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ABSTRACT

The problem of systematic and objective identifica-
tion of canonical and non-canonical base pairs in
RNA three-dimensional (3D) structures was studied.
A probabilistic approach was applied, and an algo-
rithm and its implementation in a computer program
that detects and analyzes all the base pairs
contained in RNA 3D structures were developed.
The algorithm objectively distinguishes among
canonical and non-canonical base pairing types
formed by three, two and one hydrogen bonds
(H-bonds), as well as those containing bifurcated
and C-H...X H-bonds. The nodes of a bipartite graph
are used to encode the donor and acceptor atoms of
a 3D structure. The capacities of the edges corres-
pond to probabilities computed from the geometry
of the donor and acceptor groups to form H-bonds.
The maximum flow from donors to acceptors irectly
identifies base pairs and their types. A complete
repertoire of base pairing types was built from the
detected H-bonds of all X-ray crystal structures of a
resolution of 3.0 A or better, including the large and
small ribosomal subunits. The base pairing types
are labeled using an extension of the nomenclature
recently introduced by Leontis and Westhof. The
probabilistic method was implemented in MC-
Annotate, an RNA structure analysis computer
program used to determine the base pairing para-
meters of the 3D modeling system MC-Sym.

INTRODUCTION

During the past year, two important RNA structures have been
determined at high resolution by X-ray crystallography: the
large and small ribosomal subunits [PDB nos 1FFK and 1FIG
(1,2)]. The addition of these two structures not only confirms
important progress that has been accomplished in the field of
RNA crystallography, but also marks an important leap in the
complexity of the available RNA three-dimensional (3D)
structures and in the difficulty of RNA structure analysis. Until
recently, there were no tools available to extract the useful
RNA structure information automatically, which hindered
efforts to fully exploit them. An important paradigm switch in

RNA structural analysis is needed, as the observation and
discovery processes need to be automated so as to provide the
speed and objectivity that are necessary to fulfill our hopes
towards these structures. A method that automatically iden-
tifies hydrogen-bonding (H-bonding) patterns among nitrogen
bases using the nomenclature proposed in Leontis and
Westhof (3) is presented in this paper.

H-bonding patterns that form between nitrogen bases are
particularly important interactions in RNAs. Efforts have been
made to establish a repository of base pairs from published
literature to show the diversity of nitrogen base pairing types
with a particular emphasis on non-canonical ones (4), and a
systematic nomenclature has been proposed (3). From a
modeler’s perspective, the spatial relations defined by such
H-bonding interactions can be used to define the conforma-
tional search space of RNA. For instance, in the RNA 3D
modeling software MC-Sym (www-lbit.iro.umontreal.ca/
mecsym), these spatial relations are learnt from known
examples and applied to the construction of new RNA
structures (5). In earlier versions of MC-Sym (6), the database
was built from base pairs that were identified and annotated
using interactive visualization. However, the number of newly
determined RNA 3D structures is such that it has become
difficult to ensure the MC-Sym database remains up-to-date
simply by continuing to apply such a slow and subjective
method. During the development of an automated RNA 3D
structure annotation program, we realized that no objective
method existed for identifying base pairing types in RNA 3D
structures. All currently available ones are limited to the
detection of single H-bonds and, therefore, base pairing types
must be identified in a further step by visual examination or by
using heuristics (7). All existing methods detect H-bonds from
the distance between either the hydrogen or donor atom and
acceptor atom, as in Manip (8), and the angle between the
hydrogen, donor and acceptor atoms, as in the molecular
graphics software insightIl (Biosym/MSI) and Hbexplore (7).
The use of such strict parameters is subject to false positives
and negatives when applied to RNA 3D structures that contain
distorted base pairs, either due to experimental conditions,
density map resolutions or variations in the application of
computer optimization protocols.

We present here a new method that resulted from the search
for an automated and objective method for finding and
identifying base pairing types in RNA 3D structures. The
probabilistic method provides a degree of certainty for
the presence of each H-bond in the structure by considering
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the formation of H-bonds from competing donors and
acceptors. This dependency between H-bonds that share a
donor or an acceptor is implemented as a maximum flow
problem in a bipartite graph. The decisions are thus taken to
maximize the total number of expected H-bonds in a structure
without involving a donor or acceptor more than once. The
maximum flow problem formulation was adapted to search for
an equilibrium solution that better suits the chemical nature of
the problem. Base pairs are identified if the total flow,
representing the mathematical expectation of the number of
H-bonds forming, is higher than a predefined cutoff (typically
0.5). This cutoff can be varied depending on the application
and on the desired sensibility of the detection process.

The only a priori knowledge used in selecting the param-
eters of the probabilistic approach is the near aligned geometry
of H-bonds. The approach consists of collecting all local
geometries of donor/acceptor pairs, and building a model of
this distribution. Using the assumption of near aligned
geometries, the model is decomposed in two components:
one for the instances that represent the H-bond geometry, and
one for those that do not. Consequently, a mixture of
Gaussians (with full co-variance matrices) was selected as
the form of density function for the model, and the parameters
of this mixture were optimized using the EM algorithm (9)
from a data set extracted from physically determined RNA 3D
structures. The method is robust, reliable and immune to local
distortions due to experimental conditions and computer
optimization protocols. The method was implemented in a
newly developed RNA 3D structure analysis computer
program that is available on the Internet (http://www-
Ibit.iro.umontreal.ca/). This method was also used to define
the base pairing and base stacking parameters of MC-Sym, as
well as for matching larger RNA 3D patterns and motifs.

In order to identify a base pairing type, the naming
scheme proposed by Leontis and Westhof (10) was used
and extended. An algorithm that automatically names a
base pairing using the information from the maximum
flow optimization is presented. This algorithm was applied
to 165 high resolution (=<3 A) X-ray structures in the
PDB (11) HR-RNA-SET (see Table 1 for a list). The
collected base pairs were classified, resulting in a
complete repertoire of the base pairing types in RNA
structures (available at http://www-Ibit.iro.umontreal.ca/).

Our analysis of RNA 3D structures led us to three main
results. First, we developed a method to automatically identify
base pairing types in RNA 3D structure. Second, we refined an
existing nomenclature and implemented its definitions in a
computer program. Third, we built the repertoire of base
pairing types found in high-resolution RNA X-ray structures.

MATERIALS AND METHODS
Data set

The subset of PDB structures used in this work, HR-RNA-
SET, is composed of those that contain at least one RNA
nucleotide, and that were determined by X-ray crystallography
with a resolution of 3 A or less, as of February 1, 2001. Table 1
shows the list of 3D structures that are included in HR-RNA-
SET. Two files in the initial list were rejected: 1QCU and
406D. Both structures contain multiple models with different
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Table 1. HR-RNA-SET

157D 1D%6 1E6T 1G2) IQLN  1ZDJ 333D 429D 4TRA
165D ID9D IEC6 1GAX IQRS 1ZDK 353D 430D 5MSF
1A34 ID9F  1EFO IGID IQRT 205D 354D 433D 6MSF
IAON ID9H 1EFW 1GSG IQRU 246D 359D 434D 6TNA
IAPG IDDL 1EHZ IGTR IQTQ 247D 361D 435D 7TMSF
1AQ3 IDDY  1ET4 IGTS 1QU2 248D 364D 437D
1AQ4 IDFU 1EUY 1HDW 1QU3 255D 373D 438D
1ASY 1DI2 1EVP IHE0O IRMV 259D 377D 462D
1ASZ IDKI IEVV  1HE6 IRNA 280D 397D 464D
1AV6 IDNO 1EXD 1HMH IRXA 283D 398D 466D
1B23 IDNT  IFIT 1HQ1 IRXB 299D 3RAP 468D
IB7F  IDNX 1F27 IMMS ISDR 2A8V 3TRA 469D
IBMV  IDPL  IF7Y 10FX ISER 2BBV 402D 470D
IBR3 IDQF  IF8V 10SU ITN2 2FMT 404D 471D
IBY4 IDQH IFFK 1QA6 ITRA 2TRA 405D 472D
1CO0A IDRZ  IFFY 1QBP ITTT 300D 409D 479D
1C9s IDUH IFGO 1QCO  IURN 301D 413D 480D
ICSL  IDUL  IFIX 1QF4 IYFG 310D 419D 483D
ICX0 1DUQ IFIG 1QF5 1ZDH 315D 420D 485D
ID4R IDZS 1GIX 1QF6 1ZDI 332D 421D 4TNA

The PDB identifiers of the X-ray RNA structures with a resolution of
3.0 A or better. This list was compiled on February 1, 2001. Two
structures were removed from the list: 1QCU and 406D. These two
structures contain multiple models with different chain identifiers and
have improper MODEL/ENDMDL tags. These structures can be
downloaded from the Internet at http://www.rcsb.org/pdb/.

chain identifiers, and do not have proper MODEL/ENDMDL
tags. This non-conformity to the PDB syntax precludes us
from applying our automated procedure to these two struc-
tures. To ensure complete uniformity of hydrogen atom
names, they were removed, if present, and then added using
bond lengths and angles from the Cornell et al. force field (12).
When appropriate, lone pair pseudo-atoms (LP) were placed
1 A from their atom in the direction of the lone electron pair,
as determined by the sp2 geometry of the base atoms. Names
for the LP were assigned by following the standard nomen-
clature of hydrogen atoms in the PDB, replacing the H by LP.

Base pair identification

In order to guide the reader through the steps of this method,
we exemplified each computation by using a canonical G-C
Watson—Crick base pair extracted from positions A79 and B97
of the loop E motif from Escherichia coli 5S rRNA [PDB no.
354D (13)] (Fig. 1A). The method is divided into three steps:
(i) compute the probabilities of H-bonds between each pair of
donor and acceptor groups and build a graph representing
these interactions; (ii) compute the maximum flow in this
graph to account for competing donors and acceptors; (iii)
assign the types of base pairs according to the probabilities of
H-bonds forming.

For each base in the structure, the hydrogens are added
according to geometries defined in Cornell et al. (12). LP are
added and placed 1 A from the oxygen or nitrogen atoms in the
direction of the orbital. We use the term donor group to refer to
a pair of associated donor and hydrogen atoms and the term
acceptor group to define a pair of associated acceptor and LP.

Given the list of potential donor and acceptor groups for a
3D structure, we compute the probability of forming a H-bond
from the values of three measurements: the distance between
the hydrogen and the LP; the angle between the hydrogen, the
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B97:N4-2H4

A79:06-2LP6

Figure 1. A base pairing and associated graph. (A) A canonical G-C
Watson—Crick base pair extracted from positions A79 and B97 of the loop
E motif from E.coli 5S rRNA (PDB no. 354D). The thin lines indicate the
direction of LP, named using the same convention as for the hydrogen
atoms. (B) Corresponding graph showing the probabilities associated with
this base pair (see Table 2 for the actual measurements and probabilities).
The donor groups are located in the upper row of nodes, and the acceptor
groups in the bottom row. The arrow shows the direction of the flow from
the source to the sink. The capacities are indicated beside each edge (only
edges with capacity >10* are shown). The thin lines show the edges with
no flow after the optimization of the maximum flow. The thick lines
between acceptor and donor groups correspond to the selected H-bonds.

donor and the acceptor atoms (referred to as the hydrogen
angle); and the angle between the donor and acceptor, and the
LP (referred to as the LP angle). Figure 2 shows a H-bond with
these three measurements identified.

Our data set is built by extracting these values from all pairs
of donor and acceptor groups in HR-RNA-SET (see Table 1
for the list of 3D structures), resulting in a data set y = {x!,...,
x"}, where X' = (x{, x4, x}) is a vector defining the distance, the
hydrogen angle and the lone pair angle. To reduce the amount
of data, we extracted only the values from pairs of residues
that contain a pair of atoms at 3 A of distance or less.

To obtain both flexibility and efficiency, we applied a semi-
empirical approach that models the distribution of data points

Figure 2. H-bond parameters. The putative H-bond shown is a weak
C-H...O. The hydrogen and LP angles are identified by o and B, respect-
ively, and the distance between the hydrogen and LP is indicated by d.
Nitrogen and hydrogen atoms are shown by large and small filled circles,
respectively. Oxygen atoms are shown by open circles. Thin lines are used
to indicate the direction of the LP.

by a sum of Gaussians. Because the geometrical nature of the
measurements introduces a bias in the distribution of data
points, the raw distributions of the extracted values cannot be
directly modeled by a sum of Gaussians. To obtain a proper
distribution, a transformation x” = F(x) was applied to each
data point. This process is similar to histogram equalization in
computer graphics (14), and allows us to transform any
arbitrary distribution into another. Here, we wished to derive a
transformation so that the data points measured from
randomly scattered points in space resulted in a uniform
distribution and, thus, to remove the geometrical bias. Such
transformation was obtained by computing the cumulative
probability density given the random model for each dimen-
sion of the data points. In the case of the distance, the
cumulative probability density is proportional to the volume of
a sphere of radius x;. For the angles, the cumulative
probability density is proportional to the volume of a spherical
cone of angle x, (or x3). The transformation we obtained is
given by F(x) = [x3,c0s(x,),cos(x3)].

However, this transformation is inappropriate to model the
distribution as a sum of Gaussians since only a specific range
is accessible in each of the three dimensions of the data points
(x; = 0, 0 = x5 < 1). To solve this problem, a further
transformation was applied to the data points so that each
dimension was distributed in [-%,%]. The complete trans-
formation is then F(x) = {In(x3}), arctanh[cos(x,)],arctanh-
[cos(x3)]}.

The distribution of transformed data points is modeled as a
sum of Gaussians without any constraint on the mean vector
and the co-variance matrix. This model has the advantage of
modeling the dependencies between the dimensions of the
distribution. A possible drawback is the increase in the number
of parameters, which increases the risk of overfitting the data
(15). However, our data points represent a large sample of the
distribution, and in practice this is not the case. The
parameters of the model (mean vector, co-variance matrix
and weight for each Gaussian) are optimized using the EM
algorithm (9,15). To avoid local minima, a variant of the
algorithm was used where only 25 000 randomly chosen data
points were considered at each iteration. The EM algorithm is
known to minimize the negative log-likelihood and, thus,
to return the parameters that maximize the likelihood of



Table 2. Base pair G:A79-C:B97 of the loop E motif from E.coli 5S
rRNA (354D)

Bases Acceptor and donor ) T2 T3 P(h|x)
A79—-B97 C8-H8—02 (ILP2)  9.971 3.087 2573 2.127x10~20
- —02(2LP2) 8239 3.087 0480 1.346x10~22
— —N3 (LP3) 7.321 2869 0.169 2.070x10~20
- NI-HI-02 (ILP2) 3928 0586 2.719 1.212x10~°
- —02(2LP2) 2377 0.58 0.628 0.002
- —N3 (LP3) 1.023  0.076 0.089 1
- N2-1H2—02 (ILP2) 3.884 2.065 2.051 1.427x10~7
— —02(2LP2) 2602 2063 0.119 8.621x10~7
— —N3 (LP3) 4090 2708 0.727 4.252x10~°
- —02(1LP2) 2580 0.049 2.051 2.688x10~8
— —02(2LP2) 0968 0.049 0.119 1
— —N3 (LP3) 2.541 0614 0.727 0.001
B97—A79 N4-1H4—N7 (LP7) 6359 2.133 1.384 6.505x10~14
— —06 (ILP6)  3.831 2.138  1.961 1.985x10~7
— —06 (2LP6)  2.651 2.138  0.158 1.005x10~6
— —N3 (LP3) 8.115 2720 2720 3.955x10°16
- N4-2H4—N7 (LP7) 4917 0053 1384 2282x10"1%
— —06 (ILP6) 2457 0.044 1.961 5.521x10-8
- —06 (2LP6) 0946 0.044 0.158 1
- —N3 (LP3) 6436 0635 2.720 2.055x10~15
- C5-H5—N7 (LP7) 8599 2004 1540 1.216x10718
- —06 (ILP6)  6.101 1914 2212 1.220x10°18
- —06 2LP6)  4.599 1914 0.138 6.995x10~12
- —N3 (LP3) 0268 2455 2425 6.151x1071°
- C6-H6—N7 (LP7) 10.184 2937 1.665 2.350x10~20
— —O06 (ILP6)  7.835 2.800 2.386 1.077x10~15
— —06 (2LP6)  6.145 2.800 0297 4.896x10~16
- —N3 (LP3) 9.587 2927 2254 7.826x10~1'°

The three transformed measurements and the modeled probabilities are
shown for each pair of donor and acceptor groups. The values were
rounded to the third decimal. The names used to identify LP are built
using the same rules as the standard PDB hydrogen atoms names.

generating the data set. Once the parameters of the model are
optimized, a visual inspection of the characteristics of each
Gaussian was sufficient to determine which one(s) is respon-
sible for the data points forming H-bonds.

The probability that a local geometry, x, forms a H-bond is
equivalent to the probability that x is drawn from the Gaussian
describing H-bond geometries, H = A, and not from the others.
P(H = h | X) can be computed using Bayes theorem:

P(H=h|x)=[p(x|H=h) P(H=h/[px)]
= [p(x | H = hP(WV[Z]1p(x | H = )P(H = j)] 1

where p(x | H = h) is the probability of generating x from
Gaussian h, P(H = h) is the prior probability of forming a
H-bond and p(x) is the probability of observing geometry x.
Table 2 shows the measurements and modeled probability
according to equation 1 for each pair of donor and acceptor
groups for the G-C Watson—Crick base pair extracted from
positions A79 and B97 of the loop E motif from E.coli 5S
rRNA [PDB no. 354D (13)]. (The nucleotides in the PDB
format are labeled by a chain identifier and a residue number.
We refer to a base pair by a reference to the two residue PDB
labels seperated by a colon. Quotes are used to distinguish
between a numerical chain identifier and the residue numbers.
The quotes are not necessary when a letter is used for the chain
identifier.)
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Figure 3. Base pairing type examples. These were found in only one
structure of HR-RNA-SET. (A) The C-G Ww/Ss trans base pair found at
positions ‘9°26:9°22 and ‘9°46:°9’43 in IFFK. (B) The G-G Hh/Bs trans
base pair found at position A260:A265 in 1FJG. (C) The A-C Ww/Bh cis
base pair found at position 38:32 in 1YFG. (D) The U-A Ws/Bh trans base
pair found at positions ‘0’1116:°0°1246, ‘0°1244:°0’1118 and
‘0°2661:0°2812 in 1FFK. (E) The C-C Ww/Hh trans base pair found at
position ‘0’1834:°0°1841 in 1FFK. (F) The C-C Ww/Bh cis base pair found
at position ‘0’937:°0°1033 in 1FFK. The H-bonds are indicated by dotted
lines. Empty, small filled and large filled circles are used for oxygen, hydro-
gen and nitrogen atoms, respectively

Consider a specific donor or acceptor group. We define as
stable a set of one or more H-bonds that involve this donor or
acceptor group if the sum of their associated probabilities is
=<1. Consequently, one can interpret the probabilities as the
proportion of time a group is occupied in the formation of each
H-bond in a stable set (Fig. 3). The stable set of a given group
is chosen in order to maximize the total number of H-bonds in
the structure. This is computed efficiently by defining a
maximum flow problem on a directed bipartite graph
connecting donors to acceptors. The graph, G = (N,A),
where N is the node set and A the arc set, is a bipartite graph
that contain the set, /, of nodes for the donor groups and the
set, J, of nodes for all acceptor groups. If the probability of
forming a H-bond between donor i € I and acceptor j € J is
>107, an arc (i, /) is added to the graph with capacity, u;;, equal
to the probability of forming this H-bond. Two special nodes
are then added to the graph, s and ¢, called the source and the
sink, respectively. Arcs that link the source to all donor, (s,i) €
A Vi e I, and all acceptors to the sink, (j,f) € A Vj € J, are
added with a capacity of 1. The maximum number of H-bonds
that can form in the molecule is obtained by solving the
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maximum flow problem of this graph from node s to ¢,
resulting in values x; for i € I and j € J, which indicate the
resulting flow.

Algorithms that solve the maximum flow problem return an
extremal solution (16). In the context of H-bond probabilities,
an extremal solution means that the algorithm, when faced
with a situation where two equivalent H-bonds can form
exclusively of one another, will favor the complete formation
of one of the H-bonds and leave the rest of the flow (typically
0) to the other. Since here we are more interested in the
equilibrium state of the system, a criterion needs to be added,
when allowed [notation used as in Ahuja ef al. (16)]:

Xij = Xk Or Xij = Ujj forie l andj,k elJ 2
x; = xor x;=u;forike Iandje J 3

This criterion is satisfied by modifying the preflow-push
algorithm (17). As the FIFO variant of the preflow-push
algorithm [see Ahuja ef al. (16) for a complete description of
the algorithm, and Ahuja et al. (18) for theoretical and
empirical performance comparisons] was selected for its
simplicity of implementation, the push/relabel() operation
was modified in the following way:

procedure push/relabel(i);
begin
let O be the set of admissible output arcs for node i;
let n be the size of O;
sort arcs (i, j) € O by their ry;
for (i,j) € O do:
& < min[ry,e(i)/nl;
Xij — Xij + 8,
e(i) « e(i) - 0,
n«—n-1;
if e(i) > O then
let / be the set of admissible input arcs for node i;
let n be the size of I;
sort arcs (i, j) € I by their r;;
for (i,j) € I do:
& < min[ry,e(i)/n];
Xij — Xij — 8,
e(i) « e(i) - 0;
ne—n-1;
if e(i) > O then
d(i) < min[d(j) + 1: (i,j) € A(i) and r;; > O];
end;

Nomenclature

Several schemes were proposed to name RNA base pairing
types (10,19-21). The proposition from Leontis and Westhof
(3), LW, was retained, where a base pair is described by a pair
of names that are associated with the faces of the bases
involved. This nomenclature has several advantages. First, the
names are easy to remember and there is no need to reference
any documentation. Second, the name alone gives a good idea
of the base pair geometry. Third, isosteric pairs have the same
name.

Despite these advantages, LW cannot differentiate base
pairing types that differ by a sliding of the bases along the
interacting faces, especially in the context of single H-bond

base pairs. Thus, to increase the precision of LW, we defined
LW+ by decomposing the faces in sub-faces. Then, we defined
and implemented an algorithm to reduce possible identifica-
tion ambiguities to anecdotal occurrences. However, the
current implementation does not support the detection of
water-mediated, protonated, ribose- or phosphate-moiety
involved base pairs. Figure 4 shows the four RNA bases and
associated faces. For convenience, the Watson—Crick edge
was abbreviated to W, the sugar edge to S and the Hoogsteen/
C-H edge to H. The sub-face names are indicated by
combining face abbreviations, for instance Ww corresponds
to the central section of the W face, and Hw to the section of
the H face that is adjacent to the W face. Bifurcated base pairs
of LW were renamed by creating small faces at the center of
amino and keto groups. These faces are named Bh and Bs for
the bifurcated base pairs involving the Hoogsteen side amino/
keto group and the sugar side amino/keto group, respectively.
The C2-H2 group of the adenosine was named Bs to facilitate
the identification of isosteric base pairing types (see Fig. 4).
We also introduced a special face, C8, for the C8-H8 donor
group of the purines. The order of the faces is the same as the
order of the bases. The cis and frans semantic for the relative
orientation of the glycosidic bond with respect to the base pair
axis are the same as in LW. Note that the local strand
orientation and base—sugar conformation are not specified in
the base pair notation since they belong rather to nucleotide
conformations.

The face involved in a base pairing type is obtained by
computing the contact point, defined by the weighted mean of
the hydrogen and LP of each base. The weights correspond to
the calculated probabilities of each H-bond as returned by the
maximum flow algorithm. The face containing the contact
point is returned.

To compute the glycosidic bond orientation the visual
contact point is defined, a variant of the contact point,
obtained by replacing the LP by the acceptor atoms. The
vector between the two visual contact points, the contact
vector, is used as the axis of the base pair, and the glycosidic
bonds are attached to its extremities. A cis orientation is
defined by a torsion around the contact vector <90°, and the
trans orientation otherwise.

Availability

The software was developed using the MC-Sym development
library under the Linux operating system, which is publicly
available at mccore.sourceforge.net. The code is written in
C++ and, therefore, is easily portable to other Unix platforms,
such as IRIX and SunOS. The probabilistic method has been
integrated to the MC-Annotate system (22), and is accessible
on the Web. RNA 3D structures can be submitted for the
identification of base pairing types and complete analysis at
www-Ibit.iro.umontreal.ca/mcannotate.

RESULTS

Base pair identification

The data set collected from HR-RNA-SET contained 1 607 756
data points. The distributions of the transformed data points
are shown in Figure 5 as shades of gray.
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Figure 4. RNA base faces. Nitrogen atoms are shown by large black circles, hydrogen by small filled circles and oxygen atoms by open circles. The LP are

shown with thin lines. The ribose moiety is shown by the letter R.

Initial values for the parameters were determined by visual
inspection of the data set, and seven Gaussians provided an
accurate model of the data set. The EM algorithm was
initialized with seven Gaussians, the initial parameters are
shown in Table 3. Figure 6 shows the negative log-likelihood
of generating the data set with the current parameters as the
algorithm progresses. One hour of CPU time was necessary on
a PIII/600 Mhz to complete the learning process. As a result,
only one Gaussian (the one centered on the smallest distance
and angles) is sufficient to represent H-bonds, the six other
Gaussians provide an accurate model of the distribution of
non-bonded donor—acceptor pairs. Table 3 shows the initial
and final parameters of the seven Gaussians before and after
optimization. Figure 5 shows the optimized model (thin black
lines) superposed with the extracted data (gray shades).

Figure 7 shows the flows resulting from the computation of
the stable H-bond set in HR-RNA-SET. In Figure 7A, both
distributions of capacities and flows are shown. The distribu-
tion of Figure 7B shows the total flow obtained for every base

pair. The discrete character of this distribution suggests that a
cutoff can be applied in the identification of base pairs with at
least one H-bond, thus assuming that a base pair forms only if
the total flow between two bases is =0.5. This parameter can
be adjusted to reflect stringency of the identification process.

Repertoire of base pairing types in RNA

The algorithm presented here allowed us to perform a
systematic survey of all of the base pairs in high resolution
X-ray RNA structures, and to study their geometrical diver-
sity. For HR-RNA-SET, the complete repertoire was built in
<4 min on a PIII-600. Figure 8 presents 38 base pairing types
that occur at least twice in HR-RNA-SET. Because of space
constraints, base pairing types that form only one H-bond were
not included in this survey. The structure that minimizes the
sum of RMSD (23,24) with all other base pairs of the same
type is shown. Structure and position information about these
specific base pairs is shown in Table 4. In order to optimize
the identification of representative base pairs, the RMSD
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Figure 5. Superimposed two-dimensional projections of the data set histogram, modeled probability density and surface of decision. The histogram of the
data set is shown in shades of grey. The modeled probability density is shown by thin isocontours. Between 0 and 0.25 they were plotted at each 0.05 interval,
whereas between 1 and 15 they were plotted at each interval of 1. An integration was carried out on the axis of projection corresponding to the effect
observed by the histogram. The surface of decision is shown with thick lines isocontoured at probabilities 0.1, 0.5 and 0.9. The maximum probability is
returned on the axis of projection. The circles represent the optimized mean of the seven Gaussians.



Table 3. Initial and optimized parameters
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Gaussian Initial parameters

Weight Mean Covariance | Weight

Optimized parameters

Mean Covariance

1 002525 I 0.008

[2.0,25,1.0] I

0.010

[2.0, 1.0, 1.0] I 0.026

R

[2.0,-0.5, 1.0] 1 0.110

[3.7,0.0,0.0] I 0.121

=~

[6.5,0.5,0.5] 1 0.535

=

[8.0,-0.5,0.5] I 0.192

2.801
1.049
0.890
[ 0.173
0.203
0.036
" 8.890
4.472
4.427
" 3.190
0.842
| 0.863
11.723
13.829
11.791
[ 0.907
0.523
0.614
[ 2.100
0.417
0.438

1.049
2.376
—0.597
0.293
1.021
0.193
4.472
3.168
2.614
0.842
0.753
0.317
13.829
20.547
11.290
0.523
3.271
0.548
0.417
1.105
0.084

0.890
~0.597
2.580
0.036 |
0.193
1.751
4.427
2.614
3.147
0.863
0.317
0.839 |
11.791
11.290
18.297
0.614 |
0.548
3.370
0.438
0.084
1.061

[0.101,2.457,2.252]

[8.785, 1.132, -0.074]

[3.287,0.449, 0.474]

[5.923, -0.554, 0.036]

[5.065, -0.444, -0.425]

[6.523, -0.165, -0.083]

[7.736, -0.297, -0.300]

The initial parameters of the seven Gaussians are determined manually after examining the distributions
of transformed measurements, equal weight and identity co-variance are used. The optimized parameters
are obtained after 100 steps of the EM algorithm. The values were rounded at the third decimal.
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Figure 6. Minimization of the negative log-likelihood for the mixture of seven unconstrained Gaussians on the transformed data set by the EM algorithm.
The procedure was stopped after 100 steps, corresponding to 1 h of CPU time on a PIII-600.

calculations were limited to the first 200 examples for each
base pair type. These results are also available in PDF
documents that include the superimposition of all the base
pairs of the same type (see various documents about base pair
types at our web site www-1bit.iro.umontreal.ca).

The base pair types that appear in only one structure in
HR-RNA-SET were examined. Figure 3 shows 6, among 86,
such examples that we found of particular interest. Figure 3A
shows a C-G Ww/Ss trans that was found in positions

‘9°26:‘9’22 and ‘9°46:°9’43 of the 5S rRNA (1FFK). This base
pair type was also found in a recent structure of the group I
intron (25), and was conserved in a refined version of the large
ribosomal subunit (26). In the latter case, base pair ‘9°26:9’22
was slightly tilted to the Ww/Sw trans type. The two examples
of the 5S rRNA of H.marismortui are located 23 A apart, and
were found in very different 3D contexts. The ‘9°46:9°43
base pair is a member of a base triplet (‘9°46:°9°43:°9°37) that
stabilizes a local phosphodiester chain reversal of an unusual
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Figure 7. Probability densities for x;;, u; and the total flow of the base
pairs. The probabilities were computed for all base pairs in HR-RNA-SET.
Only those with a probability >10~* are plotted. (A) The probability density
for x; and u;; are shown with a thin black line and yellow line, respectively.
The center peak for x; (the optimized flow) is the result of bifurcated H-
bonds. (B) The distribution of total flows obtained between every base pair
in HR-RNA-SET. The total flow can be seen as the mathematical expect-
ation of the number of H-bonds forming between two bases. The distribu-
tion clearly shows the discrete nature of this value. The area of each peak
shows the relative proportion of one, two and three H-bond base pairs.

13 nt loop between positions ‘9’33 and ‘9°47. The other base
pair of this type, at positions ‘9°26:'9°22, stabilizes a
disordered internal loop. It is worth noting here that a
theoretically generated example of this base pair type has been
included in the MC-Sym modeling system (6) since its very
first version, as the 119 base pair.

Figure 3B shows a base pair of type G-G Hh/Bs trans found
at positions A260:A265 in the structure of T.thermophilus 30S
ribosomal subunit (IFJG). Again, here, an example of this
base pair type was theoretically generated and included in the
first version of the MC-Sym database, and was referred to as
base pair 34. This base pair is flanking a 7 nt loop that interacts
with protein S20.

Figure 3C shows a base pair of type A-C Ww/Bh cis found at
positions 38:32 of the yeast initiator tRNA (1YFG). Here, we
use the term bifurcated to qualify a base pair in which two H-
bonds either share the same hydrogen or LP. The equilibrated
maximum flow settles the probability of each H-bond to
values close to 0.5, expressing the shared nature of the
interaction and, hence, the pairing of Figure 3C is a perfect
example of a bifurcated base pair. The base pair of type U-A
Ws/Bh trans presented in Figure 3D is another example of a

bifurcated base pair, as found at positions ‘0’1116:‘0°1246,
‘0°1244,0°1118 and ‘0°2661:°0°2812 of 1FFK.

Figure 3E presents a base pair of type C-C Ww/Hh trans
found at positions ‘0°1834:°0°1841 of structure 1FFK. This
non-canonical base pair closes a short helix, and stabilizes a
bulged out adenosine and a 6 nt loop. The interaction is
maintained by a H-bond between the extra cyclic amino of one
C to the oxygen of the other base, and by the formation of a
weaker C-H...N H-bond. Note that these H-bonds were
included in the H-bond data set used to optimize the
parameters of the mixture of Gaussians and, although they
usually exhibit geometrical parameters slightly different to the
other types of H-bonds, they are properly identified by the
probabilistic model.

Figure 3F shows a convoluted network of three partial
H-bonds obtained after the resolution of the equilibrated
maximum flow problem. The base pair was observed at
positions ‘0°937:‘0’1033 in 1FFK, the first non-canonical base
pair of a 10 nt internal loop that is adjacent to a G-A sheared
tandem. The H-bond network describes a double bifurcated
base pair, as the LP of N3 is shared between both hydrogens of
the extra cyclic amino group, and one of these hydrogens is in
turn shared with one of the LP of the O2 atom. The probability
for each H-bond is such that their sum is maximized, and
respect the stable set constraint. The base pair is recognized by
the probabilistic system despite its peculiar geometry.

DISCUSSION
Distance versus probabilistic models

The most employed distance for recognizing H-bonds is the
one between the donor and acceptor atoms, dp_,, Which is
easy to compute and to observe interactively, and it does not
require either the hydrogen or LP. Figure 9 presents the
distributions of three distances as measured from HR-RNA-
SET. The distribution of dp_4 (black line) does not contain a
clear separation between H-bonds (first peak) and non
H-bonds and, thus, does not provide a good classification
criterion. The distance used in Massire and Westhof (8),
between the hydrogen and the acceptor atoms, dy_a, is a better
one, as shown by the green line. Massire and Westhof
suggested a cutoff at 2.1 A, but from the distribution in
Figure 9, a cutoff at 2.4 A would be a better solution. The 2.1 A
cutoff was retained to reduce the number of false negatives in
the context of molecular modeling (E. Westhof, personal
communication). Finally, the distance between the hydrogen
and LP, dp_;p, among the three distances is the best, if only
one distance must be used. As indicated from the blue line
distribution, a cutoff between 1.5 and 1.8 A would be effective
for dH_Lp.

In order to quantify the power of using a probabilistic over
the strict distance approach, a scattered plot where each dot
represents one putative H-bond was created. Figure 10 shows
that a significant number of H-bonds were assigned a
probability 0 by using the probabilistic method, whereas
they would have been identified as forming H-bonds using
dy_4 with a cutoff at 2.1 A, and as proposed by Massire and
Westhof (8). Moreover, most of the H-bonds that were
assigned a probability of 1 using the probabilistic model
would have been rejected by the distance method.
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G*C Ww/Ww trans

AU Ww/Ww trans

=os
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AU Ww/Ww cis
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A*C Hh/Ww trans AU Hh/Ww trans AU Hh/Ww cis GeU Hh/Ww cis
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Strictness parameter

Our probabilistic method returns the mathematical expect-
ation of the number of forming H-bonds between two nitrogen
bases. As a default value, two bases are identified as making
an ‘interaction’ if the expected number of H-bonds is =0.5.
This value can be redefined by the user to reflect the type of
interactions that need to be identified. In a context where a
structure has been determined imprecisely, the cutoff can be
lowered to a value as low as 10*. However, if only the strong
two H-bond base pairs are desired in the output, the value of
the cutoff could be raised to as much as 1.8. As an example,

during the determination of the 3D structure of the catalytic
core of the hairpin ribozyme, a weak cutoff of 10 was used to
examine the first generation of thousands of structures that
were obtained from secondary structure and low-resolution
experimental data. This is a typical first step in RNA 3D
modeling. In several generated structures, the probabilistic
method detected a H-bonding pattern that formed a base triplet
involving two bases in the ribozyme and one base in the
substrate. The geometry of the base pairs in the first generation
of structures was far from satisfying the strong H-bonding
parameters. Nevertheless, this observation was reported to the
experimentalists who decided to check for the presence of the
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Trans

AcA Ww/Ww trans A*A Ww/Hh trans

A*G Ww/Ss trans GG Ww/Hh trans

A°A Hh/Ss trans AeG Hh/Ss trans

AeG Ss/Ss trans GG Ss/Ss trans

A*A Hh/Hh trans GG Bh/Ww trans

Cis
AG Ww/Ww cis GG HhWw cis
GG BhYWw cis A*G Hh/Ww cis
GG Hh/Bs cis

Trans Cis
UeU Ww/Hh trans UeC Ww/Ww cis

UeU Ww/Ww trans UsU Ww/Ww cis

Xxk -

Figure 8. (Previous page and above) Two H-bond base pairing types found in HR-RNA-SET. Base pairing types that occur at least twice are shown. The
19 purine-pyrimidines base pairing types are on the opposite page. The 15 purine-purine base pairing types are on this page. The four pyrimidine-pyrimidine
base pairing types are located at the bottom right corner of this page. Base pairing types were classified as either trans (left columns) or cis (right columns).

Boxes are used to group isosteric base pairing types together.

triplet in the hairpin. The predicted triplet was later experi-
mentally determined to form in at least one of the catalytic
reaction steps (27). In the further modeling iterations, a more
stringent cutoff, typically 0.5, was used to identify generated
3D structures that contained ‘nicer’ base pairs.

MC-Sym base pairs

The probabilistic method was applied to the annotation of all
available RNA 3D structures. The identified base pairs were
collected and corresponding transformation matrices inserted



Table 4. The 38 base pairing types in HR-RNA-SET

Base types Pairing type Nb. Example shown
Purine-Purine
AeA Hh/Hh  trans 41 1ASY S609 — S623
Ae A Ww/Ww  trans 22 1GID B151 - B248
AeA Hh/Ss trans 7 1GTS B22 - BI13
Ae A Ww/Hh  trans 11 IFIG A411 - A430
AeG Ww/Ww cis 54 IDUL B161 - B150
AeG HhlWw cis 3 1G1X D665 — E724
AeG Hh/Ss trans 121 IFFK  01372-02053
AeG Ss/Ss trans 39 IFFK  01632-01568
AeG WwiSs trans 15 1FFK 0629 -02070
GeG Hh/Bs cis 3 3TRA 10 - 45
GeG HhlWw cis 25 1ET4 C428 - C410
GeG BhiWw cis 5 1D4R B13 - Al6
GeG Ww/Bh  trans 2 364D B76 - C100
GeG Hh/Ww  trans 8 1IGAX D921 - D945
GeG Ss/Ss trans 6 IFGO  A2428-A2466
Purine-Pyrimidine
AeC BhIWw cis 2 364D C109 - All
AeC Hh/Ww  trans 17 1FIG Al171 - A150
AeU Ww/Ww cis 730 1D4R B26 - A3
AeU HhIWw cis 21 1QA6 DI138-D110
AeU Ss/Ww cis 3 IFFK  02083-02063
AeU HhWw  trans 109 1FIG A496 — A437
AeU Ww/Ww  trans 23 1ASZ S615 — S648
AeU Ss/Ww  trans 3 1FFK 0761 — 0645
GeC Ww/Ww cis 2229 1DI2 C2 - D19
GeC Wwi/Bs cis 2 1IFFK  01302-01353
GeC Bs/Ww cis 2 1G1X 1588 - 1651
GeC Ww/Ww  trans 30 1IFFY TI15 - T48
GeC Hh/Hh  trans 2 1IFFK  02397-02391
GeU Ww/Ww cis 264 1ASZ R610 - R625
GeU HhWw cis 4 IFGO  A2471-A2278
GeU Ww/Bh cis 2 354D B102 - A74
GeU Ss/Ww cis 2 1FIG A362 - A49
GeU Wwi/Bs trans 5 1GTR B18 - B55
GeU Ww/Ww  trans 2 1EXD B915 - B9%48
Pyrimidine-Pyrimidine

UeU Ww/Ww cis 25 280D C31 - D42
UeU Wwi/Hh  trans 8 1ET4 E127 - El15
UeU Ww/Ww  trans 3 1FIG A956 — A960
UeC Ww/Ww cis 2 IFFK  01702-01545

Each base pairing type was found at least twice in HR-RNA-SET.
The example selected for each type for Figure 8 is identified in the
last column. The four letter code refers to the PDB identifier. The
nucleotides are labeled according to the PDB chain identifier and
residue number.

in the MC-Sym RNA 3D modeling computer program
database. The previous MC-Sym databases were built from
visual examination of all RNA 3D structures, a long and
subjective process. With the determination of the ribosome
structure, a visual annotation would have been a daunting task.
The probabilistic method, on the other hand, is automatic, fast
and objective. It completed the base pair recognition process
with a throughput of 7042 bp/s on a PIII-600. Now, every time
anew RNA 3D structure is made available to us, the MC-Sym
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Figure 9. Distance-based parameters. The distributions are computed for all
base pairs in HR-RNA-SET. The black line shows the distribution of
distances between the donor and acceptor atoms, dp,. The yellow line
shows the distribution of distances between the hydrogen and acceptor
atoms, dg,. The blue line shows the distribution of distances between the
hydrogen and LP, dy;.
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probabilities of forming H-bonds. Each dot represents the evaluation of a
pair of donor and acceptor groups. The pairs separated by >5 A were not
considered.
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database and parameters are completely updated to address the
most recent knowledge brought by the new structure in <4 min.
The most recent MC-Sym database contains 10 times more
nitrogen base spatial relations than the original version of
1991.

Distortion in RNA structure databases

During the computation of the probabilities of all H-bonds in
all available RNA structures, the base pairs that were assigned
an expected number of H-bonds near 0.5 were visualized and
analyzed. Some of these base pairs pointed us to interesting
features of the RNA 3D structures that are currently in public
databases. First, several structures that contain stable
Watson—Crick G-C base pairs are distorted, which could be
the result of the refinement process where H-bonds are
represented by simple harmonic restraints on the distance
between the donor and acceptor atoms. The mean distance for
H-bonds changes from one structure to another, and can even
sometimes reach a value of 3.9 A, for the H-bond between
C:N4 and G:O6 (see for instance 1AOI). We believe this kind
of variation can be explained by the use of different force
fields and refinement parameters and procedures. Given the
observed variations, it becomes evident that methods based on
strict distance and angle values are prone to identification
errors and, hence, the use of a more flexible approach, such as
the one presented here, is strongly recommended for an
objective analysis of RNA 3D structures.

Ribosome contribution

When structures of the large and small ribosomal subunits
were introduced into the database, it was believed that they
would substantially contribute to RNA structural knowledge.
During the building of the repertoire of two H-bond base pairs,
we determined that these two structures alone account for
1522 bp among a total of 3852 that were indexed and, thus,
represent 40% of the base pairs in HR-RNA-SET. Despite the
fact that the term non-canonical suggests rare occurrences, our
analysis revealed that G-C and A-U Ww/Ww cis (canonical
Watson—Crick base pairs) account for 77% of all examples,
where the G-C base pair accounts for 58% alone. This leaves a
large, 23%, fraction of ‘non-canonical’ base pairs. If we
remove the G-U Ww/Ww cis base pair (wobble base pair), then
the non-canonical base pairs still represent over 16% of the
indexed base pairs in the repertoire. The results of this analysis
cover 629 bp, excluding those that require a water-mediated
H-bond or a protonated nitrogen base. The repertoire in
Figure 8 contains 38 base pairing types that contain at least
two H-bonds. Seven base pairing types are formed by one
typical H-bond and a weaker C-H....{O,N}.

Nomenclature

Leontis and Westhof (3) have emphasized that their proposed
nomenclature has the interesting property of naming all
isosteric base pairing types with the same name. This feature is
of utmost importance since it allows one to easily describe
RNA motifs without having to specify different base pairing
types that correspond to sequence variations. This important
feature is also a characteristic of LW+, and goes beyond by
discriminating base pairing types that differ only by a sliding
along the pairing faces.

An important exception to this is the G-U W/W trans, which
occur in two different forms that involve two H-bonds of the
W faces. The first form involves two H-bonds on the / side of
the W face, and the second form involves two H-bonds on the s
side of the W face. Because the contact points represent an
average when two H-bonds are present, it is impossible with
this approach to modify the face definitions so that these two
base pairing types can be differentiated, and without introdu-
cing undesired new names for each variation of the classic
A-U Hh/Ww trans and A-U Ww/Ww cis. This is the only
ambiguity left in the proposed LW+ nomenclature. The
situation could be resolved by introducing an exception, by
naming both base pairing types G-U Wh/Wh trans and Ws/Ws
trans. We decided to postpone the implementation of such an
exception until proper feedback is obtained from the RNA
community.

In LW, the presence of bifurcated H-bonds has to be notified
explicitly in the name. This is due to the fact that such base
pairs often involve hydrogens or LP from two different faces
on one of the bases. The introduction of the contact points
alleviates this ambiguity, and the addition of the Bk and Bs
faces results in precise names.

The current probabilistic system does not identify water-
mediated H-bonds because most of the currently published
RNA structures do not contain water molecules, and when
they do most of them do not specify the actual positions of the
water hydrogen atoms. Identification of water-mediated
H-bond in an automated manner requires the correct place-
ment of water molecules around the nitrogen bases, which is
known to be a difficult problem.

Another limitation of the probabilistic system is that
H-bonds involving the O, group in the ribose moiety are
not considered. Again, this is due to the fact that an automated
method requires the exact position of the hydrogen atom. The
H is free to rotate around the O, group and, thus, the task of
computing its optimal position is not trivial, although
currently under investigation.

The probabilistic method introduced here describes the first
available algorithm and computer implementation of an
automated base pairing type recognition procedure, which
also objectively classifies and presents the base pairs of an
RNA 3D structure. The probabilistic method successfully
recognized all base pairing types that are present in available
RNA 3D structures, and allowed us to automate their
classification. In particular, a complete and well-organized
repertoire of observed RNA base pairing types has been made
available on the Internet.

The systematic annotation of all RNA 3D structures, as
determined by high-resolution crystallography, provided us
with a convincing confirmation that a slightly revised version
of the nomenclature proposed by Leontis and Westhof (3) is
perfectly suitable to a high-throughput RNA structure analysis
context.
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