
Published online 12 August 2016 Nucleic Acids Research, 2016, Vol. 44, No. 17 8479–8489
doi: 10.1093/nar/gkw717

Conformation-dependent restraints for
polynucleotides: I. Clustering of the geometry of the
phosphodiester group
Marcin Kowiel1,2, Dariusz Brzezinski3 and Mariusz Jaskolski1,4,*

1Center for Biocrystallographic Research, Institute of Bioorganic Chemistry, Polish Academy of Sciences, Poznan
61-704, Poland, 2Department of Organic Chemistry, Poznan University of Medical Sciences, Poznan 60-780, Poland,
3Institute of Computing Science, Poznan University of Technology, Poznan 60-965, Poland and 4Department of
Crystallography, Faculty of Chemistry, A. Mickiewicz University, Poznan 61-614, Poland

Received May 29, 2016; Revised August 05, 2016; Accepted August 06, 2016

ABSTRACT

The refinement of macromolecular structures is usu-
ally aided by prior stereochemical knowledge in the
form of geometrical restraints. Such restraints are
also used for the flexible sugar-phosphate back-
bones of nucleic acids. However, recent highly ac-
curate structural studies of DNA suggest that the
phosphate bond angles may have inadequate de-
scription in the existing stereochemical dictionaries.
In this paper, we analyze the bonding deformations of
the phosphodiester groups in the Cambridge Struc-
tural Database, cluster the studied fragments into
six conformation-related categories and propose a
revised set of restraints for the O-P-O bond angles
and distances. The proposed restraints have been
positively validated against data from the Nucleic
Acid Database and an ultrahigh-resolution Z-DNA
structure in the Protein Data Bank. Additionally, the
manual classification of PO4 geometry is compared
with geometrical clusters automatically discovered
by machine learning methods. The machine learn-
ing cluster analysis provides useful insights and a
practical example for general applications of cluster-
ing algorithms for automatic discovery of hidden pat-
terns of molecular geometry. Finally, we describe the
implementation and application of a public-domain
web server for automatic generation of the proposed
restraints.

INTRODUCTION

The nucleotide unit, with six rotatable single bonds and the
possibility of different sugar puckers, is a very flexible en-
tity. In nucleic acid structures, its geometry is locked by the
canonical structural constraints, such as base pairing and

stacking. Yet, the variability of the sugar-phosphate back-
bone conformation is manifested by the existence of the
canonical forms of the double helix and of their numerous
variants. In RNA structures, the variability is on one hand
limited by the additional O2′ hydroxyl group, but on the
other hand greatly augmented in the single-stranded forms,
occasionally also found in DNA.

The refinement of nucleic acid structures at lower resolu-
tion, or in the presence of disorder, requires the use of stere-
ochemical restraints. Standard libraries of such restraints
have been prepared by Parkinson et al. (1), Clowney et al.
(2) and Gelbin et al. (3). An attempt to take account of
the conformational variability of the nucleic acid chains has
also been made, and is reflected in the definition of two types
of PO4 bond angles (small and large) included in the dictio-
nary compiled by Gelbin et al. (3). However, this solution
is quite crude, mainly because of the limited number of ex-
amples (13 cases) in the underlying study. Moreover, even
though the authors recognized that the O1/O2-P-O angles
(labeling as in Figure 1) have a bimodal distribution (small,
large), they were unable to conclusively predict where and
when the small or large angles would occur. They were, how-
ever, able to discover a bimodal distribution of the C5′-O5′-
P-O3′ (� 5) torsion angle and a trimodal distribution of the
C3′-O3′-P-O5′ (� 3) angle.

A recent extremely accurate study of the crystal structure
of Z-DNA at 0.55 Å resolution (4) confirmed that the phos-
phate bond angles might indeed need to be revisited. In ad-
dition, that study also pointed out that the angles at the gly-
cosidic bond of the syn-conformation purine units have in-
adequate description in the stereochemical dictionaries (to
be discussed in a separate paper). The existing restraint li-
braries also show inconsistencies. For example, in the appli-
cations of SHELXL (5) the RNA restraints in use for the
phosphodiester group still contain values from the compi-
lation by Parkinson (1), while the proposed DNA restraints
use the revised values of Gelbin (3).
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Figure 1. Atom and angle labeling. Standard atom labeling scheme of the
phosphodiester C-O-PO2-O-C group. The C-O-P-O torsion angles are de-
noted as C3′-O3′-P-O5′ (�3, � in standard nucleotide nomenclature) and
C5′-O5′-P-O3′ (�5, �). The Ox-P-Oy bond angles are labeled �xy as fol-
lows: �12 = O1-P-O2, �13 = O1-P-O3′, �15 = O1-P-O5′, �23 = O2-P-O3′,
�25 = O2-P-O5′, �35 = O3′-P-O5′, whereas the two P-O-C angles are la-
beled �33 = P-O3′-C3′ and �55 = P-O5′-C5′.

In this paper, we analyze bonding deformations of the
phosphodiester fragments (C-O-PO2-O-C) found in the
Cambridge Structural Database (CSD) (6) and manually
cluster them into six conformation-related categories. Based
on the discovered categories, we propose a set of revised re-
straints for the bond angles and distances within the phos-
phodiester group. In a parallel study, we use machine learn-
ing algorithms to automatically discover the clustering pat-
terns of the PO4 geometry. More precisely, we employ four
basic types of clustering algorithms, namely partitioning,
hierarchical, density-based and graph-based (7). A compar-
ison of the manual and automatic approaches shows that
the results are consistent, suggesting potential applications
of machine learning for the discovery of hidden molecular
geometry patterns. Finally, the resulting revised restraints
for the phosphodiester group geometry are validated us-
ing data retrieved from the Nucleic Acid Database (NDB)
(8) and the ultrahigh-resolution Protein Data Bank (PDB)
(9) Z-DNA structure 3P4J (4). To facilitate the use of the
proposed restraints, we present a web server that automat-
ically creates restraint scripts for a given .pdb file and illus-
trate its practical use with an example. Although Karplus
et al. have proposed conformation-dependent restraints for
proteins before (10–12), to the best of our knowledge the
present work is the first application of analogous ideas to
nucleic acids.

It might appear that the phosphate group is a picayune
trifle not worth a deeper study. This is not true. The phos-
phodiester group is a key link of nucleic acid backbone

conformation and in addition it is the most electron-rich
(heavy) moiety of nucleic acid structures. Its proper geomet-
rical parametrization is therefore very important for models
refined against X-ray diffraction data.

MATERIALS AND METHODS

Selection of CSD fragments

The geometrical analyses were carried out for a set of small-
molecule structural data retrieved from the CSD database
version 5.36 using CONQUEST (13). Since there were only
10 oligonucleotide crystal structures, the CSD was queried
for C-O-PO2-O-C fragments in all crystal structures refined
to R ≤ 7.5%. The anionic form of the phosphodiester group
was guaranteed by specific exclusion of H atoms at the oxy-
gen atoms. This approach led to the selection of 204 struc-
tures with 238 phosphate groups. The query parameters are
summarized in Supplementary Table S1.

The O3′-C3′ and O5′-C5′ bonds in that CSD sample were
not very good representatives of the sugar-phosphate link-
ages in DNA and RNA. To obtain a more adequate repre-
sentation, we calculated the statistics of the P-O3′, O3′-C3′
and P-O5′, O5′-C5′ bond distances based on two supple-
mentary CSD searches, in which the phosphodiester frag-
ment was linked to ribose or deoxyribose at either the C3′
atom (for the P-O3′, O3′-C3′ bond length calculation) or
C5′ (P-O5′, O5′-C5′) (Supplementary Table S1).

For terminal phosphates, we queried the CSD for C-O-
PO3

2− fragments. We explicitly excluded H atoms by allow-
ing only one bond for each of the -PO3 oxygen atoms.

Selection of NDB fragments

Initially, we tried to find NDB structures with crystallo-
graphic resolution higher than 1 Å and R ≤ 7.5%. Surpris-
ingly, there were only 20 crystal structures in the NDB ful-
filling these criteria, mostly of dinucleotides. Even though
the R-factor limit might seem very restrictive for macro-
molecular structures, we were interested in high quality
crystal structures, and such an R factor is routinely achiev-
able for small-molecule structures of up to ∼100 non-H
atoms. It is worth noting that nearly half of the structures
found in this search were solved in the 1970’s and 1980’s;
only four of those structures were published after 2000.
Therefore, the number of high-quality nucleic acid struc-
tures in the NDB is not much higher than at the time the
compilations by Parkinson et al. (1), Clowney et al. (2) and
Gelbin et al. (3) were published. With respect to the CSD
the situation is dramatically different.

In view of this deficiency, we decided to relax the R-factor
criterion to R ≤ 10.0% at the validation step and to include
a few extra oligonucleotide structures from the CSD, not
present in the NDB. This led to 36 crystal structures, 9 from
the CSD and 27 from NDB, with 126 independent phospho-
diester moieties. For most of those structures it is not pos-
sible to determine whether they were refined with or with-
out geometrical restraints, which is disappointing because
for objective geometry validation one would like to use un-
biased (unrestrained) information. On the other hand, the
situation (even with the presence of restraints) may be not
as bad as it would appear because refinement against high
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resolution data is usually able to override the information
injected to the system by geometrical restraints (14).

Outlier detection

To minimize the standard deviations in the target bond dis-
tances and angles, a modified Z-score test (15) was used to
identify and reject outliers. In this test, a data item xi is
treated as an outlier if |Mi| > 3.5. Mi is calculated as fol-
lows:

MAD = median {|xi − x̃|}
Mi = 0.6745(xi−x̃)

MAD

where x̃ denotes the median of the sample. In the applica-
tions described in the subsequent sections, when an example
was earmarked as an outlier for at least one of the calculated
parameters, the entire entry was removed from all calcula-
tions as potentially contaminated by a gross error.

The geometrical characteristics of the PO4 group

Within a phosphodiester PO4 group, two oxygen atoms (la-
beled O3′ and O5′) have single bonds to carbon substituents,
while the other two (O1 and O2) are terminal (Figure 1).
Unlike in nucleic acids, where O3′ and O5′ are well defined,
in the data obtained from the CSD the initial atom labels are
arbitrary, the only restrictions being that: (i) atoms O3′/O5′
are bonded to carbon atoms, and (ii) atoms O1/O2 are
bonded only to the central P atom. Even if we adhere to the
IUB convention of nucleotide atom numbering (clockwise
O1-O3′-O2-O5′ sequence in the Fischer projection of the P
atom), there is still an atom labeling ambiguity, namely: (i)
the labels attached to the O3′ and O5′ atoms are chosen ar-
bitrarily and (ii) a small-molecule moiety must also be con-
sidered after the application of inversion symmetry, which is
equivalent to swapping the O1/O2 labels and changing the
signs of the torsion angles. Taking into account the O3′/O5′
and O1/O2 ambiguities gives four possible labeling schemes
of the C-O-PO2-O-C fragment (Table 1).

Only the O1-P-O2 (�12) and O3′-P-O5′ (�35) angles (Fig-
ure 1) are independent of the labeling ambiguity; the other
bond and torsion angles and bond lengths may need to be
permuted if the assigned atom labeling scheme is changed.
The labeling ambiguity has two serious drawbacks for a sta-
tistical analysis: (i) in the original labeling, it assigns atom
labels in an arbitrary way; (ii) if considered in all permissi-
ble permutations, it introduces the same data item into the
statistics several times, and the count may depend on the
site symmetry of a given phosphate group. The following
clustering approach was designed to overcome these label-
ing problems.

Manual phosphodiester classification

Analyzing the angular distributions of the data retrieved
from the CSD, we observed cases with unusual values of
the torsion angles � 3 and � 5 (defined in Figure 1). More pre-
cisely, our sample contains torsion angles, not described by
Parkinson et al. (1) or Gelbin et al. (3), corresponding to sit-
uations where the C-O-PO2-O-C fragment is part of a cyclic

system. In view of this observation, we sorted the 238 exam-
ples into two classes: where the above fragment is part of a
macrocycle (ring, R), and where it is not (acyclic, A). These
two main subpopulations (R, A) are referred to as classes.

The R class was further divided into four categories, la-
beled R5, R6, R7 and R8, where the C-O-PO2-O-C frag-
ment is closed into, respectively, a five-, six-, seven- or eight-
membered ring. Interestingly, each category has a charac-
teristic pattern of the � 3/� 5 torsion angles. Within the A
class, containing acyclic linear systems, all the � 3 or � 5 tor-
sion angles were found in the +sc, –sc or ap regions de-
scribed by Parkinson et al. (1) and Gelbin et al. (3) [the
descriptors of torsion angle ranges follow the IUB recom-
mendations: c - clinal (torsion angle 90 ± 60˚), p - peripla-
nar (0 or 180 ± 30˚), s - syn (0 ± 90˚), a - anti (180 ± 90˚)].
However, we noticed that either both torsion angles have
the same sign and are in the +sc/+sc or –sc/–sc regions, or
one is in the ap region and the other in an sc region (Figure
2). Following this observation, we divided the A class into
two categories termed: acyclic symmetric (AS) (both angles
in +sc region or both angles in –sc region) and acyclic asym-
metric (AA), where one angle is in the ap region. It is of note
that the acyclic (A) class is the most interesting one since it
corresponds to situations found in linear DNA and RNA
oligo/polymers. In summary, we consider six torsion angle
categories, as presented in Table 2.

A detailed analysis of the proposed categorization re-
vealed that for each category only certain combinations (re-
ferred to as groups) of the � 3/� 5 torsion angle values and
signs are observed in the CSD data. These combinations are
summarized in Table 2 and schematically marked in Sup-
plementary Figure S1, whereas the concrete � 3/� 5 values
found in the CSD search are shown in Figure 2A. We note
that in five-membered rings (R5), � 3 and � 5 are close to 0◦
making any combination of signs possible (+/–, –/+, +/+,
–/–). Although the limited sample size of the R5 category
(9 examples) does not allow a full discrimination analysis, it
appears that the +/+ and –/– combinations should be the
most frequent ones, by analogy to the R7 category where the
ring is also odd-membered. Within the R6 and R8 categories
the fragment is almost symmetric: �13 is close to �15 and
�23 to �25 (Supplementary Figure S1A). Within the seven-
membered (R7) and acyclic symmetric (AS) categories, the
bond angles within two pairs (�13/�25 and �15/�23) are also
close to each other (Supplementary Figure S1B). In the AA
category, one torsion angle (� 3 or � 5) is close to 180◦ (Sup-
plementary Figure S1C).

In order to establish the target values and standard un-
certainties of PO4 restraints, we categorized the phosphodi-
ester fragments and averaged the angle and bond distance
values within each category. All groups in one category rep-
resent the same kind of geometry thus contributing to im-
proved statistics. The categorization of fragments in the R
class was done by counting the ring atoms, whereas frag-
ments in the A class were assigned to categories by manually
comparing the torsion angles � 3 and � 5 to the characteris-
tic templates defined in Table 2. However, at this point we
cannot calculate the bond angle and bond distance statistics
within a category directly because the atom labels may come
from one of the four allowed permutations presented in Ta-
ble 1. Therefore, we have to relabel the atoms in each exam-
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Table 1. The four allowed label permutations of a phosphodiester group and the labeling of torsion angles, bond angles and bond lengths in relation to
the initial labeling of atoms

Initial O1 O2 O3′ O5′ �3 �5 �12 �13 �15 �23 �25 �35 �33 �55 P-O1 P-O2 P-O3′ P-O5′ O3′-C3′ O5′-C5′
Permutation

(12)(35) O2 O1 O5′ O3′ �5 �3 �12 �25 �23 �15 �13 �35 �55 �33 P-O2 P-O1 P-O5′ P-O3′ O5′-C5′ O3′-C3′
(35) O1 O2 O5′ O3′ –�5 –�3 �12 �15 �13 �25 �23 �35 �55 �33 P-O1 P-O2 P-O5′ P-O3′ O5′-C5′ O3′-C3′
(12) O2 O1 O3′ O5′ –�3 –�5 �12 �23 �25 �13 �15 �35 �33 �55 P-O2 P-O1 P-O3′ P-O5′ O3′-C3′ O5′-C5′

A B C

Figure 2. C-O-P-O-C Torsion angle distribution. The �3 (x-axis) and �5 (y-axis) torsion angles (◦), with subdivision into categories, marked by symbols
explained in the legend. The examples of the phosphodiester group found in the CSD are shown as (A) the raw values retrieved by the initial query; (B)
after removing the labeling ambiguity; and (C) after the outlier rejection procedure. The �3 and �5 angles are defined in Figure 1. The torsion angle ranges
(dash lines) are according to IUB.

Table 2. Division of the CSD C-O-PO2-O-C fragments into: classes, cate-
gories and groups

Class Category Groups

R 5 –sp/-sp +sp/+sp
6 –sc/+sc +sc/–sc
7 –sc/–sc +sc/+sc
8 –c/+c +c/–c

A S –sc/–sc +sc/+sc
A ap/–sc –sc/ap ap/+sc +sc/ap

ple within a given category to conform to a unique situation.
We note here the obvious fact that the labeling ambiguity af-
fects the atom and angle order, but not the numerical values.
The idea of the relabeling method is to find such an atom or-
der in each case (example) that will give the most consistent
values for the same bond angle labels in each category. This
way, we reduce a category to a single permutation and are
able to calculate the means and standard deviations of the
bond angles and bond distances. Such means and standard
deviations are more accurate as they are calculated using all
examples within a category.

To explain the above procedure, let us analyze an exam-
ple. Suppose we have correctly assigned CSD examples to
the AA category. Due to the labeling ambiguity, we have
four possible permutations within AA and we are unable
to distinguish their bond angles in advance. Therefore, for
each example we choose such an atom labeling scheme that
will give the smallest Euclidean distance to the mean values
of the bond angles �12, �13, �15, �23, �25, �35 within the AA
category. At the beginning, we need a starting mean value
for each of these angles, and for this purpose we select one
of the four ambiguously labeled angles (�13, �15, �23 or �25)

as a reference angle. For instance, if we use �13 as the ref-
erence, the first step of the procedure for each example will
permute the labels in such a way that �13 is the smallest an-
gle. By setting (arbitrarily) �13 to be the smallest angle, we
can obtain a good approximation of the mean � angle val-
ues for one of the four permutations. Next, the procedure
iteratively refines this approximation by, once again, per-
muting the atom labels of each example and choosing the
permutation that minimizes the Euclidean distance to the
mean angles �12, �13, �15, �23, �25, �35 from the previous
step. Because the mean values and standard deviations may
be distorted if the category contains low-quality or noisy
examples, the mean values for the next step are calculated
only for a subset of examples that are not marked as outliers
(Figure 2B and C). The minimization procedure is repeated
until all � angle mean values converge, i.e. their values no
longer change. This iterative procedure can be considered
to be a variation of the k-means algorithm (7).

The above procedure is repeated in each category for all
four label permutations, so that each of the �13, �15, �23,
�25 angles is the smallest. Therefore, for each of the six
categories (R5, R6, R7, R8, AS, AA) we obtain four re-
straint sets (Supplementary Table S2). It may seem that it
is hard to choose the proper permutation in practice. How-
ever, based on the torsion angles it is possible to select ex-
actly one permutation in the AA category, since one group
matches one permutation. Although in the AS category one
group matches two permutations, based on the analysis of
the NDB data we were able to determine the default val-
ues for this category (highlighted in bold in Supplementary
Table S2).

In practical applications of the restraints, toward the end
of structure refinement, we recommend to select the permu-
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tation that fits the current geometry in the best way (i.e. has
the smallest Euclidean distance to the � angles); such a se-
lection can be performed automatically using the web server
presented in this paper. A practical example illustrating the
use of the proposed restraints during a crystal structure re-
finement is presented in the following sections.

Machine learning methods for automatic clustering

To validate the proposed phosphodiester categorization in
an objective way (i.e. without human prejudice, positive or
negative), we used standard machine learning procedures to
automatically cluster the data retrieved from the CSD. This
alternative and independent analysis, when compared with
the above manual approach, allowed us to verify if the pat-
terns of PO4 geometry can be detected automatically, using
only the bond angles as the categorization criteria.

Machine learning is a field of computer science that de-
velops algorithms that learn from and make predictions on
data. One of the most common tasks in machine learning is
clustering, where the goal is to partition a set of examples
into meaningful groups of similar objects, called clusters
(7,16). Clustering algorithms are divided into four types, as
partitioning, hierarchical, density-based and graph-based ap-
proaches (7). To validate the proposed phosphodiester cat-
egorization, we investigated the use of four different algo-
rithms, called PAM, AHC, DBSCAN and SC, representing,
respectively, the four types of clustering approaches.

Partitioning Around Medoids (PAM) is a clustering al-
gorithm that minimizes the sum of distances of objects
within k clusters (17). PAM is a modification of the k-means
method that assigns examples to medoids (medians) instead
of centroids (means).

Agglomerative Hierarchical Clustering (AHC) is one of
the most popular hierarchical approaches (7). The algo-
rithm joins the closest examples (preliminary clusters), one
by one, into k larger clusters. For this purpose, the algorithm
requires a merging strategy that defines how distance is cal-
culated for clusters with more than one example. Since AHC
is sensitive to noise, we additionally extended the algorithm
by preliminary anomaly detection, using the method of Lor-
eiro et al. (18), which performs a hierarchical clustering of
the data into nc groups and removes those that have less
than t examples. As our goal was to eliminate only the most
distant outliers, the parameters used were always nc = D/10
and t = 2, where D is the number of examples.

Density-Based Spatial Clustering for Applications with
Noise (DBSCAN) is an algorithm that locates regions of
high density that are separated by regions of low density
(19). DBSCAN is one of the few algorithms that detect out-
liers while clustering, and for this purpose requires the defi-
nition of a neighborhood Eps (maximum distance between
neighbors), and the minimum number of examples required
to form a cluster MinPts.

Spectral clustering (SC) can be considered a representa-
tive of graph-based clustering approaches (20). It creates a
similarity graph where edges connect an example and its
p nearest neighbors. Next, SC creates k clusters by finding
the minimal number of edge-cuts that divide the similarity
graph into k separate graphs.

As input, all four algorithms used a dissimilarity matrix,
which defines the distance between each pair of examples.
The distance between a pair of PO4 fragments was defined
as the Euclidean distance between the corresponding O-P-O
bond angles (�12, �13, �15, �23, �25, �35). Owing to the atom
labeling ambiguity, this actually gives four possible values,
defined by the four possible label permutations. In our im-
plementation, we chose the smallest of these four values as
the distance between a pair of fragments.

The algorithms were tested with several sets of param-
eters to find the clustering with the best silhouette coeffi-
cient. Silhouette coefficient (21) is an evaluation measure
which promotes cohesive and well-separated clusters. Apart
from optimizing the silhouette coefficient, we additionally
rejected clusterings that removed more than 20% of the
data as outliers. This restriction was introduced because
DBSCAN would mark even 95% of the data as outliers
for some parametrizations. The parameter optimization in-
volved finding the best: number of clusters k ∈ [2, 12] for
PAM, AHC and SC; Eps ∈ [0.05, 1.20] and MinPts ∈ [2,
4] for DBSCAN; merging ∈ {average, maximum} for AHC;
and p ∈ {5, 7, 10} for SC. Finally, the clustering selected by
the parameter optimization procedure was refined by out-
lier removal using the Mi test.

RESULTS AND DISCUSSION

The proposed geometry restraints

The new phosphodiester restraints have been derived from
our manual statistical analysis of 238 C-O-PO2-O-C frag-
ments retrieved from the CSD, with additional data used for
the O3′/O5′ linkages and terminal phosphates, as specified
in Supplementary Table S1. The geometrical parameters �
(torsion angles) and � (bond angles) are defined in Figure 1,
whereas the conformational categories and groups are sum-
marized in Table 2.

The resulting mean values for the torsion angles, bond
angles and bond lengths, are summarized in Table 3. The
P-O3′, O3′-C3′ and P-O5′, O5′-C5′ bond distances and �33,
�55 bond angles should be taken from Table 4. A full list of
the restraints, taking into account all possible permutations,
can be found in Supplementary Table S2.

The mean values from the Parkinson library (1) are
mostly to be compared with the values found in the AS cat-
egory, as the mean values of the � 3, � 5, �12 and �35 angles
are very similar in both categorizations. However, the an-
gles �13, �15, �23, �25 in the Parkinson library are all ∼108◦,
which is approximately the mean value of the two smaller
(104.5, 105.2◦) and two larger (110.3, 111.5◦) angles from
the AS category. Gelbin et al. noticed one more value for
the � 3 torsion angle (163.1◦) and differentiated between the
small and large values for the �13/�23 (105.2/110.5◦) and
�15/�25 (105.7/110.7◦) angles. The values are roughly in
agreement with those found in the AS category, but the pre-
vious authors were unable to correlate the placement of the
small or large angles with the sign and values of the � 3 and
� 5 torsion angles.

The AA category was not recognized by any of the previ-
ous authors. The mean values of the �12, �35 angles in the
AA category are smaller than in the AS category (Table 3).
The change in conformation also affects the �13, �15, �23,
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�25 angles, as three out of the four angles in the AA cat-
egory are larger than the corresponding angles in the AS
category, and only the �15 angle is about the same.

The acyclic class is the most interesting one from the point
of view of restraints for the refinement of nucleic acid struc-
tures, but for generality and completeness we have calcu-
lated the mean values for the R class as well. In addition,
those unusual cases may be actually quite useful for re-
straint definitions in exotic nucleic acid structures (22).

Since in the R class the O3′ and O5′ atoms are constrained
by the ring structure, the O3′-P-O5′ angle shows high vari-
ability, from 96.6◦ in R5 to 105.2◦ in R8. In the R6/R7 rings
�35 has intermediate values (102.9/101.9◦). The �12 angle
increases with the ring size from 117.2◦ in R5 to 120.5◦ in
the R8 category. The phosphate groups in the R6 and R8
categories have similar conformation since the torsion an-
gles have the same combination of signs. On the other hand,
the R7 category is more similar to the AS category. A com-
parison of all the bond angles with reference to the � 3 and � 5
torsion angles is presented in Supplementary Figure S2A.

The proposed P-O3′, O3′-C3′ and P-O5′, O5′-C5′ re-
straints (Table 4) were calculated for the AS and AA cat-
egories separately. The O3′-C3′/O5′-C5′ bond lengths are
between 1.422 and 1.438 Å. Unfortunately, the numbers of
independent examples for the P-O3′, O3′-C3′ bonds in the
AS category and for P-O5′, O5′-C5′ in the AA category are
very limited (3 and 2, respectively); thus, the mean values
may not be very accurate.

Supplementary Figure S2A provides clear evidence that
in the phosphodiester moiety there is no functional rela-
tion between the torsion angles and the bond angles, i.e.
the bond angles �xy cannot be computed using analytical
functions of the torsion angles in a way similar to that used
for conformation-dependent restraints in proteins (10–12).
Instead, the proposed categories define six coherent and
mostly well-separated clusters; a similar situation exists for
the bond distances (Supplementary Figure S4A). Moreover,
the histograms in Supplementary Figures S6 and S8 demon-
strate that the bond angles are practically normally dis-
tributed within each category.

Automatic clustering of the phosphodiester groups

The goal of the automatic clustering experiment was to val-
idate the manual categorization in a prejudice-free manner.
In contrast to the manual categorization, where additional
chemical knowledge was used, the non-supervised machine
learning methods do not understand the meaning of chem-
ical bonds or conformations. The best results, in terms of
the silhouette coefficient, were obtained using the AHC al-
gorithm with k = 4 and merging = average. The resulting
clusters are presented in Table 3 and illustrated in Supple-
mentary Figures S2B and S4B. Even though it is hard to
generalize the results for other types of moieties or systems
of atoms, there are several important conclusions from this
exercise.

In the phosphodiester moiety, almost all geometrical dif-
ferences are reflected in the angular parameters, while most
of the bond distances remain unchanged upon torsion-
angle variations. Thus, we were able to measure the simi-
larity of pairs of fragments by the use of bond angles only.
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Table 4. Mean values and standard deviations (in parentheses, in units of the last significant digit of the mean value) for the P-O3′, O3′-C3′ and P-O5′,
O5′-C5′ bond lengths (Å) and the �33 and �55 angles (◦) for PO4-ribose and PO4-deoxyribose structures in the CSD

N P-O3′ O3′-C3′ �33 N P-O5′ O5′-C5′ �55

Parkinson - 1.607(12) 1.423(14)R 119.7(12) - 1.593(10) 1.440(16) 120.9(16)
1.431(13)D

Gelbin 8 1.607(12) 1.433(19) 119.7(12) 6 1.593(10) 1.440(16) 120.9(16)

Category
AS 3 [7] 1.603(14) 1.438(7) 120.7(29) 13 [13] 1.594(9) 1.437(17) 119.3(15)
AA 42 [55] 1.601(8) 1.422(10) 120.2(15) 2 [3] 1.591(4) 1.428(13) 121.7(30)

N is the number of cases [number of cases before outlier rejection in square brackets]. The superscripts denote: R-ribose, D-2′-deoxyribose.

Such an approach may be applicable to other systems of
atoms.

The SC and DBSCAN algorithms did not find reasonable
clusters for the phosphodiester moiety. One of the reasons
may be that the data set was contaminated by a high number
of outliers. In our manual clustering, we marked as outliers
and excluded ∼13% of the cases. This is of special note, as
the data were harvested from high-quality small-molecule
CSD crystal structures. One can expect that with less accu-
rate data, e.g. from the PDB, the fraction of outliers would
be even higher (23). Another possible reason for the poor
clustering results of SC and DBSCAN may be the distribu-
tion of the angle values. The clusters in the analyzed data
are not always clearly separated and the number of exam-
ples in each cluster is highly variable. In the manual cluster-
ing experiment, the number of examples in the categories
was from 6 to 63, and the best AHC clusters have from 6 to
95 examples. In conclusion, graph- and density-based algo-
rithms should be aided by additional outlier detection and
cluster imbalance methods, or not considered as the first
choice for clustering structural chemistry data. PAM and
AHC, on the other hand, were clearly superior at finding
unevenly represented clusters, with AHC slightly better in
handling outliers.

In our experience, in order to obtain good clusters, han-
dling of outliers is crucial. Attempts at automatic clustering
without outlier rejection usually led to very high numbers
of clusters or strongly biased the results. Handling of out-
liers starts with very careful selection of the input data. The
geometrical data should, therefore, come from high-quality
structures.

The optimal number of clusters was chosen based on
the silhouette coefficient. For the AHC algorithm, the best
value of the coefficient was obtained for four clusters (A–
D). In the manual clustering on the other hand, we dis-
tinguished six categories. This discrepancy might appear to
question the agreement of the two approaches. However, in
the manual clustering, we mainly focused on the analysis of
the � 3 and � 5 torsion angles, and we used additional infor-
mation about the topology (circular, linear) of the analyzed
fragments. The AHC algorithm identified differences be-
tween the basic geometries, also found by the manual clus-
tering (compare Supplementary Figure S2A and S2B). The
AHC cluster A contains examples mostly from the R6 and
R8 categories, cluster B from the R7 and AS categories and
cluster C from the AA category. Additionally, AHC sepa-
rated the R5 category (cluster D) from the other clusters al-
though it has only six examples after outlier removal. Post

analysis of the mean values obtained by the manual cluster-
ing revealed that the categories R6 and R8, as well as R7 and
AS, are very similar, thus reducing the effective number of
significantly different categories from six to four. From this
point of view, we conclude that the automatic clustering by
the AHC algorithm has been indeed quite successful.

In this study, we have exploited the manual categoriza-
tion and used automatic clustering only for validation, be-
cause we had additional structural knowledge about the tor-
sion angles and whether a given example was cyclic. How-
ever, in situations where such additional information is not
available or is too complex for manual processing, the pre-
sented automatic clustering methodology should be capable
of finding reasonable groupings. In conclusion, we recom-
mend to further investigate the applicability of the proposed
automatic clustering methodology to other molecular frag-
ments and to consider it as an alternative to the most com-
monly used k-means algorithm.

We note that our use of automatic clustering was partially
inspired by the classification of Zn coordination geometries
presented by Yao et al. (24), even though the validity of
the structural conclusions drawn by those authors has been
questioned (25). However, in our method, we only use clus-
tering algorithms, whereas Yao et al. proposed a complex
processing pipeline that mixes clustering algorithms with
classifiers and requires a priori knowledge of the data. We
also provide an explicit definition of the distance between
pairs of fragments, which was problematic in the paper by
Yao et al. Furthermore, we searched for the best partition-
ing in terms of the silhouette coefficient, which optimizes
cluster cohesion and separation. In summary, we believe
that the automatic clustering procedure described in this pa-
per presents a more general, straightforward and superior
approach, applicable to other structural problems.

The case of terminal phosphomonoester groups

To complement the phosphodiester geometry, we also an-
alyzed the geometry of phosphomonoesters, C-O-PO3

2−,
which in nucleic acids are normally attached at the terminal
C5′ or C3′ atoms. The clustering of the C-O-PO3

2− geome-
try was carried out exclusively by the AHC machine learn-
ing algorithm, and is in a sense a test ground for this ap-
proach.

Chemical intuition would suggest that––linked at a sin-
gle point of attachment––the phosphomonoester group will
have covalent geometry largely independent of the type (la-
bel) of the C atom. In the following analysis of the phospho-
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monoester geometry we have therefore labeled the C atom,
for simplicity, as C5′. For terminal phosphate groups at-
tached to other atoms (in particular C3′), the numbering
of atoms in the restraint Supplementary Table S3 should
be adjusted accordingly. Atom labeling in a terminal phos-
phate is presented in Supplementary Figure S1D. It is noted
that this labeling is ambiguous in practice, as the O1, O2 and
O3 atoms are usually labeled randomly.

The torsion angles C5′-O5′-P-Ox, where x = 1, 2, 3, were
found to be either around ±60◦/180◦, or close to ±120◦/0◦.
Intuitively, one would expect two types of covalent geome-
try, clustered with the, e.g. C5′-O5′-P-O3 torsion angle close
to 180◦ or 0◦. However, automatic clustering, analogous to
that used for C-O-PO2-O-C, revealed that there is only one
cluster. Indeed, the problem lies in proper labeling of the O3
atom. Labeling the O3 atom consistently to make the C5′-
O5′-P-O3 torsion angle the closest to 180◦ (in both groups),
one gets a unique representation of the C-O-PO3

2− geome-
try. Making C5′-O5′-P-O3 close to 180◦ is equivalent to la-
beling as O3 the oxygen atom that is farthest from C5′. The
O1/O2 labels were assigned according to Fischer conven-
tion with the same caveat about ambiguity as for the phos-
phodiester group.

The mean values and standard deviations recommended
as restraints for terminal phosphomonoesters are summa-
rized in Supplementary Table S3. As expected, even though
the O3 atom was singled out, the terminal P-O1/P-O2/P-
O3 bonds are very similar (1.514(9)/1.520(9)/1.514(10) Å)
while the P-O5′ bond is significantly longer (1.622(9) Å).
The bond-angle geometry is more complicated, and re-
flects the symmetry (of O1/O2) relative to the uniquely de-
fined O5′/O3 atoms. The O1-P-O5′ and O2-P-O5′ angles
are comparable and smaller (107.5(7), 107.2(8)◦) than O1-
P-O3/O2-P-O3 (114.0(7)/112.8(10)◦). The mean values of
the remaining angles, O3-P-O5′, O1-P-O2 and P-O5′-C5′,
span a large interval, 102.9(12), 111.7(10) and 119.0(22)◦,
respectively. In practice, in our application server we con-
sider six possible permutations of the proposed restraints
(Supplementary Table S4), because models in the PDB la-
bel the O1, O2, O3 atoms arbitrarily.

Validation of the restraints using NDB data

To further validate the derived mean values of the PO4 ge-
ometry and to confirm that they can be used as restraints
for the phosphodiester moieties of nucleic acids, we se-
lected high-quality oligonucleotide structures, mostly from
the NDB, and calculated for this sample the mean values for
the torsion/bond angles and bond lengths within the cate-
gories and groups defined in Table 2.

The NDB sample means and standard deviations, after
assigning the examples to the two groups in the AS category
(–sc/–sc, +sc/+sc) and to three out of the four groups in the
AA category (ap/–sc, –sc/ap, +sc/ap), are summarized in
Supplementary Table S5. We did not find any cases in the
NDB that would fall into the AA (ap/+sc) group. This may
be a consequence of the still rather small number of PO4
moieties in the NDB sample, or of the fact that the CSD
sample represented a broader range of fragment conforma-
tions than what has been actually observed in nucleic acid
structures to date.

We compare the quality of the proposed restraints with
those of Gelbin et al. (3) in a histogram of absolute differ-
ences of bond angles and bond lengths, for each entry in the
NDB set (Supplementary Figure S7). It shows that the an-
gle restraints have been improved whereas the deviations of
bond lengths are comparable. This confirms that the pro-
posed categorization and the resulting sets of restraints can
be safely used for the refinement of nucleic acid structures.
The distributions of the bond angles and bond distances
for the CSD and NDB data are compared in Supplemen-
tary Figures S2A and S3 (angles) and Supplementary Fig-
ures S4A and S5 (distances). We note that atom labels of
the NDB fragments were not permuted since atom labeling
is uniquely defined in this database.

The NDB � 3/� 5 torsion angles that are in the ap interval
have a bimodal distribution, clustering around −140 and
+170◦ (Supplementary Figure S3). No such division was
observed for the data obtained from the CSD, which in-
dicates that the torsion angle at −140◦ is characteristic of
nucleic acids. In future, it may be necessary to further di-
vide the AA category into eight groups instead of four, but
at present there are not enough examples to calculate reli-
able statistics for such a subdivision, and such structures are
completely absent from the CSD.

While to the first approximation the covalent geometry
of organic molecules is considered to be robust and rel-
atively constant, numerous analyses have shown that on
closer scrutiny the covalent architecture is correlated with
conformation. The variations are more distinct in bond an-
gles, which are more easily deformed, but are also detectable
in bond lengths. Similar conclusions have been reached for
macromolecules. The present analysis, so far limited to the
phosphodiester group, confirms that the same is true for nu-
cleic acids.

The ultrahigh-resolution PDB structure 3P4J

The proposed new geometrical restraints for the phospho-
diester moiety (Table 3) were compared with the corre-
sponding geometrical parameters found in the ultrahigh-
resolution (0.55 Å), unrestrained Z-DNA structure (4) with
the PDB code 3P4J. In the 3P4J model there are 10 PO4
moieties with 3 different combinations of the � 3/� 5 an-
gles (Supplementary Table S6), representing the following
groups: AS(+sc/+sc), AA(–sc/ap) and AA(+sc/ap). When
the 3P4J model is compared with the currently used stere-
ochemical targets, as included in REFMAC (26,27), the
RMSD(angles) is 1.60◦ and it drops to 1.29◦ when the new
phosphodiester targets are used.

It is important to stress that the 3P4J model was refined
using the method of least-squares and without any geo-
metrical restraints (4). The final geometrical parameters are
therefore not biased by any a priori assumptions and are
characterized not only by their numerical values but also
by their estimated standard deviations.

Practical example

As an example, we present re-refinement of the 1.95 Å reso-
lution protein–DNA complex (nuclear receptor bound to
its response element hsp27 gene promoter) deposited in
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the PDB with the accession code 2HAN (28). The 2HAN
model was originally refined using REFMAC version 5.1.24
(26,27) and was published with R/Rfree of 18.0/21.7% and
RMSD values of 0.016 Å for bond lengths and 2.03◦ for
bond angles (Table 5). That refinement used standard pro-
tein (29) and nucleic acid restraints, as included in REF-
MAC from the CCP4 suite (30). We note that the asymmet-
ric unit of the 2HAN structure is composed of 165 amino
acid residues and 40 nucleotides, with 38 phosphodiester
groups, plus 4 zinc ions and 222 water molecules. In our
re-refinement, we used 30 iterations of REFMAC version
5.8.135 as included in CCP4 version 7.0.011.

First, we re-refined the structure with the REF-
MAC built-in restraints to obtain reference R/Rfree of
19.57/22.41% and RMSD(bonds)/(angles) of 0.0200
Å/2.0958◦. These values differ from those originally
deposited due to changes between REFMAC versions
but they are in agreement with the values reported in the
current PDB validation report for 2HAN.

Next, we re-refined the 2HAN model again, this time
with the option of providing custom external structural re-
straints (31). The external restraint file was generated using
our web server (vide infra). With external restraints, the re-
finement results strongly depend on the adjustable parame-
ters w, wext and κ, where w weights the contribution of the
experimental data, wext adjusts the weights of the external
restraints relative to other geometry components, and κ is
the Geman–McClure robust estimation function parame-
ter (31). In order to make the refinements with and with-
out the proposed new PO4 restraints comparable, we ana-
lyzed the impact of w, wext and κ on the R factor, Rfree and
RMSD(bonds).

Figure 3 shows the re-refinement results versus variation
of the weighting parameters (w, wext), while Table 5 presents
the statistics obtained using the optimal parameters. To find
comparable w, wext and κ values for the refinements with
and without external restraints, we first find the w value that
gives RMSD(bonds) of ∼0.02 Å (green dash line in Fig-
ure 3A). This fixes the only parameter that is common to
both refinements. Next, we select such a value of wext that
gives the best R and Rfree, and keeps RMSD(bonds) at 0.02
Å (solid green line in Figure 3B). In the analyzed exam-
ple, changing κ between 0.5 and 5 had no effect on model
statistics. Figure 3 illustrates the well-known fact that there
is a trade-off between low R/Rfree values and low RMSD
from ideality, depending on the weight w, which defines the
relative contributions of the experimental data and stere-
ochemical information. Nevertheless, the presented plots
show that with the new PO4 restraints the model converges
at better RMSD values for the same R/Rfree (better agree-
ment with the stereochemical targets without degrading the
agreement with the experimental data), or better R/Rfree
factors at the same RMSD(bonds) level (the same stereo-
chemical model quality with better agreement with the ex-
perimental data). This improvement is quite significant if we
take into account that we have updated restraints for only
38 phosphodiester groups (228 bonds, 304 angles) in a 2387-
atom structure with 3960 bond and 7115 angle restraints.

The two final models, after re-refinement with the stan-
dard restraints (R = 19.57%) and with the proposed re-
straints (R = 18.88%) are comparable. The geometrical dif-

Figure 3. 2HAN Refinement parameters. R factor (blue lines, left y-axis),
Rfree (red lines, left y-axis) and RMSD(bonds) (green lines, right y-axis),
RMSD(angles) (black lines, right y-axis) after 30 REFMAC iterations for
the 2HAN model without (dashed lines) and with (solid lines) external PO4
restrains, plotted against: (A) the weight parameter w (wext = 2.5, κ = 0.5);
(B) external weight scale wext (w = 0.08, κ = 0.5).

ferences between these two models are consistent with the
changes in the restraint targets and are, on average, 1.6◦ (�
angles) 2.4◦ (� angles) and 0.010 Å (bonds). The largest
bond angle difference was found for �15 (6.8◦) of residue
10, chain C, whereas the largest difference in torsion an-
gles occurred at residue 6D, where � 3 changed by 13.3◦
and was coupled to a visible change of the sugar pucker
(as gauged by the pseudorotation parameters P/� m) from
145.0(7)/45.0(6)◦ to 123.5(6)/39.7(4)◦ [note the decrease of
the standard deviations, estimated by the method of Jaskol-
ski (32)].

The presented example of a re-refinement of a previously
deposited model is not necessarily a typical application,
since––in normal situations––the proposed restraints would
also be used to aid the earlier stages of model building.
Moreover, in practice it might be worthwhile to regenerate
the external restraints after each refinement run, as entities
may change their category assignment.

PO4 restraint web server

A dedicated web server has been created for the generation
of external PO4 restraints for use in REFMAC, by analyz-
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Table 5. R, Rfree, RMSD(bonds) and RMSD(angles) for the 2HAN model deposited in the PDB and re-refined with REFMAC with and without external
restraints

Refinement R (%) Rfree (%) RMSD(bonds) (Å) RMSD(angles) (◦)

2HAN as deposited in PDB† 18.0 (18.58)# 21.7 (22.01)# 0.016 (0.0178)# 2.029 (2.1037)#

2HAN without external restraints (w = 0.08)* 19.57 22.41 0.0200 2.0958
2HAN using external restraints (w = 0.08, wext= 1.5, κ = 0.5)* 19.35 22.39 0.0196 2.0409
2HAN using external restraints (w = 0.08, wext= 2.5, κ = 0.5)* 18.88 22.20 0.0200 2.0894

†REFMAC version 5.1.024. *REFMAC version 5.8.135. #Values in parentheses as reported by a zeroth cycle of REFMAC version 5.8.135.

ing each phosphodiester moiety in the input .pdb file and se-
lecting the proper restraint category and permutation based
on the values presented in Supplementary Table S2. More
precisely, we apply a restraint directly if the analyzed moiety
has its � 3/� 5 torsion angles within 4 standard deviations of
a single value in Supplementary Table S2. If more than one
restraint could be applied (within 4 standard deviations), we
choose the one with the smallest Euclidean distance from
the bond angles �12, �13, �15, �23, �25, �35. If the � 3/� 5 tor-
sion angles are more than 4 standard deviations from all of
the values in Supplementary Table S2, we take the restraint
with the smallest Euclidean distance to the � 3/� 5 angles.

The server is freely available at http://achesym.ibch.
poznan.pl/restraintlib/. It is recommended to regenerate the
restraints every few cycles, as the phosphate groups may
change their category during the refinement.

CONCLUSIONS AND OUTLOOK

In the present work, we have revisited the standard
restraints for the valence geometry of the phospho-
di/monoester groups, with the purpose of proposing im-
proved stereochemical targets for the refinement of nucleic
acid structures. The new restraints are based on data har-
vested from the CSD and manually clustered into six cate-
gories: four cyclic (R5, R6, R7, R8) and two linear ones (AS,
AA). In contrast to previous studies (1,3), we were able to
correlate the O-P-O angles with the � 3/� 5 torsion angles of
the phosphodiester backbone. Moreover, the AA category
had not been described in the previous compilations. The
proposed categorization was successfully validated using
machine learning methods. When compared against NDB
data and an ultrahigh resolution PDB structure, the new re-
straints are superior to those of Gelbin et al. (3). In a practi-
cal example, it was possible to reduce R and Rfree, while pre-
serving the same level of deviations of bond distances and
angles from the targets. To facilitate the use of the proposed
restraints, we have implemented a publicly available appli-
cation server that automatically creates the PO4 restraints
for a given .pdb file.

This study is part of a wider program of revision of nu-
cleic acid stereochemical restraints. Our future studies, al-
ready in progress, will deal with revised ribose and glyco-
sidic stereochemistry. As more accurate examples are accu-
mulated in the databases, we may revisit the geometry of the
PO4 group again, to deal with the possible further subdivi-
sion of the AA and AS categories.

Finally, we see great promise in the automated approach
to database analysis and restraint discovery with the appli-
cation of machine learning. The feasibility of this approach
has been demonstrated as proof of principle in the present
study and will be exploited in our future work.

AVAILABILITY

The input data, source codes, grid search parameters and
reproducible experiment scripts in Python are available for
download from http://www.cs.put.poznan.pl/dbrzezinski/
software.php. A dedicated web server for the generation of
external PO4 restraints is available at http://achesym.ibch.
poznan.pl/restraintlib/.
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Supplementary Data are available at NAR Online.
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