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Abstract

REDCRAFT, a new open source software tool that accommodates the analysis of RDC data for simultaneous structure and dynam-
ics characterization of proteins is presented in this article. Simultaneous consideration of structure and motion is believed to be necessary
for accurate representation of the solution-state of a protein. REDCRAFT is designed to primarily utilize RDC data from multiple align-
ment media in two stages. During Stage-I, a list of possible torsion angles joining any two neighboring peptide planes is ranked based on
their fitness to experimental constraints; in Stage-II, a dipeptide fragment is extended by addition of one peptide plane at a time. The
algorithm adopted by REDCRAFT is very efficient and can produce a structure for an 80 residue protein within two hours on a typical
desktop computer. REDCRAFT exhibits robustness with respect to noise and missing data. REDCRAFT describes the overall align-
ment of the molecule in the form of an order tensor matrix and is capable of identifying peptide fragments with internal dynamics. Iden-
tification of the location of internal motion will permit a more accurate structural representation. Experimental data from two proteins as
well as simulated data are presented to illustrate the capabilities of REDCRAFT in both structure determination and identification of the
dynamical regions.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Structural elucidation, including complete structures of
individual domains of proteins as well as the assembly of
biomolecular complexes, is often a requisite step in under-
standing fundamental physiological processes, or in the
design of drugs to combat a disease. Therefore, the devel-
opment of methods leading to rapid, cost-effective struc-
ture elucidation is an important task. In addition, it is
important to develop methods that can simultaneously deal
with internal motion in these assemblies. Motions on a
physiologically relevant time scale have been suggested to
play an important role in the biological function [6,7]. Tra-
ditionally, characterization of inter-molecular dynamics
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has been separated from structure elucidation, increasing
the cost and time of these studies. Furthermore, conceptu-
ally, it is difficult to separate structure from dynamics since
observables used for structure determination are perturbed
by motion, and therefore any attempt at structure elucida-
tion that disregards the dynamics (or vice versa) may pro-
duce faulty results [8]. In conventional high resolution
NMR the set of experiments required to assess the dynamic
properties of a molecule are often disjoint from the set of
experiments required for the structural elucidation. There-
fore there is ample room for improvement in NMR-based
structural and dynamic analysis. The recent reintroduction
of residual dipolar couplings (RDC) [1,2] to the biomolec-
ular NMR provides one opportunity for this improvement,
provided the appropriate analysis tools are available. The
success of REDCRAFT in structure determination of pro-
tein backbone structure has been previously demonstrated
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[48,49]. In this report we describe the algorithm of this
analysis in detail while introducing its ability in identifica-
tion of internal motion during the course of structure
determination.

REDCRAFT (Residual Dipolar Coupling Residue
Assembly and Filtering Tool) is a new open source analysis
tool that accommodates the analysis of RDC data for
simultaneous structure characterization and identification
of dynamics of proteins and polypeptides. Innate proper-
ties of RDC data combined with our proposed analysis
(REDCRAFT) provides the features listed below:

� A simplified force field and therefore energy landscape.
� True De novo structure determination without any a-pri-

ori knowledge of the secondary structural elements; only
reliance on the ideal structure of a peptide plane is used.
� Simultaneous structure determination and identification

of internal motion.
� Robustness with respect to error and missing data.
� Practical computational time complexity.

Since the task of protein structure determination is a
computationally demanding one, REDCRAFT has been
implemented with a Linux Cluster in mind. Users of this
software can perform relatively superficial analysis on a
desktop computer and then easily move to a more thor-
ough search on a Linux Cluster. The complete software
binary, source code, and manuals are available for public
access via the web at http://ifestos.cse.sc.edu. REDCRAFT
is distributed with interfacing tools to provide REDCAT
[4] input files, and XPLOR-NIH [5] constraint files for fur-
ther refinement.

2. Theoretical background and preliminaries

2.1. Residual dipolar coupling

Residual dipolar coupling (RDC) had been observed as
early as 1963 [9] in a nematic liquid crystal environment,
but a number of recent applications [1,2,10–12] have
ignited their widespread use in characterization of biomol-
ecules. More specifically, RDCs have been used in studies
of carbohydrates [13,14], nucleic acids [15,16], and proteins
[14,17–22].

RDCs arise from the interaction of two magnetically
active nuclei in the presence of the external magnetic field
of a NMR spectrometer [1–3,23]. This interaction is nor-
mally reduced to zero in simple aqueous solutions due to
the isotropic tumbling of molecules. The introduction of
partial order by slight molecular alignment will result in
nonzero RDC observables. This partial order can be intro-
duced by exploiting the inherent magnetic anisotropic sus-
ceptibility of the molecule [1], incorporating artificial tags
with high magnetic anisotropic susceptibility [24], or using
a liquid crystalline media [25]. Once restored, RDCs can be
measured relatively easily and represent an abundant
source of highly precise information on parameters such
as the relative orientations of different inter-nuclear ‘bonds’
within the molecule or internal motion. Eq. (1) describes
the time average of the RDC interaction between a pair
of spin 1/2 nuclei as observed through contributions to
the splitting of resonances in the absence of spin
decoupling.

Dij ¼
�l0cicjh

ð2prÞ3
3 cos2ðhijðtÞÞ � 1

2

� �
ð1Þ

Here, Dij denotes the residual dipolar coupling in units of
Hz between nuclei i and j, ci and cj are nuclear gyromag-
netic ratios, r is the internuclear distance (fixed for directly
bonded atoms) and hij(t) is the time dependent angle of the
internuclear vector with respect to the external magnetic
field. The angled brackets signify the time average of the
quantity. When a sufficient number of RDC data are as-
signed to specific locations in a known structure, the ele-
ments of the order tensor can be obtained [4,12,26–28].
Conversely, given a structure and the elements of the order
tensor, values expected for various RDCs can be calculated
easily.

RDCs play an increasingly important role in the NMR
structure determination because of their unique advantages
over the traditional NOE data [29]. However, structure
determination primarily based on RDC data requires new
programs that operate in fundamentally different ways
from those that use NOE data. Some of these have been
put forward [21,22,30–34]. Information richness and com-
plexity of RDC data however, continue to be a challenge
for the analysis tools in existence today. Additionally,
development of new experimental methods of acquiring
RDC data with improved accuracy and precision necessi-
tates a parallel pursuit of information extraction methods.
2.2. Molecular frame, alignment frame, and order tensor

Traditionally, upon successful determination of a struc-
ture, its atomic coordinates are described within some arbi-
trary coordinate system. The selection of a coordinate
system is inconsequential since this structure is independent
of any rotation or displacement within this frame. This
arbitrarily selected coordinate system is referred to as the
‘‘molecular frame” (MF). On the other hand, since RDC
data are capable of describing the preferred alignment of
the molecule, a more descriptive frame can be selected in
which the structure of the molecule of interest is described
in the appropriate orientation. Here we define this more
descriptive frame as the ‘‘principal alignment frame”

(PAF).
Alignment properties of a molecule can be described in

the form of an order tensor matrix (OTM). Reformulation
of Eq. (1) in a matrix form clearly collects and defines the
order tensor matrix as shown in Eq. (2). Here X is the nor-
malized coordinates of the vector between the pair of inter-
acting nuclei and S is a 3 � 3 order tensor matrix
encapsulating the alignment properties of the molecule.
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Jacobi [35] transformation of this symmetric and traceless
matrix can isolate two important types of information.
The three elements of the resulting diagonal matrix (Sxx,
Syy, and Szz) are referred to as the principal order param-
eters (POM) and reflect the strength of alignment along
each of the principal axes x, y, and z within the PAF.
The R matrix contains information about the orientational
relationship between any arbitrary MF and the PAF in
terms of three Euler angles, a, b, and c. Analysis of these
two parts will allow assessment of the strength of alignment
for various parts of a molecule (and therefore their relative
motions) and the preferred direction of alignment with
respect to an arbitrarily selected MF. This order matrix
can also be used to calculate theoretical RDC observables
for any additional parts of a structure.

D / X T �
sxx sxy sxz

sxy syy syz

sxz syz szz

2
64

3
75� X

¼ X T � R�
Sxx 0 0

0 Syy 0

0 0 Szz

2
64

3
75� RT � X ð2Þ

R ¼ RzðaÞRyðbÞRzðcÞ ð3Þ

Various methods for obtaining the order tensor matrix
describing alignment of a subject protein have appeared
in the literature within recent years [4,28]. While these
methods provide robust and reliable means of obtaining
the order matrix, they require an existing structure and
assignment of the RDC data to specific sites. REDCRAFT
is unique in that it provides a simultaneous description of
the order tensor and the molecular structure.

The dependence of an order tensor on the overall
motion of a rigid entity has been mathematically illustrated
previously [1,36,37]. While it is relatively straightforward to
determine the perturbation of a given tensor by a well
defined internal motion, the reverse is much more difficult
to accomplish and is the subject of numerous investigations
[38,39]. REDCRAFT is able to identify regions that exhibit
internal motion and allows structural characterizations of
these regions with different alignment tensors, although it
will not provide a full description of the nature of the inter-
nal motion. Isolated structure characterization of different
regions of the same protein will provide a more accurate
and meaningful characterization of the structure while
allowing for further study of exact nature of the internal
motion through comparison of the two order tensors [36].
O

N
N

H H

H

H

Fig. 1. Illustration of RDC data collected for our experiments. Green
data are those that can be collected for all residues of a fragment. The red
and yellow data will be ignored for the beginning and last residues of a
fragment, respectively. (For interpretation of the references in color in this
figure legend, the reader is referred to the web version of this article.)
2.3. Order tensor solution

The orientation of any rigid molecular entity is embed-
ded within the OTM as shown in Eqs. (2) and (3) above.
This information can be extracted from a linear system of
equations shown in Eq. (4). The independent elements of
the order tensor matrix (OTM) are represented here by a
reduced set of sij elements using the symmetric and traceless
properties of the OTM. The Cartesian representation of
each individual interaction vector is denoted by (xi, yi,
and zi) while the experimentally determined dipolar cou-
plings and error in measurements are denoted by Di and
ei, respectively. Dmax is the maximum observable dipolar
coupling for a particular pair of nuclei at 1 Å separation
and r is the actual separation of the two interacting atoms.
Note that our representation of the RDC interaction
slightly differs from those previously presented in the liter-
ature. Usually, the RDC interaction is described in terms of
the direction-cosines of the interacting vectors and exhibits
a r�3 dependence on the distance of the interacting pair of
atoms. Our representation is more computationally
friendly since evaluation of trigonometric terms is costly.
During the course of structure calculation, it is typical
for the set of equations presented in Eq. (4) to be calculated
on the order of billions of times.
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The system of equations described in Eq. (4) can be
solved using singular value decomposition (SVD) [35]. This
method can efficiently find the best OTM solution for an
under-determined or over-determined system [4,28,35,40].
This order tensor matrix can then be used to back calculate
RDCs as described previously [1,4,28]. During the assem-
bly of peptide planes, the fitness of any trial geometry
can be established by obtaining an RMSD error between
the experimentally collected and the back calculated
RDCs. This score can be interpreted as the fitness of a pro-
posed structure to the experimental data.
2.4. Experimental data

REDCRAFT is designed to perform the task of back-
bone structure determination of a protein primarily based
on RDC data. The current version of REDCRAFT can
accommodate as many as six RDC data per peptide plane
as shown in Fig. 1. Here RDCs illustrated in green repre-
sent pieces of data that can be collected via the N–H amide
group for any peptide plane (except one involving the pro-
line nitrogen). Yellow and red data will not be available, or
are omitted for peptide planes that are at the C or N ter-
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mini of a fragment under study. The maximum number of
RDC data available for analysis of a fragment of size n

amino acids in the current REDCRAFT implementation is
6n � 3. The data reported for glycines are slightly different
from other amino acids. This is due to the fact that glycines
possess two Ha protons. Experimentally the sum of RDCs
(DCa1–Ha1 + DCa2–Ha2, DHa1(i � 1)–HN + DHa2(i � 1)–HN, and
3JHN–Ha1 + 3JHN–Ha2) can be measured more accurately
from the separation of the outermost peaks in a four line
multiplet while two inner peaks are often overlapped.

REDCRAFT is capable of analyzing RDC data collected
from multiple alignment media. Data from multiple align-
ment media serve to resolve a number of potential problems
[43]. The first problem inherent to the RDC observable is its
non-uniform sensitivity to the orientation of vectors in the
alignment frame. Combining data from a number of inde-
pendent alignment media could assist in resolving this prob-
lem since the same vector located in the insensitive region of
the first alignment is likely to fall into a more sensitive region
of the second alignment. The second problem which is also
inherent to the nature of the dipolar interaction is its insensi-
tivity to inversion about each of the principal axes of align-
ment tensor. This will cause degeneracies in allowed
torsions. This phenomenon is especially problematic when
the Ca–C0 bond coincides with a principal axis. A 180� inver-
sion about this bond can change an a-helical like geometry to
a b-strand like geometry without violating any of the exper-
imental constraints.

In addition to RDCs, REDCRAFT is capable of utiliz-
ing other types of data such as distance constraints or three
bond scalar coupling 3JHN–H [41,42] data. A small set of
coincidentally acquired NOE data can restrict translational
degrees of freedom for fragments by utilizing programs
such as XPLOR-NIH [5] as demonstrated before [48,49].
The amino acid designation in REDCRAFT has been sim-
plified to include only three classes based on side chain
characteristics, glycine, proline or alanine (anything that
is not a glycine or proline is considered to be an alanine).
This is possible since our investigation is focused on the
structure determination of protein backbone and the data
utilized are originated from the backbone atoms of the pro-
tein. Finally, the current version of REDCRAFT requires
a-priori knowledge of RDC assignments.

2.5. Treatment of error

Since SVD analysis places equal weighting on each RDC
entry, proper treatment of the experimental error is neces-
sary. Proper treatment of error is especially important since
RDC data sets utilized by REDCRAFT are heterogeneous
in the following two ways:

1. RDC data sets span different ranges depending on the
gyromagnetic ratios of the two interacting nuclei and
their separation distances. For example, the maximum
observable RDCs for Ca–Ha and C0–N differ by more
than an order of magnitude.
2. RDCs are collected from distinctly different experiments
with different errors due to varying sensitivities, spectral
resolutions, etc.

These problems can be rectified through appropriate
scaling. The scaling factor intended to alleviate the first
problem is simply derived from the ratio of the quantities
Dmax/r3 using N–H as the internal reference. The distance
between two interacting pair of atoms such as Ha and
HN may depend on the local structure of a protein and
can be calculated during the course of structure calcula-
tion. Simple scaling based on the mentioned factor should
be adequate for proper treatment of inhomogeneous sets of
RDC data under ideal conditions. However under more
pragmatic situations, RDC data acquired from different
NMR experiments may not adhere to similar acquisition
conditions such as signal to noise and digital resolution,
resulting in different errors for different measurements.
Our implementation of REDCRAFT enables this degree
of freedom by reporting independent set of errors not only
across different experiments but also for an individual
datum. Therefore, another scaling factor is introduced to
alleviate the second problem by normalizing the estimate
of experimental error supplied along with each RDC to
the N–H RDC error. The final scaling factor (Sn) can be
calculated by combining the above two scaling factors as
shown in Eq. (5), where X denotes observables other than
N–H RDCs and e0 denotes the estimated experimental
error for observation X after internal normalization to
the N–H observables. The final scaling factor Sn is indepen-
dent of r and can therefore be applied to non-bonded atom
pairs.

Sn ¼
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REDCRAFT calculations assume standard covalent
geometries of peptide planes and the absence of motion
within these planes. Violations of these assumptions can
introduce additional modeling or structural noise. Varia-
tions of N–H bond lengths by just 0.02 Å, for example,
would introduce a 6% error. Errors due to a uniform local
motion would be absorbed into magnitudes of order
parameters. However, it has been documented that local
oscillations of N–H bonds are larger than those for C–N
bonds [44,45] and could potentially introduce additional
errors. To compensate for these modeling errors we often
set generous estimates of error (10% of the range of cou-
plings observed) even when measurements are more pre-
cise. This error can be increased or decreased based on
the quality of observed data.

Orientational sensitivity of RDC data can also be cited
as a component influencing the outcome of the analysis
of RDC data. For example, 1 Hz experimental error would
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translate to a much smaller spatial uncertainty if the vector
of interest is oriented close to 54.7� from all three principle
axes (the magic angle) versus if the vector is parallel with
any of the three principal axes of the alignment. This prob-
lem is difficult to address because of the lack of a priori
knowledge of orientation of an interaction vector within
the PAF. RDC data from multiple alignment media is
anticipated to mitigate the effect of this type of variation
since a vector that falls in insensitive region of one align-
ment medium may be likely to fall in a more sensitive direc-
tion of the other alignment media.

3. REDCRAFT algorithm

REDCRAFT takes a fundamentally different approach
to structure determination of macromolecules compared to
the ones in existence. The general approach adopted by
REDCRAFT, avoids the exponential complexity of the
protein folding problem by eliminating a large number of
disallowed geometries quickly. For example, elimination
of a single torsion angle at one residue within a fragment
of size P peptide planes can eliminate a total of N2(P � 2)

geometries, where N is the number of possible geometries
at each residue. REDCRAFT operates in two distinct
stages: Stage-I and Stage-II. During Stage-I, a list of all
possible torsion angles joining any two neighboring peptide
planes is first pruned (using data such as scalar couplings
and Ramachandran space) and then ranked based on
structural fitness. Stage-II of REDCRAFT extends a given
fragment of size N peptide planes (initially a dipeptide
seed) by addition of one peptide plane at a time. The planes
must be oriented in a way to satisfy the RDC data; in effect
this restricts possibilities for / and w angles connecting the
planes. If the entire protein can be assembled in this way,
an accurate backbone structure is produced. However, in
practice the structure elucidation of the protein backbone
is accomplished through the assembly of fragments result-
ing from natural termination points such as prolines or
loops (due to severe lack of RDC data), or presence of
internal motion. Proper orientation of different fragments
in space with respect to each other can be obtained by
superimposing the alignment tensors for each fragment.
A minimum set of NOEs and other fragment connectivity
restraints can be used to translate individual fragments into
positions appropriate for a good representation of the
structure of the whole protein. These two stages are dis-
cussed in detail as follows.

3.1. Stage-I—constructing initial local geometry lists

The first stage of REDCRAFT aims to generate and
rank the list of possible torsion angles connecting two adja-
cent peptide planes based on the observed experimental
data. The initial list can be prepared in observation of
information such as a-priori knowledge of the secondary
structural elements or torsion angle constraints [20,46]. In
the absence of these information, the current version gener-
ates an exhaustive list of all possible torsion angles between
each set of connected peptide planes in 10� steps. This will
give rise to an initial list consisting of 1296 (36 � 36) dis-
tinct sets of torsion angles for each dipeptide plane. Then
this initial list may be further reduced using the Ramachan-
dron filter that eliminates torsion angles that are not con-
sistent with the Ramachandran space defined for a given
amino acid type. The acceptable space for each of the cur-
rently supported amino acid types is based on previous
results [47]. In addition to the Ramachandran statistics,
when 3JHN–Ha scalar couplings are available, they are used
to further eliminate unfit phi torsion angles according to
the Karplus equation [42].

Stage-I is concluded by ranking the surviving list of tor-
sion angles for each dipeptide plane. Here, local geometries
are ranked based on the RMSD score calculated between
the experimental and back-calculated RDC data. The
geometry exhibiting the best agreement to the RDC data
appears as the best ranked structure while the geometry
exhibiting the worst score is placed at the bottom of the list.
Although these lists normally contain a varying number of
surviving geometries (nearly 100 entries) for different
dipeptides, to facilitate further discussion we will assume
this number to be constant and denoted by N. These lists
of acceptable torsion angles between each pair of neighbor-
ing residues are carried to the Stage-II calculation. Stage-I
analysis is fast and can be conducted on the order of min-
utes in application to a 100 residue protein on a typical
desktop computer. This stage is also very flexible and users
can design and integrate custom filters based on their spe-
cific data. The operational flowchart of the Stage-I is
shown in Fig. 2a.

3.2. Stage-II—extension of a seed peptide

Under ideal circumstances, the top entry of each list gen-
erated from Stage-I could be used to describe structure of
the unknown protein. However in practice, due to the pres-
ence of experimental error and structural noises, the top
entry is almost always not the globally optimal structure.
Good quality data will ensure the ascent of the correct
structure toward the top of this list. Increasing level of
noise will descend the correct structure toward the bottom
of this list. The search for the globally fittest geometry is
therefore the subject of the Stage-II and constitutes the
most computationally intensive portion of this program.

The operational flowchart of Stage-II is illustrated in
Fig. 2b. Since it is practically impossible to consider every
combination of torsion angles for fragments larger than
five residues REDCRAFT operates through iterative addi-
tion of a peptide plane to the end of a seed fragment (ini-
tially a dipeptide unit). Addition of a peptide plane
(i + 1st peptide plane), which can assume N distinct confor-
mations from the analysis of Stage-I to a fragment with top
M candidates will create a total of M � N candidate frag-
ments. The structural quality of a candidate is determined
by calculating the agreement of experimental RDCs to the
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Fig. 2. Operational flow chart for the (a) stage 1 and (b) stage 2 of REDCRAFT analysis.
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back-calculated RDCs using the best order tensor solution
obtained as described before [4,28], and then it is used to
rank a new list of candidates for the fragment of size
i + 1 peptide planes. By considering only the M most
favorable sets of angles for the section of the fragment that
has already been evaluated, an exponentially large set of
unfavorable geometries are eliminated. A large M will
result in a more thorough and exhaustive search of possible
geometries at the cost of longer execution time, while a
small M will constitute a superficial search with very short
computation time. The depth of search is normally selected
to be a number less than 1000 for good quality data and
1000–10,000 for relatively noisy data. Practically, addition
of a peptide plane will often create in excess of 1,000,000
structures for evaluation, of which, the top 1000–10,000
survivors (depending on the search depth) propagate to
the next round of expansion. Fragment extension continues
iteratively as shown in Fig. 2b until arrival of a termination
condition. This algorithm renders REDCRAFT much
more immune to errors and missing data. Initially, the true
structure may not be the most optimal point, but is carried
forward as a viable solution during the early rounds. Dur-
ing fragment expansion, additional data will elevate the
true structure from an early suboptimal geometry to the
global optimal solution. It is important to reiterate that
sources of error are not only the experimental uncertain-
ties, but also include our assumptions of standard geome-
tries of peptide planes and the absence of motion within
these planes. Deviations from these assumptions can intro-
duce additional modeling errors.

It is appropriate and necessary to study the topography
of the RDC penalty landscape to justify our optimization
strategy. Here we use data from Rubredoxin because this
protein produces data of highest quality. Combining
RDC data from peptide planes 2 and 3, an energy land-
scape can be constructed as a function of the connecting
torsion angles. Fig. 3a illustrates the RMSD score land-
scape between the back-calculated and experimentally col-



Fig. 3. Residual dipolar coupling energy landscape for torsion angles of the second residue (a) using data from peptide planes 2 and 3, (b) using data from
peptide planes 2–8.
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lected data for any given combination of the torsion angles.
The torsion angles corresponding to the solution structure
of this protein is shown with a green dot in Fig. 3b. Fig. 3b
illustrates the same energy (RMSD score) landscape as
Fig. 3a using RDC data from peptide planes 2–8, where
all torsion angles except the first set are fixed. It is clear that
a meaningful penalty landscape for torsion angles connect-
ing peptide planes 2 and 3 emerges only after the inclusion
of data from five additional peptide planes. Premature
determination of the torsion angles joining these two pep-
tide planes based on local data is at the risk of severe error.
This phenomenon can be observed with even the most
meticulously collected data and it therefore necessitates
implementation of the Stage-II of our search.
4. Results

Data from two previously reported proteins are pre-
sented here to illustrate REDCRAFT’s features. The first
protein consists of 53 residues and is a Zn-substituted, tri-
ple mutant (W3Y, I23V, and L32I) of Rubredoxin (PDB
code 1RWD) from Pyrococcus furiosus. The second pro-
tein, PF1061 (PDB code 1SF0) is also from P. furiosus

and is a 9 kDa protein that was previously not well anno-
tated, and had a nearest structurally characterized homo-
log with only 31% sequence identity. For more
information regarding the details of biological findings,
sample preparation, data collection and analysis for these
two proteins, please refer to the following publications
[14,48,49].

The data from Rubredoxin will be used to illustrate the
efficient construction of a peptide backbone structure while
examining the effect of missing data for a small fragment.
The data from PF1061 will be used to illustrate simulta-
neous structure characterization and identification of inter-
nal motion. While our analysis is potentially capable of
simultaneous assignment of RDC data to sequence specific
sites by examining alternate sets of connectivities [14], here
we only discuss the analysis of segments with previously
established connectivities.
4.1. Robustness to missing data and noise during backbone

structure determination

Our first discussion focuses on the topic of missing data
by utilizing experimental data for Rubredoxin. Rubredoxin
naturally divides into six fragments due to reduced number
of experimental RDCs that occur at five prolines in the
sequence (due to the absence of an H–N amide group on
prolines). In addition, no experimental data was observed
for residues 25–27. Here however, we illustrate the immu-
nity of REDCRAFT to small sections of missing data by
first partitioning it into two fragments (instead of 6) with
each half (residues 2–24 and 28–50) approximately 25 res-
idues in length. This exercise forces REDCRAFT to
encounter a number of residues (such as prolines) with at
most one RDC datum.

Structure determination of Rubredoxin proceeds nor-
mally as expected until the discovery of data-sparse regions
such as prolines. Upon addition of a proline residue to the
extending fragment, a great structural ambiguity is intro-
duced at the torsion angles because of availability of only
the Ca–Ha RDC at this peptide plane (Fig. 4a). However,
as the fragment extension proceeds, enough RDC data
accumulate past the point of missing data, and ambiguities
in geometries are eliminated. The correct geometry is ele-
vated to the top of the surviving list of conformations
(Fig. 4b and c).

Integration of these two fragments into a final structure
is possible since RDC data can not only determine the local
structure of a fragment but also the orientation of each
fragment in space. Therefore, once the two fragments are
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constructed and oriented, the torsion angles of the three
connecting residues can in principle be constrained. The
local geometries of the three missing residues (25, 26, and
27) between the two fragments were constructed using a
Monte Carlo technique (a utility included in REDCRAFT
package). Sets of three torsion angles that are consistent
with other available data (Ramachandran and scalar cou-
pling filters) were randomly generated. These candidates
were then tested to determine if they could connect these
two fragments that were oriented in space by the alignment
frames computed in REDCRAFT.

The backbone RMSD between 1BRF (a high resolution
crystal structure of Rubredoxin) and each of the two frag-
ments (residues 2–24 and 27–50) determined by RED-
CRAFT was less than 1.9 Å. After minimization within
XPLOR-NIH, the final structure exhibited 1.81 Å (Fig. 5)
similarity with 1BRF structure. For a more detailed
description of the minimization routine please refer to the
following work [49].

In order to establish the robustness of REDCRAFT to
various levels of noise, we utilize simulated data for a heli-
cal protein (1A1Z) with controlled levels of uniformly dis-
tributed noise. The structure 1A1Z was used to generate
RDC data with two hypothetical alignment tensors that
reflect realistic alignments as shown in Table 2. Three noise
levels of ±1, ±2, and ±3 Hz were explored. It is important
to note that these noise levels only become meaningful
when compared to the range of the observed RDC data.
For example, a ±2 Hz error (windows size of 4 Hz) consti-
tutes nearly 55%, 15%, 39%, 8%, 33%, and 30% of the total
range of observed RDC data originated from C–N, N–H,
C–H, Ca–Ha, Ha(i)–H(i) and Ha(i � 1)–H within the first
Fig. 5. Cartoon plot of the structure obtained from REDCRAFT
(1RWD) and the crystal structure of the wild type protein (1BRF)
exhibiting 1.81 Å RMSD over the backbone Ca atoms of residues 1–50.
alignment medium. REDCRAFT exhibits adequate immu-
nity to the noise level as indicated in Table 1 below. This
table lists the backbone RMSD between the original struc-
ture of 1A1Z and the structure obtained by REDCRAFT.
4.2. Simultaneous characterization of structure and

identification of motion

In this section, simulated data and experimental RDCs
from a structural genomics target PF1061 are presented
to demonstrate the capabilities of REDCRAFT in per-
forming simultaneous structure characterization and iden-
tification of internal motion.
4.2.1. Simulated data

Simulated data can be invaluable in ensuring proper
functioning of REDCRAFT. Controlled corruption of
data through systematic introduction of noise or effect of
motion on the RDC data will allow a proper study of the
capabilities and susceptibilities of REDCRAFT. In addi-
tion, the utility of simulated data can be instrumental in
providing a theoretical explanation to the outcomes of
REDCRAFT analyses.

An 83 residue a-protein (PDB code: 1A1Z) has been
arbitrarily selected as the subject of our studies. Helical
proteins are believed to be more challenging for structure
determination by RDC constraints. RDC data were gener-
ated for two alignment media with REDCAT [4] using the
alignment properties listed in Table 2. The effect of motion
on RDC data was emulated using the program REDCAT
Table 1
Performance of REDCRAFT as a function of increasing level of noise in
simulated data

±1 Hz ±2 Hz ±3 Hz

Backbone RMSD to 1A1Z 0.56 Å 0.57 Å 0.6 Å

Table 2
Properties of the two alignment tensors used for simulation of RDC data

a b c Sxx Syy Szz f

Medium-I 10 20 30 2e�4 4e�4 �6e�4 6.11e�4
Medium-II �45 145 100 �3e�4 �5e�4 8e�4 8.08e�4
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with a two state ±15� jump motion about the w angle of
residue 71. A uniformly distributed random noise of mag-
nitude ±1 Hz was added to the simulated RDCs.

The symbols a, b, and c in Table 2 correspond to the
three Euler angles relating the MF to PAF. Sxx, Syy, and
Szz denote the three order parameters while the symbol f
denotes the GDO value as defined before [1,51]. The three
order parameters obtained for each fragment can be com-
bined to provide a measure of overall alignment called gen-
eral degree of order (GDO). A higher GDO is indicative of
stronger alignment. Rigid components of a molecule will
report similar GDOs while fragments undergoing motion
relative to the rest of the molecule will report a GDO with
lower magnitude.

The synthetic data were used for structure determination
by REDCRAFT. Figs. 6 and 7 illustrate the results of
REDCRAFT analysis performed on residues 1–20 and
60–80 of 1A1Z, respectively. In these two figures, (a) shows
the RMSD score of the REDCRAFT obtained from com-
parison of the experimental data to the back calculated
RDCs as a function of increasing fragment size, and (b)
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shows the value of GDO obtained from the best structure
as a function of increasing fragment size.

When the data are originated from a relatively rigid por-
tion of a molecule (as illustrated in Fig. 6), an overall
increase in the REDCRAFT score is initially observed as
the fragment size grows. Increasing number of the experi-
mental data versus degrees of freedom of the problem is
the main contributor to this pattern. As the fragment size
continues to grow, this pattern approaches and stabilizes
around the expected error. A similar trend is observed
for the GDO value. A fragment of sufficiently large size will
provide a reasonably accurate GDO value similar to the
value used during simulation of the RDC data. Fig. 7, on
the other hand, exhibits a completely different trend. From
residue 60 to 70, the normal increase in the REDCRAFT
score is observed. When extension of the fragment pro-
ceeds beyond the point of motion (residue 71), internal dis-
crepancies emerge, indicating an inability to identify one
single order tensor to describe the alignment of both por-
tions (residues 60–70 and 71–80). This increase in the
REDCRAFT score is at first subtle but becomes signifi-
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cantly large after inclusion of more data from the dynam-
ical portion of the fragment. Peptide plane number 12 in
Fig. 7a corresponds to residue 71 of the fragment indicat-
ing the starting point of the internal dynamics. The lag
observed in the significant increase of the REDCRAFT
score (at peptide plane 15) can be explained by the need
for including sufficient amount of data from the dynamical
region in order to clearly quantify internal disagreements.

It is important to note that ignoring the presence of
molecular motion can produce a faulty structure as illus-
trated in this case. Fig. 8a illustrates a superimposition of
residues 71–81 of 1A1Z and the structure obtained from
REDCRAFT while insisting on extension of the static
region past the residue 71. These two structures exhibit a
2.9 Å distance measured over the Ca backbone atoms.
Fig. 8b illustrates the same region after structure determi-
nation of residues 71–81 in isolation from the rest of the
protein. Allowing an independent structural investigation
of this region provided the freedom of defining an order
tensor appropriate for this section and therefore facilitates
provision of a structure without the influence of motion.
4.2.2. Experimental data from PF1061

Complete description of the structure determination
protocol using REDCRAFT for this protein has previously
been described [49] and the final structure has been submit-
ted to the PDB under the code 1SF0. In summary, the
structure of this protein was determined in five distinct
fragments. The final structure obtained from RDC analysis
by REDCRAFT is shown in Fig. 9 using approximately 5
Fig. 8. Structure of residues 71–81 of 1A1Z determined by REDCRAFT.
(a) The structure when determined with the remainder of the protein and
(b) shows the structure when determined in isolation.

Fig. 9. RDC based structure of PFU-1601 obtained from REDCRFT.
and 3 RDCs per peptide plane from alignment media 1 and
2, respectively. Fragmented study of this protein was par-
tially due to missing data at certain residues and partially
due to existence of internal motion. The order tensor
obtained in each of the two media was used in orienting
each fragment, and a small set of NOEs were used to trans-
late each fragment into final structure.

Fig. 10 plots the best RMSD score between the back-
calculated and experimental RDC data reported by RED-
CRAFT for two regions of PF1601. Similar to the simu-
lated data in Fig. 6, as the size of each fragment increases
from the starting dipeptide seed, the RMSD score gradu-
ally increases due to an increase in the amount of data.
For the rigid fragment (blue line in Fig. 10), the RMSD
score stabilizes once its size is sufficient for accurate
description of the global alignment tensor. Any additional
peptide planes do not increase the value of the RMSD
score beyond the expected value (determined based on
the N–H RDC errors) from that point forward. However,
for the fragment consisting of last 15 residues of the C-ter-
minus in red line, a different profile is observed. Initially an
increase in the RMSD score proceeds as expected. Addi-
tion of the 8th peptide plane, however, significantly
increases this score, indicating internal inconsistency of
data in defining one commonly agreeable order tensor.
As this fragment continues to grow, the RMSD score grad-
ually recovers, since some internal consistency emerges
between the peptide planes number 8 and higher. When
structure determination of the last 7 residues of this protein
proceeded separately from the rest of the protein with more
than 50 RDCs, a nicely formed extended structure with
total RMSD score of approximately 1 Hz was obtained.

Once an accurate structure is obtained, comparison of
the principal order parameters reported by different frag-
ments of the protein can be used to further characterize
internal dynamics of the protein as illustrated previously
[36]. GDOs for all five fragments of PF1061 are listed in
Table 3. Comparison of the principal order parameters in
Table 3 indicates that the first four segments of this protein
are nearly rigid with respect to one another. The C-termi-
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Table 3
The best solution order parameter and GDO calculated by REDCAT for
each fragment of the PF-1601

Fragment Sxx Syy Szz f

1 �2.06E�04 �5.56E�04 7.62E�04 9.66E�04
2 �1.70E�04 �5.70E�04 7.40E�04 9.49E�04
3 �1.74E�04 �4.53E�04 6.27E�04 7.93E�04
4 �3.55E�04 �4.32E�04 7.87E�04 7.88E�04
5 8.20E�05 2.11E�04 �2.93E�04 3.70E�04
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nal fragment, however, exhibits order parameters that are
significantly different from other regions. The reduction
in GDO indicates a substantial degree of motion at the
C-terminus. The magnitude of motion can be estimated if
a wobbling motion in a cone of angle h is assumed. Using
previously published work, h can be estimated to be
approximately 35–50� [36]. Moreover, the observed change
in the signs of the order parameters for the C-terminal frag-
ment is reminiscent of substantial internal rotation about
an axis perpendicular to the z axis within the PAF. Since
dynamics of this segment was identified and isolated from
the rest of the molecule, the accuracy in structure determi-
nation of different regions of this protein was not compro-
mised. The effect of internal motion of the C-terminal
region was neutralized by allowing independent description
of an order tensor which reports overall alignment of that
fragment, including molecular tumbling and internal
motion. Incidentally, it is relevant to mention that this pro-
tein was initially very refractory to crystallization and when
crystals were obtained, the diffraction patterns revealed
structural incoherence.
5. Discussion and conclusion

Elucidation of protein backbone structure is of direct
importance within the context of the current protein struc-
ture initiative [50,52]. Here it is anticipated that producing
a few structures in each of a few thousand protein families
can lead to prediction of structures for the remaining mem-
bers. Because members of a given family may exhibit more
than 30% sequence identity, most side chains can be
replaced during prediction and it is the backbone structure
that is of primary importance. Programs such as RED-
CRAFT can clearly play an important role in producing
these backbone structures.

REDCRAFT is not the only program put forth for the
production of protein structures primarily from RDCs and
it is therefore appropriate to make comparisons to some of
these programs [21,22,30–34,55]. REDCRAFT exhibits the
following unique features which become relevant during
the task of protein structure determination:
5.1. Simplified search space

REDCRAFT exploits the rich information content of
RDC data to limit structure determination to the backbone
of the unknown protein, eliminating complexities of the
energy landscape contributed by the sidechains. Moreover,
the search for a protein structure is conducted by gradually
increasing the fragment size, leading to a less complicated
energy landscape. Extension of fragments using ideal pep-
tide planes and search for structural conformers in torsion
angle space eliminates bond length, bond angles and
improper energy terms, further reducing the complexity
of the structural energy landscape. Although these energy
terms do contribute to the final structure of a protein, it
is reasonable to argue that these terms would be more con-
sequential during the last stages of structure refinement.

Discovery of the global optimal point within a complex
energy landscape is very difficult and computationally
intractable. Although approaches such as simulated
annealing have been used to overcome the accidental
entrapment in local minima, in general they require
repeated minimization sessions. Simplification of the
energy landscape employed by REDCRAFT is certainly
welcome when faced with this problem.

5.2. Robustness

A number of recent approaches have explored the concept
of incremental structure determination and the structural
search is conducted in the rotamer space similar to RED-
CRAFT [22,32]. These programs however, unlike RED-
CRAFT, either analytically or through a search routine
obtain the most optimal torsion angles of the last added res-
idue based on the data originated from that peptide plane.
While these ‘‘greedy” approaches may intuitively make sense
and are computationally friendly, they are highly susceptible
to imperfect data. As shown in Section 3.2, the complexity of
RDC energy landscape justifies the shortcomings of a
‘‘greedy” approach. Careful examination of Fig. 3 can pro-
vide the following two important conclusions. First, a num-
ber of local minima can be identified that correspond to
incorrect geometries. Second, the correct geometry (�130�,
138�) does not even appear as a local minimum for a fortu-
itous entrapment of gradient descent search methods. This
phenomenon is attributed to both experimental and struc-
tural noise. Only after appending five additional peptide
planes (2–8) a meaningful and significant landscape is
observed. Only then, the global minimum point correspond-
ing to the true structure emerges. Any method that proceeds
based on a single exact torsion angle would start with a
highly inaccurate structure. Progression down the path initi-
ated by a false geometry will certainly lead to an incorrect or
suboptimal structure. It is important to note that exhaustive
search of structures for a small fragment with seven peptide
planes can take two weeks of computation time on a 100
CPU Linux cluster.

5.3. Simultaneous characterization of structure and

identification of motion

REDCRAFT possesses the unique ability of simulta-
neous structure determination and identification of motion.
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This is a very important feature especially within the con-
text of dynamical proteins such as membrane proteins
where the transmembrane region is likely to experience a
relative motion with respect to the aqueous region or sig-
naling proteins [53,54]. Although RDC data provide the
information needed to assess the relative motion between
different regions, proper fragmentation of the protein into
consistent regions will be a prerequisite. Fragmentation
of a protein into regions with internally consistent rigidity
will effectively remove the influence of overall motion of
that fragment from structure determination, resulting in
accurate structures and assessment of motion. Any method
that disregards presence of motion (of a protein or a frag-
ment of a protein) may potentially produce a faulty and
inaccurate structure influenced by inconsistent internal
dynamics. Assessment of relative motion using faulty start-
ing conformations will certainly produce incorrect answers.

5.4. De novo structure determination

REDCRAFT’s approach to structure determination is
truly De novo. The course of structure determination is
governed only by the observed experimental data and
assumption of the standard peptide plane geometry. RED-
CRAFT does not depend on any knowledge extracted from
the currently existing database of protein structures other
than the Ramachandran statistics. Furthermore, RED-
CRAFT does not require an existing model for refinement
or include structural information embedded in its force
field. Structure determination guided purely by the experi-
mental data is a desirable attribute when dealing with pro-
teins that are underrepresented and may produce proteins
with unique structural characteristics.

5.5. Easy customization

REDCRAFT incorporates advanced programming con-
cepts such as class based programming implemented in
C++. In addition, the modular cascade of filters provides
a very flexible platform for customization of the software.
Users of this package are able to design and integrate their
own filters easily. As long as the input/output format of
these filters adheres to the specification of our software,
they can be inserted into any stage of the analysis. Further-
more, additional filters provided by the users can be imple-
mented in the programming language of their choice.

5.6. Efficiency of combinatorial elimination

Finally it is appropriate to discuss the time complexity
of REDCRAFT. The computational complexity of the first
stage of REDCRAT is simply a linear function of the frag-
ment size and therefore exhibits O(n) time complexity. The
computational requirement of this step is insignificant com-
pared to that of the second stage. The results of the first
step can be obtained in real time on a typical personal com-
puter. The second stage of the REDCRAFT algorithm is
the most time consuming component and exhibits some
counterintuitive properties. The time complexity of the sec-
ond stage can be expressed as: O[n(NM + NMlog(NM))]
where n is the number of peptide planes in the fragment,
N is the number of surviving geometries from the Stage-I
and M is the search depth. The first term in this expression
corresponds to the number of geometries evaluated while
the second term corresponds to the time complexity of
the sorting algorithm for ranking of different geometries.
This time complexity approaches O(N2log(N)) when
N �M and O(Mlog(M)) for the cases of M� N. This
behavior is very desirable since the time complexity of
the problem becomes more efficient as more exhaustive
searches are performed.
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