 2001;Prestegard et al., 2004;Prestegard and Kishore, 2001).

Partial alignment, unfortunately introduces hidden unknowns into Eq. 1. One must usually
characterize the level of alignment, the asymmetry of alignment, and the direction of the
principal alignment axes as seen from the point of the molecule under study. The five additional
parameters needed can be considered to be three Euler angles to define the alignment axes
(α,β,γ), a principal order parameter (Szz), and an asymmetry parameter (η). Determining these
parameters requires that a significant number of RDCs must be measured for each molecular
fragment. However, the extra information obtained is also valuable. If fragments are a part of
the same rigid structure they must share the same Szz and η. If they don't, the existence of
internal motions is suggested. Also, the alignment axes must coincide if the fragments are
oriented so that they properly represent parts of the same rigid molecule. This will be the basis
of our structure determination strategy.

Fortunately, RDCs are easily measured. When all units in Eq. 1 are in SI units, Dij is given in
Hz, and corresponds to the dipole-dipole contribution to the splitting of the doublets that would
be observed for each member of a weakly coupled pair of spins. When the spins are directly
bonded, substantial through-bond (scalar, Jij) couplings also exist and the observed splitting
would be the sum of scalar and dipole-dipole couplings. Hence, RDCs are measured as
differences in splittings of partially aligned (Jij+Dij) and isotropic (Jij) spectra.

While there are a number of ways to extract alignment parameters and evaluate fragment
geometry (Delaglio et al., 2000; Hus et al., 2000; Schwieters et al., 2003), the procedure used
in the protocol presented here rests on recasting Eq. 1 in terms of elements of a 3×3 order
matrix, Skl (see Eq. 2 and (Saupe, 1968)) Dmax ij is the coupling for a pair of nuclei at a 1.0 Å
separation with their internuclear vector along the magnetic field, and cos(θk,l) are the direction
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cosines relating the inter-nuclear vector to the axes (x,y,z) of an arbitrarily chosen molecular
fragment frame.

Dij =
Dmaxij

r 3
∑
k,l

Sklcos(θk)cos(θl) (2)

Because the order matrix is traceless and symmetric, only five order matrix elements are
independent in the expression for each RDC. For a given trial geometry of a fragment the cos
(θk,l) are also known, making a set of equations of the form of Eq.2 solvable for any five or
more independent RDC measurements. Singular value decomposition can be used to give a
best least squares solution for the order parameters (Losonczi et al., 1999). The order
parameters can then be used to back-calculate RDCs for comparison to experiment and
evaluation of trial geometries for the fragment (Valafar and Prestegard, 2004).

Conversion of RDCs to Structure
The general procedure for converting RDCs to a protein backbone structure begins with the
determination of fragment geometries using the program REDCRAFT (REsidual Dipolar
Coupling Residue Assembly and Filter Tool) (H. Valafar and J. H. Prestegard, manuscript in
preparation, and to be available at http://nmr.secsg.org). This uses the above order matrix
evaluation and back-calculation of RDCs to select proper fragment geometries. It also uses a
number of other filters for allowed fragment geometry including a Ramachandran space filter
and a torsion angle filter that is based on the Karplus equation for three bond scalar couplings.
The program begins by first evaluating geometry solutions using incremented sets of ϕ, ψ
values for pairs of peptide planes connected by a common alpha carbon. These geometries are
ranked based on agreement with RDCs and other filters; then the top choices from the ranked
list for one unit are combined with top choices from a sequentially connected second unit by
overlaying the C and N terminal peptide planes. Selection of this second unit is usually based
on the overlap of the intra residue Cα chemical shift seen for the first residue with the inter
residue Cα chemical shift seen for the second residue in HNCA style experiments. The proposed
geometries for the new fragment, containing now three peptide planes and two sets of ϕ, ψ
angles, are evaluated and ranked for a next round of extension. Ambiguities in selection of a
next residue do, of course arise. These can be resolved to some extent by excluding those
connections that produce no acceptable matches to experimental RDCs. However, at some
point the process terminates because ambiguities are un-resolvable or data needed for
connection are missing due to the occurrence of a proline or just lack of observable data.
Fragments having five or six Cαcarbons are usually sufficient to proceed with a first round of
structure determination.

Coordinates for the structurally defined fragments are next transformed to a common principal
alignment frame (PAF). The Euler angles needed to accomplish this can be found from the
transformations that diagonalize the order matrix for each fragment. The software package
REDCAT, for REsidual Dipolar Coupling Analysis Tool, provides a means of extracting Euler
angles (Valafar and Prestegard, 2004). When all fragments are in their common PAF, assembly
into a complete structure remains a problem of translation only. There is one caveat; the
insensitivity of Eqs. 1 and 2 to a 180° rotation about any principal axis leads to a four-fold
degeneracy in possible fragment orientations. This problem is sometimes obviated when
fragments are sequentially separated by only one or two residues, but the problem can be more
generally solved by considering alignments from RDCs collected in a second medium (Al-
Hashimi et al., 2000). When alignment frames for different media differ in nontrivial ways,
only one of the four possibilities for relative alignment of fragments will appear in both sets,
allowing a definitive choice of orientations.
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Translation of fragments to produce a fully assembled structure is accomplished under distance
constraints from a small number of inter-fragment NOEs observed in 15N edited NOE data sets
or from expected covalent connections of fragments once they are placed in sequence. This is
done manually using common molecular graphics programs to monitor constraint distances
while fragments are translated. The number of observable long-range backbone-to-backbone
proton NOEs is obviously small due to the relatively long distances found between backbone
atoms, but combining NOE constraints with limitations imposed by covalent connection
through the small numbers of residues between fragments, and limitations imposed by van der
Waals contact, produces adequate numbers of constraints. Minimally, three translational
constraints per fragment are needed.

Obtaining constraints from covalent connection requires placement of fragments in proper
sequential positions. Data used to do this can come primarily from correlating Cα chemical
shifts with amino acid type. The use of Cα shift deviations from random coil values for each
amino acid is commonly used to evaluate secondary structure after resonance assignment
(Cornilescu et al., 1999; Wishart and Sykes, 1994; Wishart et al., 1992), but in our case local
structure, as opposed to resonance assignment, is known for each fragment; here, the process
can be reversed to use shift departures from those found for secondary structure (ϕ, ψ) types
to identify specific amino acids. This cannot be done with certainty site-by-site, but connected
sets of shifts in fragments containing five or more Cα carbons give high probabilities of
placement at unique positions in a known protein sequence. This process has been automated
in a program called SEASCAPE for SEquential Assignment by Structure and Chemical shift
Aided Probability Estimation (Morris et al., 2004). Definitive assignment and further fragment
extension can be aided by 15N-edited TOCSY data. These data are also useful in assignment
of Hα chemical shifts for identification of backbone-to-backbone NOE constraints involving
Hα protons.

Final assembled structures can be refined by minimization in programs such as XPLOR-NIH
under a combination of NOE and RDC constraints (Schwieters et al., 2003). Use of this
refinement step is facilitated by having the assembled fragments in their principal alignment
frame. Entry of coordinates for pseudo-atoms defining an alignment frame then involves just
simple displacements of pseudo atoms along x, y, and z axes. The axial alignment and
rhombicity parameters that this program normally uses can be entered from known
relationships to order parameters provided by the REDCAT program; the axial alignment
parameter, Da, and the rhombicity parameter, R, are given as ½(Dmax• Szz) and 2/3η
respectively.

Hence, we have a complete protocol for structure determination of protein backbones based
primarily on RDC data. Five or more pieces of RDC data are collected about a Cα carbon
connecting two peptide planes and allowed ϕ and ψ angles are identified based on best fits to
the RDC data (this is usually done for data from two different alignment media). Other Cα
carbons are connected based on chemical shift overlap in HNCA style spectra, eventually
generating fragments of known geometry of 5 or more such carbons. These fragments are
placed in sequence using backbone chemical shift data, and the orientations in space of the
fragments are determined. NOEs and connectivity restraints allow translation of fragments to
form a crude structure, and this structure is minimized under a combination of RDC and NOE
constraints. These procedures are illustrated in what follows with specific examples taken from
application to structural genomics targets.

Experiments for obtaining RDCs
For the procedure described here, the collection of adequate numbers of RDCs to define local
geometry (ϕ, ψ) and orientation of a peptide fragment is based on just three experiments, an
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IPAP 1H-15N HSQC (Ottiger et al., 1998), an HNCA-E.COSY (Weisemann et al., 1994), and
an IPAP-HNCO (Tian et al., 2001). These experiments were selected not only for their
efficiency, but for their applicability to samples having lower levels of 13C enrichment. The
use of lower levels of 13C enrichment was undertaken in our case to explore potential cost
savings, but there are also protein expression systems, particularly ones for eukaryotic proteins,
in which contributions of cell mass and materials from conditioning phases to carbon sources
make it difficult to attain high level of enrichment (Wood and Komives, 1999). The couplings
returned in our experiments are illustrated in Figure 1. These include 1HN-15N, 1HN
-13CO, 15N-13CO, 13Cα-1Hα, 1Hα(i)-1HN and 1Hα(i-1)-1HN couplings. For a segment of two-
peptide planes, 9 couplings are potentially available; this number (assuming the absence of
accidental degeneracies due to parallel orientation of interaction vectors) is adequate to
determine the 7 parameters needed to define local geometry and fragment orientation.

The 1HN –15N residual dipolar coupling is most easily measured in a variation of the
2D 1H-15N HSQC experiment in which the 1HN –15N coupling is allowed to evolve along with
the 15N chemical shift. Due to the doubling in the number of peaks as compared to a decoupled
HSQC experiment, peak overlap can become a hindrance to the measurement of DHN-N for
proteins longer than approximately 80 residues. In these cases it is helpful to record the upfield
and downfield multiplet components in separate spectra using the IPAP-HSQC experiment
(Figure 2) (Ottiger et al., 1998). This experiment is similar to an HSQC, but optionally includes
a spin-echo element on 15N preceding the t1 evolution period. In the presence of the spin-echo
element, magnetization is labeled in t1 according to sin(ωt1)sin(πJNH), and the resulting
doublets are antiphase in t1. In the absence of the spin-echo element, magnetization is labeled
according to cos(ωt1)cos(πJNH) in t1, resulting in in–phase doublets. The in–phase and anti-
phase spectra are added and subtracted to give the upfield and downfield multiplet components,
respectively.

DHαHN and DCαHα are measured with an HNCA-ECOSY pulse sequence (Figure 3), (Tian et
al., 2001). In this experiment, magnetization originating on HN is transferred through an INEPT
element to 15N. 15N is then allowed to evolve during the constant-time t1 period, with WALTZ
decoupling of protons. From there, another INEPT element is used to transfer magnetization
to Cα. The Cα – Hα coupling and the Cα chemical shift are then allowed to evolve together
during t2. This allows the observation of the DCαHα residual dipolar coupling in the 13C
dimension. Magnetization is then transferred through 15N to 1HN for detection. The ECOSY
principle is used to transfer coherence from each doublet component seen in the 13C dimension
selectively to a single doublet component of the 1HN doublet seen in the 1H dimension. This
means that the Hα spin (the source of coupling for both doublets) must experience an even
number of π rotations after t2 so that the α and β spin states are not mixed. The elimination of
two of the four peaks that would normally be seen in a COSY spectrum (or fully coupled
HSQC) allows the observation of the relatively small 1HN - Hα coupling as horizontal (ν3)
displacements of the remaining diagonally displaced peaks.

When the experiment is performed using a high-Q probe such as a cryoprobe, radiation
damping of the water signal becomes an important consideration. The best water suppression
is achieved through empirical adjustment of the soft pulse following the initial 1H - 15N transfer.
Both the phase and the amplitude of this pulse can be adjusted to give the smallest remaining
water signal. Improvement in water suppression can also be obtained by replacing the final
180° pulse on 1H with a 3919 selective pulse (Sklenar et al., 1993). The version shown is not
a sensitivity enhanced version, but design of such a version is likely to be possible.

The HNCA-ECOSY pulse sequence, in particular, illustrates the point that there are advantages
to low levels of 13C enrichment other than savings in materials costs. One such advantage is
due to the absence of JCαCβ and JCαC' couplings in natural abundance or partially enriched
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samples. These couplings are large enough that, if various coupling elimination techniques are
not used with fully enriched samples, they will dominate the 13C linewidth. This is a problem
for both experiments designed to obtain sequential connectivities and experiments designed to
measure 1Hα-13Cα couplings. In standard HNCA experiments used for sequential connectivity,
attempts to remove couplings between Cα and Cβ carbons are seldom made. This limits
resolution and makes correlation of Cαi and Cα(i-1) chemical shifts of limited utility for
sequential connection of residues. Hence, the popularity of CACBNH experiments in which
both Cα and Cβ inter-residue correlations are made. With low enrichment 13C-13C couplings
do not occur with significant probability and chemical shift correlations become much more
valuable. In fact, the combination of Cαi–Cα(i-1) connectivities and DCαHα couplings measured
from the i and i+1 residues (to be described below) can yield sequential assignments
comparable in quality to what can be obtained from a combination of Cα and Cβ connectivities.
Another advantage comes from the fact that connectivities from HN to the Cαi and Cαi-1carbons
seldom occur in the same molecule when 13C enrichment is low. This means that magnetization
is not divided between two pathways and some of the signal loss from low enrichment is
regained.

For measurement of 13Cα-1Hα couplings in highly enriched samples, the effects of 13C-13C
couplings can be removed by constant-time techniques (Bax et al., 2001). A commonly used
experiment is the CT-(HA)CA(CO)NH experiment. Here a relatively long CT period is used
to improve resolution of peaks, but this usually comes at some cost in sensitivity and in
restrictions on the choice of evolution times. The passage of magnetization through the
carbonyl carbon is used to eliminate the transfer of magnetization from both intra and inter
residue Cα carbons. This simplifies spectra, but requires that other experiments be used to
establish residue connectivities.

The smallest backbone residual dipolar coupling considered here is DNC'. It is also the most
difficult to measure. It is useful to measure DNC' as a splitting in the 15N dimension due to the
favorable relaxation properties of 15N. The most important consideration in this type of
experiment, when done with partially 13C-enriched samples is that 15N magnetization arising
from non–13C–labeled molecules must be filtered out by the pulse sequence. In a sample at
natural abundance in 13C or enriched at the 16% level commonly used in our studies, the
majority of the 15N magnetization arises from non-13C-labeled molecules, so the filtering must
be efficient. In particular, it is not sufficient to run an ordinary 1H-15N correlation experiment
in the absence of 13C decoupling (Wang et al., 1998). One successful pulse sequence for the
measurement of DNC' has been the 2D IPAP-HNCO sequence (Figure 4). This also allows the
measurement of DHN-C'. This pulse sequence begins with an INEPT-type transfer of
magnetization from 1HN to 15N. Filtering for 13C-labeled molecules is achieved by using the
JNC' coupling to generate NZC'Z magnetization, while 15N magnetization arising from
non-13C-labeled molecules remains transverse. Pulsed field gradients then dephase the
transverse magnetization. Finally, the remaining 15N magnetization is allowed to evolve, and
then transferred back to HN for detection. The result is efficient selection for magnetization
residing on 15N bound to 13C. The sequence also uses the ECOSY principle; in this case the
common source of couplings is the carbonyl carbon,13C'. The 15—C' coupling is measured in
t1, and the HN–C' coupling is measured in the directly detected dimension. The 13C nucleus
experiences no pulses between the end of the t1 evolution period and the end of the pulse
sequence; therefore the α and β spin states are not mixed, allowing ECOSY-type separation.
The sequence reported here is similar to what was previously described (Tian et al., 2001),
except that in the current sequence, the upfield and downfield components of each multiplet
appear in separate spectra. This separation is very helpful in relieving the overlap due to the
small size of JNC' and JHN,C'. This becomes more important as the size of the protein under
study increases, resulting in broader lines and more numerous peaks.
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Measuring RDCs in the above spectra can be a formidable task. Some of this is due to the sheer
volume of data and the need to make proper correlations of peaks between data sets. Here
automatic peak picking routines available in programs like NMRPipe and NMRDraw are useful
(Delaglio et al., 1995). Scripts can be designed to transfer default assignments from one set to
another and automatic deposition to databases can facilitate subsequent analysis of data. In
many cases precision of measurement with these tools is adequate. We estimate that agreement
of RDCs with structures produced is inherently limited to about 10% of the total range of
couplings by the inaccuracy of the peptide geometries used to build our models. Natural out-
of-plane distortions for the N-H bond vector are, for example, estimated to be 6° (MacArthur
and Thornton, 1996). If this variation occurs near the magic angle the corresponding change
in a measured RDC is 10% of the range. Hence, measurement with a precision of better than
10% is not useful in our application. For 1H-15N couplings of +20Hz to –10Hz the required 3
Hz precision is for most data sets attainable with standard peak picking routines. Where needed,
better precision can be obtained by manually picking peak centers in displayed columns or
fitting peaks to Lorenzian or other line shapes.

There are some special problems that occur in HNCO-E.COSY spectra and in the measurement
of HN-Hα couplings from HNCA-E.COSY spectra. These couplings can be small and
lineshapes can be distorted by various cross-correlation effects. Here we have found simulation
of combined peak shapes useful. We nevertheless typically raise error estimates for these
couplings to approximately ½ the relevant line width.

Sample Preparation
Isotope labeling

Samples are prepared to have a high level of 15N enrichment but more modest levels of 13C
enrichment. In our case 13C incorporation is achieved through the use of a mixture of C1-13C-
glucose and C2-13C-glucose as a carbon source in minimal media designed for use with an E.
coli host. This results in a 15-20% 13C labeled sample with a close to random distribution of
labeled sites. As outlined above, this system has a number of advantages over those that provide
full 13C isotope labeling: the isotope costs for the sample preparation are somewhat lower than
those for a fully labeled protein (this could be lower if demand for C1-13C-glucose and
C2-13C-glucose were higher). In addition, spectra of aligned samples are simplified through
the reduction in the number of long-range couplings.

To accomplish protein expression, a pET plasmid containing the clone for the protein of interest
is transformed into E. coli BL21(DE3) and plated onto M9 plates (Sambrook & Russell, 2000)
containing the appropriate antibiotic. The cells are grown for around 20 hours at 37 °C since
they will grow more slowly and require more time to produce colonies than on a rich medium
plate. This transformation step is important to select for colonies that grow in M9, however,
isotope labels are not needed in this step. The following day a colony is picked and used to
inoculate 50 mL of M9 containing antibiotic and 2g 13C-1 glucose, 1g 13C-2 glucose and
1g 15N ammonium chloride as the sole 13C and 15N sources, in a 250 ml flask with baffles.
The cells are incubated for ca. 20 hours at 37 °C with shaking. The next morning, 1 L of M9
with antibiotics is inoculated with a 20 mL of the overnight culture. The culture is induced
with IPTG (0.5 – 1.0 mM) when the OD600 is ∼0.7 (usually about 4 hours after inoculation).
After induction, the temperature of the growth can remain at 37 °C or be lowered (25 °C or 30
°C, etc) depending on the expression level of the particular protein. The cells are harvested 6-8
hours after induction, depending on the temperature being used (longer times for lower
temperatures).
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Sample Preparation and Alignment
As outlined in the introduction, measurement of residual dipolar couplings requires that the
protein be aligned in a liquid crystalline medium. It is also useful to have RDC data collected
under multiple alignment conditions (usually 2), as additional alignment sets can help resolve
the four-fold degeneracy that results from one medium (see above). Although it is ideal to
collect a full RDC data set under each condition, it may be sufficient to collect one full set and
a partial set (e.g. 1HN-15N) for a second medium. There are many types of alignment being
utilized for these purposes (see Prestegard & Kishore, 2001 for a recent review), but we
typically rely on Pf1 filamentous phage (Hansen et al., 1998) and polyethylene glycol (PEG)
bicelles (Ruckert and Otting, 2000). The PEG bicelles, in turn, can be doped with negative
(SOS, SDS) or positive (CTAB) agents to provide yet another set of alignment conditions.

Preparation of a sample aligned with Pf1 phage is fairly straightforward. Since the protein will
be diluted by the alignment medium, a concentrated stock solution of protein is used. Pf1 phage
(Hansen, 1998) is usually provided at a concentration of 50 mg/mL. The working sample is
prepared at concentrations of about 1 mM protein and 10 mg/mL phage by making the
appropriate dilutions. D2O is added to a final concentration of 10%. The 2H splitting is
measured (see below); if it is too low, the concentration of phage can be increased to 15 or 20
mg/mL as needed.

Preparation of a sample aligned with polyethyleneglycol-alkylether (PEG) bicelles is slightly
more involved, but still achievable. Both C8E5 (polyoxyethylene 5 octyl ether) and C12E5
(pentaethylene glycol monododecyl ether) can be used; C12E5 usually provides a proper level
of alignment at room temperature. A stock solution of 8% (w/v) PEG is prepared and diluted
to a working concentration of about 4%. As with the phage sample, a concentrated stock
solution of protein is used; it contains 10% D2O and is in buffer at the correct pH. The 8%
PEG stock solution consists of 50 uL C12E5, 16 uL hexanol and 250 uL buffer containing 10%
D2O at the correct pH. The C12E5 and buffer are mixed well with vortexing. The hexanol is
added in 4 uL increments, with vortexing after each addition. The solution goes from clear to
milky, turbid, then to transluscent and viscous with lots of bubbles. Hexanol is added until the
solution goes clear again. If it becomes milky/turbid again, the solution has gone past the
nematic phase. The working sample of 4% PEG is prepared by diluting the protein and PEG
1:1 with vortexing. After incubation at room temperature overnight, the measured 2H splitting
(see below) should be about 15 Hz. PEG can be doped with CTAB or SOS to provide a second
alignment tensor. The ratio of PEG:CTAB is typically 27:1; the ratio of PEG:SOS is typically
30:1.

It is not always guaranteed that the liquid crystalline medium will align in the magnetic field,
or that, if it does, the protein will also align. There is also the possibility that the protein will
interact with the alignment medium, which may result in a much higher degree of alignment
than is desired. Hence, the strength of alignment in a particular liquid crystalline medium needs
to be assessed. To determine the level of alignment of the liquid crystals themselves, a simple
one-dimensional 2H spectrum is obtained. This is often done on a sample without protein added,
to check the stability of the medium alone. Alignment results in a splitting of the 2H water
resonance from the 10% D2O present in the sample. When the medium is homogeneous, a
symmetrical doublet is produced (Figure 5). If the medium is not fully aligned, a third peak
corresponding to the isotropic signal is commonly seen (it may take an hour or more for the
sample to equilibrate to a uniform oriented medium). The separation of the peaks is measured
in Hz – a good target value for the splitting of the 2H signal in an aligned sample is ca. 15 Hz.
Although this splitting does not directly relate to the level of protein alignment, a splitting in
this range often results in magnitudes of 1HN-15N couplings in the 15-20 Hz range for the
protein. The quality of both the medium and the data that will be produced can be further
assessed from an IPAP 15N-1H HSQC experiment before a full data set is collected. This can
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be done on a sample labeled only with 15N if conservation of the 13C protein is desired, but
for the final data set, these RDCs must be re-collected on the 13C sample so the entire data set
is self-consistent.

Examples of spectra
DHN,N

1HN -15N RDCs can be measured using simple versions of a two-dimensional coupled H-N
HSQC. For larger proteins, however, an IPAP version of this sequence (Ottiger et al., 1998)
which reduces spectral overlap is preferred. The pulse sequence for this experiment was shown
in Figure 2 and examples of this spectrum under isotropic and aligned conditions are shown
in Figure 6 for a 13.8 kDa target protein (PF0385). This protein from Pyrococcuss furiosus is
annotated only as a conserved hypothetical protein and has no significant sequence identity to
anything in the Protein Data Bank. The spectrum is plotted with peaks color coded for the sum
and difference of the in-phase and anti-phase components. These are normally observed and
analyzed in separate spectral panels. The separation of the two peaks in the vertical dimension
is the sum of the RDC and the scalar coupling (DHN,N + 1JHN,N) in the aligned spectrum and
the scalar coupling alone in the isotropic spectrum (1JHN,N). Note that on alignment the
magnitudes of some couplings decrease and the magnitudes of some couplings increase,
corresponding to preferred angles near zero and near 90°, respectively. Also note that an
increase in the magnitude of a coupling for 1HN -15N actually corresponds to a negative RDC;
the scalar one bond coupling is negative for 1HN -15N because of the negative magnetogyric
ratio of 15N. Keeping signs straight is important when multiple types of RDCs are to be
combined in a structural analysis.

A large number of points in the t1 dimension has been collected to provide resolution sufficient
for accurate measurement of the coupling (a 100ms acquisition time is usually sufficient). This
experiment is generally very sensitive and produces highly accurate coupling values. As an
example, data collection for the 15N coupled HSQC includes 256 complex t1 points, and 2048
t2 points collected over 2 h using a cryogenic probe. Prior to Fourier transformation, data in
the direct dimension were corrected for solvent, multiplied by a squared sine bell shifted by
90°, and zero-filled to 4096. Data in the indirect dimension were multiplied by a squared sine
bell shifted by 90°, linear predicted from 512 to 1024 and zero-filled to 4096. Peaks were
picked using the automated peak picking function in NMRPipe (Delaglio et al, 1995) and
inspected manually for accuracy. Peaks were classified as good, slightly overlapped/distorted,
and severely overlapped/distorted so that more weight could be given to the most reliable data.
Arbitrary peak labels were transferred in automatically from an isotropic HSQC spectrum. J
or J+D values were automatically calculated as the difference in Hz between the coupled peaks
in the 15N dimension, and the data were stored in a database for automated recovery and
analysis.

DCαHα, DHα(t-1)HN, DHα(t)HN
Couplings involving Cα and Hα were collected using a three-dimensional soft HNCA ECOSY
(Weisemann et al, 1994). The pulse sequence was shown in Figure 3 and typical spectra are
shown in Figure 7 and 8 for a 7.8 kDa target protein (PF0255) under isotropic and aligned
conditions. PF0255 is a Pyrococcuss Furiosus protein that was annotated as a DNA-directed
RNA polymerase subunit. However it had less than 23% sequence identity to its nearest
neighbor in the Protein Data Bank. The HNCA ECOSY experiment provides Cα- Hα couplings
in the indirect 13C dimension and Hα-HN couplings in the direct dimension for both intra- and
inter-residue peaks. Identification of the inter-residue resonances is aided by the observation
that the Hα(i-1) - HN coupling is zero under isotropic conditions. Examples of this are shown
in Figure 7. The pair of peaks at 62 ppm and the pair at 57.5 ppm in the carbon dimension
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correspond to an inter residue pair and an intra residue pair, respectively. Note that the inter
residue pair at 62 ppm in the aligned case shows a small negative splitting. This corresponds
to the through space RDC observable for this pair with a four-bond covalent separation. The
relative intensity of the peaks can also used be as a guide to assigning intra- and inter-residue
status (intra-residue is usually more intense). Even using a sample with a low level of isotopic
labeling, the sensitivity of this experiment is adequate for the study of proteins with molecular
weight <20 kDa. Despite this being a three-dimensional experiment, there are sometimes issues
of spectral overlap that compromise accuracy for the couplings measured. For this reason, we
classify the peaks as good, overlapped or questionable, and use larger errors for the less accurate
peaks.

The HNCA-ECOSY experiment also provides our primary way of connecting residues that are
adjacent in sequence. Since both intra residue and (i)-(i-1) connectivities occur in a single
HN column, an intra residue Cα shift in one column can be matched with an inter-residue Cα
shift in another to make the connection. Splittings for a given Cα-Hα pair are also measurable
from both sets of cross peaks and the (i)-(i-1) splitting from one column must match the (i)
splitting from the second column for the correct connection. Since these splittings vary widely
under aligned conditions, this is extremely useful additional connectivity information. The
expanded view of the HNCA-E.COSY shown in Figure 8 illustrates the utility of this
information.

Fragment connection is performed in a three-step process that is designed to be as efficient and
automated as possible. It begins with an automated filter step that eliminates any residue that
does not match both peaks in the coupled pair within a given chemical shift cutoff. A generous
cutoff of 0.2 ppm in the 13C dimension is used to avoid discounting a possible match between
weak, overlapped, or distorted peaks. The remaining small number of possible matches is
inspected manually using an script written in NMRView (Johnson and Blevins, 1994). This
allows classification of possible matches from all spectra, eliminating poor candidates. The
final list of possible matches is then run through an algorithm that chains pairs together into
possible fragments. All possibilities are saved for later structural analysis when some
inconsistent assemblies will be eliminated. The entire process is extremely efficient, taking on
the order of 1 hour for a 100 residue protein.

Data collection for the soft HNCA-ECOSY used as an example (0.5mM protein in aligned
medium) included 72 t1 (13C) points for an acquisition time of about 20 ms, 16 (15N) t2 points
and 2048 t3 points collected over 37 h using a cryogenic probe. Prior to Fourier transformation,
data in the direct dimension were apodized as described above and zero-filled to 4096. Data
in the 13C dimension were linear predicted from 72 to 128, apodized and zero-filled to 256.
Data in the 15N dimension were linear predicted from 16 to 32, apodized and zero-filled to 64.
J or J+D values were automatically calculated as the difference in Hz between the coupled
peaks in the 1H and 13C dimensions, and stored in a database for automated recovery and
analysis. 13 Cα chemical shifts were also stored for use in fragment identification (see below).

DHN-C', DNC'
Couplings involving the carbonyl carbon are collected using a two-dimensional modified
HNCO experiment (Tian et al., 2001) in a manner very similar to that of the coupled HSQC.
As seen in the example spectra in Figure 9, the DNC' and DHNC' couplings are quite small (1-8
Hz) and are often difficult to measure. Like the HNCA-ECOSY, the multiple ECOSY peaks
that appear for each HN lead to overlap. For this reason, an IPAP version (Tian, unpublished
results) (Figure 4) was utilized for the larger target protein (PF0385, 13.8 kDa). This experiment
may also provide more accurate measurement of the couplings in smaller proteins. The sum
and difference spectra (red and black, respectively), have been overlaid to highlight the offsets
in both the direct (1H) and indirect (15N) dimensions. Note that peaks are displaced along the
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positive diagonal in the isotropic spectrum indicating that the couplings in the two directions
have the opposite sign. But, there are sometimes exceptions in the aligned case. Since the RDC
contribution to the CN splitting is never larger than the scalar coupling, we know this coupling
to be negative, and the direction of the offset allows determination of the absolute sign of the
RDC.

Data collection for the IPAP-HNCO shown included 256 t1 points, and 2048 t2 points over 16
h. Prior to Fourier transformation, data in the direct dimension were apodized and zero-filled
to 4096. Data in the 15N dimension were linear predicted from 256 to 512, apodized and zero-
filled to 4096. The data were processed using IPAP scripts that combined the in-phase and
anti-phase signals to give two spectra: the sum and difference. Peaks were picked from both
spectra, and the peak lists combined to allow for calculation of the RDCs. J or J+D values were
automatically calculated as the difference in Hz between the coupled peaks in the 15N or 1H
dimension, and the data were stored in a database for automated recovery and analysis.

An 15N-edited NOESY-HSQC was also collected to aid in fragment assembly of the two
proteins discussed. Identification of a small number (typically about a dozen) of inter-fragment
NOEs provides information on the spatial arrangement of the fragments. The NOESY-HSQC
is typically collected with 128 t1 points, 16 t2 points and 2048 t3 points over 16 h. Also a
TOCSY-HSQC was collected in parallel with the NOESYHSQC. This provides a convenient
way of correlating Hα resonance position to HSQC cross peaks for use in assignment of NOE
constraints. In addition, information about amino acid type can be obtained and utilized for
sequence-specific assignment of fragments.

Data Analysis
Data assessment from powder patterns

Before embarking on the task of structure determination it is advantageous to make a general
assessment of the quality of various types of data and identify any anomalous points that may
contaminate analysis. One simple tool is a direct comparison of distributions RDCs from
different nuclear pairs (histograms showing the number of couplings measured at each possible
coupling value). In principle, with a sufficiently large number of couplings, all space should
be sampled and powder patterns should result that differ only by scaling factors related to the
sizes of magnetogyric ratios for the coupled nuclei, the signs of these ratios, and distances
between nuclei. Any inexplicable differences between two different sources of data will
highlight systematic errors in data treatment (such as incorrect assumptions about signs of
couplings); the patterns will also help to identify outliers that need to be manually reexamined,
and they will give estimates of order parameters that can be used as useful filters for proper
geometric solutions.

The first step in performing a powder pattern analysis is the conversion of all RDC values from
units of Hz to unit-less measurements. This conversion can be performed using Eq. 3 below.

s = D × r 3

DMax
(3)

Here D denotes the experimental data, r is the length of the inter-nuclear vector that joins the
two nuclei of interest and Dmax is the maximum observable RDC for two nuclei at 1Å distance
under perfect alignment. Values for Dmax and r used in our calculations are shown in Table 1.
Figure 10 below illustrates a comparison of the distribution of RDCs for 1H-15N
and 1H-13Cα couplings. Rather than plotting simple histograms, smoothed curves have been
plotted utilizing Parsen density estimation (Fukunaga, 1990). The data are for PF0255, the
same protein used to illustrate the HNCA-ECOSY data set described above.
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The agreement shown in Figure 10 is fairly good. There is a possible outlier at a value of –
0.0007 in the Cα-Hα set. This data point was checked and appeared to be a valid measurement.
Outlying data may not in all cases be due to error but may be due to sparse sampling of vectors
in space. Also, in the case of Cα-Hα data, the outliers can originate from Glycines since the
coupling value is often reported as the sum of both Cα-Hα1 and Cα-Hα2 residual dipolar
couplings.

The fact that the central maximum lies at a negative value for both distributions in Figure 10
suggests that the relative signs of couplings have been assigned properly (largest couplings
negative for Cα-Hα and positive for H-N). A simplistic analysis of the shape of the distribution
would assign extreme values to Szz and Syy in accord with the convention Szz|≥| Syy . The third
order parameter (Sxx) can be calculated by utilizing the traceless property of the order tensor
(Sxx=-Szz-Syy). Data for H-N measurements in Figure 10 would set Szz = 0.00075, Syy =
-0.0006, and Sxx = -0.00015. It can theoretically be proven that the most frequently observed
value of RDC for a uniformly-distributed set of vectors in space is the value corresponding to
Sxx (Valafar and Prestegard, 2003; Varner et al., 1996). This would imply that the highest peak
in the powder pattern should correspond to Sxx. This is again consistent with the numbers
suggested above. Other more sophisticated methods such as maximum likelihood (Warren and
Moore, 2001) can be employed to provide a better estimate of the order parameters by fitting
the entire powder pattern rather than just the extrema.

The above order parameter estimates can be used as additional filters for fragment geometry
solutions coming from the program to be described in the next section. The number of data
points used to find allowed geometries and order matrix elements will be small and false
geometries can easily arise in combination with principal order parameters that are inconsistent
with the distributions described above. Once several fragments with reliable geometries and
consistent order parameters are found, it is often better to substitute principal order parameters
from fragment solutions for the powder pattern estimates described above.

Structure Determination using REDCRAFT
The actual search for fragment geometries consistent with RDC data is performed by a program
named REDCRAFT (REsidual Dipolar Coupling based Residue Assembly and Filtering Tool)
(H. Valafar, manuscript in preparation). This program runs as either a single processor version
or a Linux cluster version. As described in the introduction, it constructs backbone geometries
for peptide fragments in a manner consistent with allowed Ramachandran space,
measured 3JHN-Hα scalar couplings, and an experimentally collected set of RDCs.

Although the program itself is very general, the input for the current version has been tailored
to the particular set of couplings produced by the experiments described above. This input
consists of repeating blocks of data in the format described in Table 2, one block for every
residue of the fragment. The first line of a block begins with designation of the amino acid type
for the residue. Because we work only with backbone data, and side chains are irrelevant, types
are designated as either GLY (signifying Glycine) or ALA (signifying Alanine). The line
continues with 3JHN-Hα for the residue and concludes with a comment. Comments can be any
string data, but we find this field a convenient place to store residue numbers or peak numbers
that correlate data with peaks in a reference 15N-1H HSQC data set.

The remaining six lines begin with one of the six RDCs that can be detected through a
particular 15N-1HN pair (in Hz with the proper sign). Note that in the case of Glycines, the
DCα-Hα is actually DCα1-Hα1+ DCα2-Hα2. Similarly, the value of the 3JHN-Hα is reported as the
sum of both couplings, and for a residue following Glycine, the DHα(i-1)-HN value is reported
as a sum value. Any missing RDCs are indicated as 999. Each coupling is followed by a scaling
factor that is used to account for the information content of the various couplings, and concludes
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with another comment field. The scaling factors are based on the ratio of the maximum coupling
for a given entry relative to Dmax,N-HN (Table 1) and the reciprocal of the ratio of estimated
percentage experimental error for a given entry relative to a standard error for DHN-N. The
result is a simple ratio of the estimated average error of HN couplings relative to error of the
coupling in question. Because of structural noise, errors for our more precise measurements
are often set to 10% of the range of couplings observed. Others reflect experimental precision
of measurement with reasons for deviation often included in the comment field. REDCRAFT
can take multiple input files, with each one containing data from a different orientation medium.
In this case a common geometry satisfying all data is found.

The time required for geometry searches depends on the depth of search into the ranked lists
of allowed ϕ and ψ angles for each dipeptide fragment to be joined. Fragments as large as 20
residues can be processed using the parallel version of REDCRAFT with a reasonable search
depth (1000) in less than a few hours. An entire protein of size 70 residues can be processed
in less than a day. Under the conditions where data are numerous and of sufficiently high quality
(such as Rubredoxin; BMRB accession #5926), the search depth can be quite shallow and a
25 residue fragment can be successfully processed under an hour on a typical desktop computer.

The final outcome of this analysis consists of a single file containing a ranked list of all
examined structures. These are described by departures in ϕ and ψ from the extended starting
conformation (IUPAC angles can be obtained by subtracting 180°). The top entry will be the
geometry that best fits the experimental RDCs. Table 3 shows every tenth entry for the top 100
solutions produced by REDCRAFT for a 7 residue fragment from the C-terminus of the PF0255
protein (K46-V52). The last column indicates the rmsd between the back calculated scaled
RDCs (using the best solution order tensor for the given geometry) and the measured RDCs.
The data used in this particular calculation included 38 RDCs from alignment in a
bacteriophage medium and 24 RDCs from alignment in a C12E5/hexanol bicelle medium. The
derived conformation obviously agrees well with the data as indicated by the rmsd values and
clustering of the ϕ and ψ values. The particular segment examined terminates because of a
proline in the next position. A second segment can be examined independently beginning with
the residue after proline (G54-R61).

In the case presented we were able to sequentially place the fragments as being before and after
proline 53. REDCRAFT is able to accommodate missing data, including that for an entire
residue such as proline. Therefore, an entire 16 residue segment was also assembled using 67
RDCs for the first medium and 57 RDCs from the second medium. As a final option in the
REDCRAFT determination protocol angles determined for each fragment can be locally
refined to obtain a better match with the RDCs. This is done by a simple implementation of
Monte Carlo sampling of a window size indicated by the user (usually +/− 5° for a 10° grid
size).. At the end of this procedure, a perl script (Mol_Scr.prl) is used to generate a script for
MolMol (Koradi et al., 1996) to construct the atomic coordinates of the fragments. The
predicted structure coming from this procedure applied to the entire 16 residue C-terminal
fragment of PF0255 will be described more completely below.

Fragment validation using REDCAT
Upon the successful determination of fragment geometries, it is important to perform a more
detailed error analysis. This can be done with the program REDCAT (REsidual Dipolar
Coupling Analysis Tool) (Valafar and Prestegard, 2004). The atomic coordinates produced
from the previous section, along with the RDCs used to determine the coordinates, can serve
as input for the program. Using the “Prepare Input File” and “Import RDC” functions of this
program, one can conveniently produce REDCAT input files. The first step for confirmation
of a structure is to perform an error analysis and inspect the individual contributions of each
piece of RDC data to the overall RMSD reported by REDCRAFT. Large contributions should

Prestegard et al. Page 14

Methods Enzymol. Author manuscript; available in PMC 2007 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



originate only from entries that have been identified as inaccurate measurements. Other large
errors can result if there are segments with substantial degrees of internal motion (spin
relaxation measurements or amide proton exchange experiments can be used to independently
identify these segments) or from simple mis-assignments. In either case this may be cause for
a re-determination of fragment geometry with the problematic data corrected or eliminated.
REDCAT also provides solutions for principal order parameters. In cases of multiple fragments
it is important to verify that these are consistent between fragments, usually within 15% for
Szz and 30% for Sxx and Syy.

Fragment orientation using REDCAT
In cases where multiple fragments, as opposed to one continuous fragment, are obtained from
REDCRAFT, it is important to put each fragment in its principal alignment frame (PAF) for
assembly into a complete molecule. Once each fragment has been described in its PAF, RDCs
from a second alignment medium can be used to resolve inversion degeneracies (Al-Hashimi
et al., 2000; Mayer, 2004), and then fragments can be translated under NOE and covalent
constraints to produce a final structure. REDCAT offers tools to solve for the angles that
transform a fragment to its principal alignment frame and to rotate initial fragment coordinates
into that principal alignment frame. This rotation is an important step in assembling an intact
structure when connectivities between residues terminate periodically throughout the length
of the protein sequence. Even without direct connection the proper relative orientations of
separate fragments can be determined because fragments from the same structure must share
a common alignment frame. The frame produced by REDCAT is actually arbitrarily chosen
from a four-fold degenerate set that differs by rotations of 180º about each of the three Cartesian
axes. In assembling fragments the degeneracy can be resolved by comparing the possible
relative orientations of two fragments as determined in two different alignment media. In
general, relative orientations will appear the same for only one choice within the degenerate
sets. The process is illustrated in Figure 11 for the pre- and post-proline pieces in the C-terminal
segment of PF0255. In this illustration the pieces have been produced by dividing the sixteen-
residue structure produced by REDCAT at the proline, but the process would be the same had
the proper sequential connection through proline not been found. At the left of each line in the
figure is the first half of the segment. This is followed by the second half in each of the four
degenerate PAF frames. The first line is from a sample aligned in bacteriophage. The second
line is from a sample aligned in C5E12/hexanol bicelles. All structures in the second line have
been rotated by transformations that superimpose the first half fragment of the second line with
the first half fragment in the first line. Note that only relative orientations involving the 53-58ref
structure in line one and the 53-58y structure in line two appear the same. This points to the
proper relative orientation for assembly. It is also reassuring that this puts the C-terminus of
the first half in proximity to the N-terminus of the second half for easy covalent connection
through a proline.

In general, when fragment geometries and alignments have been determined separately as
described above, we will not have placed these connected sets of residues into a position in the
overall sequence prior to fragment structure determination. In cases where we have to rely
primarily on data from the three RDC experiments described above we can use a program
named SEASCAPE (Sequential Assignment by Structure and Chemical shift Aided Probablity
Estimation) to aid in this placement. This program relies on the information content of Cα
chemical shifts of connected sets of residues once the secondary structure (ϕ,ψ) dependence is
removed (Morris et al., 2004). Essentially the connected fragment, with its associated ϕ,ψ
angles and Cα shift, is moved along the sequence calculating a probability score for each
placement. This is depicted in Figure 12 for the two halves of the C-terminal fragment of
PF0255. Fragment 1 (minus the first residue) has only one position in the sequence where the
probability score is significant (height of bar), namely beginning at residue 47. Fragment 2
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(using only data for 54-58) has two positions with significant probability for placement, but
the most probable begins at residue 54. It is clear that the two fragments could have been
correctly placed on either side of the central proline based on just Cα shifts and local structure
information.

Translation to connect fragments in the example shown here will be done only under constraints
from the allowed geometry of the connecting proline. In general small numbers of backbone-
to-backbone NOE constraints would be added. For a trans proline the appropriate distance
between CO in the first half and N of the residue following proline in the second half is 3.2-4.2
Å. The terminal phi and psi angles of each fragment are not well defined and free rotation of
these is allowed in making connections. This final structure can be refined with programs such
as XPLOR-NIH (Schwieters et al., 2003) to add missing residues, optimize bond geometry,
and translate fragments.

Structure quality assesment
For the C-terminus of PF0255 used in the illustrations above there is now an X-ray structure
(PDB # 1RYQ) that allows evaluation of the final structure produced by REDCRAFT. This
structure was determined by the X-ray component of our pilot center during the course of our
investigations (B.C. Wang et al, manuscript in preparation). We will discuss only the NMR
results from the fragment produced by running the intact 16 residue segment discussed above.
A least squares overlay of the backbone atoms from the central part of the segment (residues
45-57) produces an rmsd from the X-ray structure of 1.1 Å. This overlay is depicted in Figure
13. The entire X-ray structure is shown for illustration. Additional fragments were in fact
determined by the NMR approach, but agreement diverges at the amino terminus. This is
largely because the NMR structure was pursued on an apo form of this Zn/Fe protein, and
without metal the amino terminus is partially disordered. However, the excellent agreement
for the C-terminal segment demonstrates the feasibility of constructing accurate backbone
structures using primarily RDC information.

In order to meet efficiency objectives of the structural genomics initiative, the procedure we
have outlined was designed to use a small subset of RDC data acquisition experiments, and to
proceed independently of separate resonance assignment experiments. For other applications,
there will certainly be other useful experiments for the measurement of RDCs, and there may
be sound reasons to conduct experiments directed at independent sequential assignments.
However, the data analysis tools we have described are quite generally applicable and should
be useful in analyzing these expanded sets of data. For the future, application to larger proteins
is clearly an important goal. Although we expect applications to proteins of 20 kDa to be
possible with the procedure described, applications have so far been only to proteins under 15
kDa. Moving beyond this limit will certainly require alteration in the types of experiment used
to acquire RDCs, the use of more extensive experiments for independent assignment, and the
incorporation of more complementary data, such as that from NOEs, or relaxation enhancement
by paramagnetic sites.
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Figure 1.
Illustration of the 9 residual dipolar couplings that can be measured for a dipeptide unit using
the low percentage 13C labeling scheme. Data from two consecutive residues are combined to
determine the dihedral angles ϕ and ψ around the central Cα carbon.
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Figure 2.
IPAP-HSQC pulse sequence (Ottiger, 1998). The phase cycle is: ϕ1 = −y,y; ϕ2 = x,x,−x,−x (in–
phase spectrum) and ϕ2 = −y,−y,y,y (anti–phase spectrum); ϕ3 = 4(x),4(y),4(−x),4(−y); ϕ4 = 8
(x),8(−x); reciever = x,−x,−x,x (in–phase spectrum) and x,−x,−x,x,−x,x,x,−x (anti–phase
spectrum). To achieve quadrature detection in t1, States-TPPI incrementation is applied to ϕ2
and ϕ3. The portion of the pulse sequence between the arrows (↑) is ommitted for the in–phase
spectrum. The final pulse on 1H during the INEPT transfer is a 3919 compound pulse, used
for water suppression. Gradients employed are: G1 = (4 G/cm, 1 ms) ; G2 = (26 G/cm, 0.25
ms) ; G3 = (24 G/cm, 1 ms).
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Figure 3.
The HNCA-ECOSY pulse sequence. The phase cycle is: ϕ3=x,−x; ϕ2=x,x,−x,-x;
ϕ3=x,x,x,x,x,x,x,x,−x,−x,−x,−x,−x,−x,−x,−x; ϕ4=x; ϕ5=x,x,x,x,−x,−x,−x,−x; ϕ6=x; reciever = x,
−x,−x,x,x,−x,−x,x,−x,x,x,−x,−x,x,x,−x. Quadrature detection in t2 is achieved by cycling ϕ1 in
States-TPPI fashion. Quadrature detection in t1 is achieved by States-TPPI cycling of ϕ4 and
ϕ5. Gradients employed are: G1 = (20 G/cm, 0.5 ms) ; G2 = (20 G/cm, 1 ms) ; G3 = (12 G/
cm, 1 ms) ; G4 = (26 G/cm, 1 ms) ; G5 = (26 G/cm, 1 ms) ; G6 = (28 G/cm, 1 ms) ;
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Figure 4.
The IPAP-HNCO pulse sequence. The phase cycle is: ϕ3=x,−x; ϕ2=x,x,−x,−x; ϕ5=x,x,x,x,−x,
−x,−x,−x; ϕ6=x; receiver = x,−x,−x,x. The antiphase spectrum is recorded by setting ϕ4=x and
excluding the pulse marked with an asterisk (*). The in–phase spectrum is recorded by setting
the phase ϕ4=y and including the pulse marked with an asterisk. Sensitivity enhancement is
achieved by inverting the sign of gradient G6 for the second component of each t1 increment.
Gradients employed are: G1 = (20 G/cm, 0.5 ms) ; G2 = (20 G/cm, 1 ms) ; G3 = (12 G/cm, 1
ms) ; G4 = (26 G/cm, 1 ms) ; G5 = (15 G/cm, 1.5 ms) ; G6 = (26 G/cm, 1 ms) ; G7 = (28 G/
cm, 1 ms) ; G8 = (6 G/cm, 1 ms) ;G9 = (26 G/cm, 0.15 ms)
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Figure 5.
2H spectrum of an aligned protein sample. The sample was 0.5 mM PF0255 aligned in 50 mM
Sodium phosphate, 100 mM KCl, 90%H2O and 4% (w/v) C12E5-hexanol bicelles. The 2H
splitting measured was 16 Hz, which corresponded to magnitudes of 1HN-15N couplings in
the range of −9 to 15 Hz.
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Figure 6.
IPAP-HSQC of PF0385 under isotropic (Panel A) and aligned (Panel B) conditions. The peaks
corresponding to the sum and difference spectra are colored red and black,
respectively. 15N-1H splittings are indicated. The isotropic sample contained 1 mM PF0385 in
20 mM sodium phosphate, 15 mM KCl, 90% H2O. The aligned sample contained 0.5 mM
PF0385 in 20 mM sodium phosphate, 85 mM NaCl, 10 mg/mL Pf1 page, 90% H2O.
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Figure 7.
HNCA-E.COSY of PF0255 under isotropic (Panel A) and aligned (Panel B)
conditions. 1Hα-1HN and 1Hα(i-1)-1HN splittings are indicated. The samples contained 1.0
mM PF0255 (isotropic) or 0.5 mM PF0255 (aligned) in 50 mM Sodium phosphate, 100 mM
KCl, 90%H2O. The aligned sample contained 4% (w/v) C12E5-hexanol bicelles.
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Figure 8.
HNCA-E.COSY strip plot of a fragment of PF0255 connected using Cα chemical shifts and
RDCs under isotropic (Panel A) and aligned (Panel B) conditions. The samples contained 1.0
mM PF0255 (isotropic) or 0.5 mM PF0255 (aligned) in 50 mM Sodium phosphate, 100 mM
KCl, 90%H2O. The aligned sample contained 4% (w/v) C12E5-hexanol bicelles. Identification
of the first residue as a glycine (a triplet owing to the two Hα protons) and the downfield shifting
of the Cα of residues 5 and 7 led to the assignment of this fragment to the sequence
GKYAIRVR.
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Figure 9.
IPAP-HNCO of PF0385 under isotropic (Panel A) and aligned (Panel B) conditions. The
samples were 1 mM PF0385 in 20 mM Sodium phosphate, 15 mM KCl, 90%H2O for isotropic
and the same buffer, 85 mM NaCl, 10 mg/mL Pf1 phage for aligned. The peaks corresponding
to the sum and difference spectra are colored red and black, respectively.
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Figure 10.
Distributions of N-HN and Cα-Hα RDCs
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Figure 11.
Fragment alignment using RDC data for PF0255 from two different media. At the left of each
line is the piece of the fragment before proline 53. The remaining four depictions of the piece
after proline have been produced by rotating the reference structure by 180° about x, y, and z
axes of the principal alignment frame. The structures in the second line have been rotated to
overlay the first piece in both lines using the program chimera(Huang, 1996).
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Figure 12.
Sequential placement of fragments using local structure and Cα chemical shifts. Fragment 1,
based on highest probability, is positioned beginning with K47 and ending with V52. The
position of the first residue in the fragment is indicated with a black bar while placement of
the subsequent residues is shown in gray. No other placement has significant probability.
Placement of fragment 2, again based on hightest probability, begins with G54 and ends with
A57. While other positions are possible, beginning with G1 or G23, the relative probabilities
are half or less than that of beginning position G54.
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Figure 13.
Backbone superimposition of the RDC based structure for residues 46-58 of PF0255 on the
corresponding segment from the X-ray structure: 1RYQ.
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Table 1
Maximum RDC values and bond distances.

Dmax r (Å)

C-N 6125 1.335
N-HN 24350 1.010
C-H −60400 2.035
Cα-Hα −60400 1.090
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