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Abstract

Nucleic acids consist of several double helical arms (three to eight of them). These arms are connected at a junction point,
with or without several unpaired bases in one or more of the different strands. Current structural information on several
nucleic acids is still limited. Electron paramagnetic resonance (EPR) can provide distance measurements of site-directed
spin labels (SDSL) applied to the double helical arms. These distances can be used to generate several quadratic equations
that characterize the three-dimensional (3-D) structure of the nucleic acid. In this work, a nonlinear least squares algorithm is
used to solve these equations along with molecular constraints simultaneously. The solution that this algorithm calculates
can be used to create the predicted 3-D structure. The algorithm was tested using twenty-five cases for known DNA
structures. Root-mean-square deviation (RMSD) was used in this study to evaluate the accuracy of the predicted structures.
The calculated RMSD values had an average of 2.56 and a standard deviation of 1.65.
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1. Introduction

The biological function of nucleic acids molecules is
highly dependent on their three-dimensional structures
(Hvidsten et al., 2009). Most of these structures are poorly
understood which limits the understanding of the
biological mechanisms of nucleic acids (Dawson and
Bujnicki, 2016; Doudna, 2000). Calculating the 3-D
structures of nucleic acids and thus having a better
understanding of their function play an important role in
therapeutic and diagnostic medical applications. Examples
of these applications include drug design, ribosome
structuring, and nanoengineering (Greer et al., 1994;
Maune et al., 2010).

Structural analysis of biological macromolecules is
mainly implemented using X-ray crystallography and
high-resolution nuclear magnetic resonance (NMR)
spectroscopy. Both methods can provide high resolution
structural details; however, they have serious limitations
(Banaszak, 2000). X-ray crystallography can be difficult to
use with macromolecules that have high flexibility in their
structures such as membrane proteins (Mchaourab et al.,
2011; Jeschke, 2012). Although NMR spectroscopy can
provide some information on this flexibility, it has
molecular mass limitations that exclude a large number of
macromolecules (Mittermaier and Kay, 2009).

Site-directed spin labeling (SDSL) offers an alternative
approach for the structure prediction of nucleic acids
(Borbat et al., 2002; Jeschke and Polyhach, 2007). In
SDSL, nitroxide spin labels are introduced into specific
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sites of a macromolecule. Distances between pairs of
labels can be measured from which valuable structural
information can be obtained. Electron paramagnetic
resonance (EPR) spectroscopy techniques have been
successfully used for providing such information
(Schweiger, 2001). Using conventional continuous wave
(CW) EPR spectroscopy and SDSL, distances in the range
of 8-20 A can be measured (Hubbell et al., 2000; Steinhoff
and Suess, 2003). Pulsed Double Electron—Electron
Resonance (DEER or PELDOR) can access longer
distances in the range of 20-80 A to characterize relatively
large biological macromolecules (Jeschke, 2004; Sale et
al., 2005).

Several studies have employed different techniques for
the prediction of 3-D structures of biological
macromolecules. Tung et al. employed several
computations based on deuterium labeling to determine the
atomic model of the cAMP-dependent protein kinase
(Tung et al, 2002). Pulsed electron paramagnetic
resonance (ESR) based on the detection of double quantum
coherence (DQC) and nitroxide spin-labels were used by
Borbat et al. to establish the structure of T4 Lysozyme
(Borbat et al., 2002). Jeschke and Polyhach studied the
effects of varying several experimental parameters on the
sensitivity of spin labels distance measurements using EPR
and DEER coupled with Monte Carlo search algorithm
(Jeschke and Polyhach, 2007). Hatmal employed spin label
distance measurements using EPR and DEER coupled
with the Quasi-Newton method implemented in Fortran
and MATLAB to determine the structure of DNA and
RNA junctions, and for the central region of endophilin
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(Hatmal, 2011). Zhang et al. also employed Monte Carlo
algorithm to detect the global structure of Phi29 packaging
RNA based on site-directed spin labeling (Zhang et al.,
2012). A neural network technique was used by Hamad et
al. to predict the 3-D protein structure as a function of
enzyme family types and amino acid sequences (Hamad et
al., 2017).

In this work, a least squares algorithm was used to
process the distance measurements acquired using SDSL
for the prediction of biological macromolecule structure.
The acquired distances were used to create a group of
quadratic equations (distance equations). These equations
were next solved simultaneously using the Levenberg-
Marquardt algorithm limited by molecular constraints to
provide the 3-D model of the nucleic acid using the
internal geometries of the corresponding arms. This
algorithm has been developed fully in MATLAB
(Mathworks, Inc., Natick, MA, USA), and was
successfully tested using twenty-five cases for known
DNA structures. Root-mean-square deviation (RMSD) was
calculated to evaluate the accuracy of the predicted
structures against the true ones.

2. Methods
The following steps were used in the framework of

nucleic acid structure prediction in this work (shown in
figure 1).
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Figure 1. A flowchart of the proposed approach.

2.1. Acquiring Distance Measurements of SDSL Pairs

Acquiring SDSL Coordinates: This process starts with
obtaining the structure of each individual arm from a
protein databank. In this work, “worldwide protein data
bank” (www.wwpdb.org) and “RCSB protein data bank”
(www.rcsh.org) were used (Heinz et al., 1993). Next,
nitroxide spin labels were attached to several positions on
each arm using a published algorithm (Beasley et al.,
2015). The locations of several spin labels were then
averaged resulting in one point. This reduces the structural
information of each arm into the x, y, and z coordinates of
such points. The resulting coordinates identify each arm
independent of the nucleic acid and aligned with the
positive z-direction.

Acquiring Intra-Arm Distances: The distances between
points belonging to the same arm (intra-arm distances)
acquired in the previous process were then calculated.

Acquiring Inter-Arm Distances: The distances between
points in two different arms (inter-arm distances) can be
obtained using the aforementioned EPR spectroscopy
techniques. Alternatively, these distances can be obtained
computationally for known structures of nucleic acids. The
later method was implemented in this work using a
published algorithm (Beasley et al., 2015). In this context,
the inter-arm distances serve as constraints in the
mathematical analysis to reduce the number of degrees of
freedom available to the arm with respect to the rest of the
macromolecule structure (or with respect to a reference
arm). Hence, more estimated distances can reduce the
number of possible structures that satisfy the distance
equations simultaneously.

2.2. Generating Non-linear Equations Using the Input
Information

The inter-spin distances generated were next used to
create distance equations of the form:

[ -x] +[-w] +[z-z] = o

where Xj-, 1’}, and Zj- are the coordinates of the first point and

X, Y, and Z,, are the coordinates of the second point, and

¢l is the distance between them. One of the arms in the

macromolecule structure was used as a reference. For this arm, the
coordinates of the points were kept unchanged with the arm
aligned with the positive z-direction, while the coordinates of
other arms were changed to account for inter-arm distances. The
overall number of distance equations equals the number of the
inter-distances plus the number of intra-distances. Three different
types of distance equations were created (all having the form of

eq. 1):

e Equations between points inside the same arm for arms
other than the reference arm. The coordinates of both
points are unknowns, since the arm will be reoriented
considering the inter-arm distances.

e Equations between a point on the reference arm with
known coordinates and a point on a non-reference arm
with unknown coordinates.

e Equations between two points on two different non-
reference arms where the coordinates of both points are
unknowns.

2.3. Solving the Non-Linear Equations

The distance equations generated in the previous step
must be solved simultaneously to reorient the arms using a
non-linear curve-fitting method. Several least squares
methods can be implemented for solving non-linear
equations including: Gauss-Newton, trust-region methods,
and Levenberg-Marquardt (Bjorck, 1996). Trust-region
methods have the limitation that they can only be used to
analyze determined systems of equations in which the
number of unknowns equals the number of equations
(Byrd et al., 1987; Moré and Sorensen, 1983). The
Levenberg-Marquardt method can outperform the Gauss-
Newton method as it can find a solution even if the initial
conditions were far off the final minimum (Pujol, 2007).
Since the number of distance equations can be less than the
number of unknowns in DNA structure prediction, the
Levenberg-Marquardt method was used in this work.

Similar to other minimization algorithms, Levenberg-
Marquardt is an iterative procedure. This means that it
needs an initial guess to start a minimization. The initial
guess was chosen using a series of values through a for-
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loop that has a start value, a step value, and an end value.
These values were selected taking into consideration the
typical dimensions of macromolecules. The final solutions
came in the form of new X, y, and z coordinates of the
different points on each non-reference arm revealing the
structure of the macromolecule.

2.4. False Prediction Reduction

Inter-spin distances acquired using EPR spectroscopy
can be difficult to obtain. In many cases, they are fewer
than the number required to obtain a unique solution. In
this work, an additional step was added to furthermore
reduce the number of solutions. The glycosidic N-N
distances between arms (the distance at the junctional area
between arms) are known to be more than 4 A and less
than approximately 12 + 8n A, where n is the number of
unpaired bases between the ends of arms in the junction
area (Banaszak, 2000). Solutions that violated this rule
were discarded. Additionally, some solutions can have
overlapping arms. Some overlap (or clash) between arms
is physically possible and should be accepted if it came up
as a structural prediction. Solutions with more than 10
clashes of more than 75% of the sum of the van der Waals
radii of any two interacting atoms were also discarded
(Banaszak, 2000).

2.5. Creating the Predicted Structures and Performance
Evaluation

As previously mentioned, inter-arm distances were
obtained computationally for known 3-D structures of
DNA (real and hypothetical). This option was chosen to
evaluate the accuracy of the calculated solutions generated
by the proposed approach against known structures. The
evaluation was done using root-mean-square deviation
(RMSD):

AiED- \J‘XL(XM D) + 0o @ ma)
N

where (xl,yl,zlj are the coordinates of a point predicted by

the proposed algorithm, (IZrer Zz) are the coordinates of the
same point in the known nucleic acid structure, and N is the total
number of points.

3. Results

To test the proposed algorithm, five different
hypothetical DNA structures and one real DNA structure
(PDB ID: 1EKW) with different number of inter-arm
distances and spin label positions were used (total of 25
cases). For the hypothetical cases, the arms were built
using standard B-DNA parameters creating planner and
non-planner 3-way junction DNA structures. Table 1 lists
the different cases used along with: number of inter-arm
distances, number of resulting structures with and without
false prediction reduction, and lowest RMSD.

The final output of the proposed algorithm was in the
form of reoriented coordinates of points on each non-
reference arm along with unchanged coordinates of points

on the reference arm. To visualize the DNA structure
prediction, all these points were plotted on a 3-D graph.
Figure 2 shows the two structure predictions of a sample
DNA molecule (the second sample in table 1). Points on
the reference arm, second and third arms are colored blue,
red, and green, respectively. The difference between the
two predictions in figure 2 is the location and orientation
of the third arm (colored green).

Table 1. Results of structure predictions for real and hypothetical
DNA molecules using different inter-arm distances and label
positions.

Number  Number of Number of Lowest

DNA of inter-  resulting resulting RMSD

sample arm structures without structures with

P distances false prediction  false prediction
reduction reduction

Planer3- 9 3 1 0.66

way DNA g 2 1 0.98

junction
7 4 2 1.68
6 146 18 1.56

Non- 16 1 1 0.70

Planer 3- 9 4 1 0.96

way DNA '

junction 9 7 1 0.96
9 8 1 0.92
8 4 1 0.97
7 17 2 121
6 37 5 1.90

Non- 9 4 1 3.69

Planer 3- 8 6 1 478

way DNA '

junction 7 11 1 4.04

(Modified ¢ 174 1 3.98

distances)

1EKW 9 6 1 2.33
8 4 1 2.33
7 16 2 2.32
6 78 4 5.55
5 428 17 6.52

Non- 9 4 1 2.52

Planer 3- 8 6 1 257

way ’

distorted 7 10 2 491

DNA 6 43 4 3.42

junction

Non- 9 4 1 2.60

Planer 3-

way

distorted

DNA

junction

(Modified

distances)
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Figure 2. Two structure predictions of a sample DNA molecule
(the second sample in table 1). Points on the reference arm,
second and third arms are colored blue, red, and green,
respectively.

4. Discussion and Conclusions

This paper describes structure prediction of biological
macromolecules based on distance measurements of spin
labels using a least squares algorithm. Inter-arm and intra-
arm distances were acquired and used to create non-linear
distance equations. These equations were solved
simultaneously using the Levenberg-Marquardt algorithm
to predict the orientations of macromolecule’s arms
revealing the 3-D structure. Several predictions were
obtained when the number of inter-arm distances was less
than the number required to obtain a unique solution
(underdetermined cases). In these cases, molecular
constraints were applied to reduce the number of
predictions. Twenty-five DNA cases were used to test the
algorithm. The average of lowest RMSD of the predictions
was 2.56 with a standard deviation of 1.65 ranging from
0.66 to 6.52.

A strong correlation can be noticed between a higher
number of inter-arm distances (hence more distance
equations) and a lower number of predictions and lower
RMSD values. This is due to the fact that more equations
lead to less degrees of freedom for the non-reference arms
orientations and a better chance to reach the true shape of
the molecule. Additionally, changing the chosen SDSL
pairs (while keeping the same number of distances) could
affect the RMSD values (samples 2 and 3 in table 1). The
reason for this is that the degrees of freedom of arms could
be different which could lead to different predictions and
hence different RMSD values.

Future work will include studying the effects of
varying the number of distances on the number predictions
and RMSD values. Additionally, the effects of varying the
chosen spin label pairs will be studied. Future work will
also include testing the algorithm using DNA structures
with a larger number of arms and using experimental EPR
data for other types of biological macromolecules.
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