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Abstract

This article is about the current status of the mfold package for RNA and DNA secondary structure prediction using
nearest neighbor thermodynamic rules. The details of the free energy rules and of the latest version 3.0 software are
described. Future plans are also discussed.

The mfold software now runs on a variety of Unix platforms; specifically SGI Irix, Sun Solaris, Dec alpha Ultrix and
on Linux. While the older interactive programs of version 2 still exist, they are now run by a variety of scripts that
make for much easier handling. There is both a command line interface for mfold and an HTML interface that runs
in a Unix environment but can be accessed by anyone with a web browser.

The thermodynamic basis for the folding model is presented in detail, with references given for both specific free energy
parameters and to overview articles that have summarized the state of these nearest neighbor parameters over the past
dozen years. Both RNA and DNA rules are discussed, with some mention of parameters for RNA /DNA hybridization.
Although the thermodynamic model has grown in complexity to accommodate new types of information, the folding
algorithm has not yet incorporated some features, such as coaxial stacking of adjacent helices, and other features will
probably remain too difficult or computationally expensive to implement. For this reason, a new energy calculation
program has been introduced to recompute the free energies of predicted foldings to reflect the best of our knowledge.

The most significant improvements in the mfold software are:

1. Folding times have been greatly reduced in recent years, partly because of faster computers and partly because
of improvements in the algorithm.

2. Folding constraints have been expanded and are now implemented without the use of bonus energies that distort
the results.

3. The output is significantly improved. Clear and enlargeable images of dot plots and of predicted foldings are
now produced in PostScript and gif formats. Bases in structures may be annotated using different colors
that reflect how well-determined they are in terms of their tendency to pair with other bases or to be single-
stranded. Similarly, base pair probabilities from partition function calculations may be used for annotation. A
detailed decomposition of each predicted folding into stacked pairs and loops with associated free energies is
now provided.

The mfold software has a variety of parameters that may be adjusted to improve the predictions. Several examples
are presented to illustrate how to interpret folding results and how to adjust these parameters to obtain better results.

1 Introduction

RNA is ubiquitous in the cell and is important for many processes. The activity of RNA is determined by its
structure, the way it is folded back on itself. Secondary structure modeling of RNA predicts, or otherwise determines,
the pattern of Watson-Crick (WC), wobble and other, non-canonical pairings that occur when the RNA is folded. For
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TABLE 1: mfold runs on a variety of Unix platforms. The ones shown have been tested by the first author.

Operating System | Hardware
Irix SGI

Solaris Sun SPARC
Ultrix Dec Alpha
Solaris Intel

Linux Intel

the purposes of this article, a non-canonical base pair is defined as non Watson-Crick (non W-C) and non-wobble (not
GU or UG). There are many different kinds of RNA. Ribosomal RNA (rRNA) is a crucial part of the ribosome which
is found in all living cells and in organelles such as mitochondria and chloroplasts. Small nuclear RNAs (snRNA)
form a vital part of sliceosomes that process mRNAs in eukaryotes. These are 2 examples of structural RNAs.

Messenger RNAs (mRNA) do more than just carry information. Secondary structures can be used in part to explain
translational controls in mRNA [1, 2], and replication controls in single-stranded RNA viruses [3]. Although the
vast majority of known mRNAs code for proteins or structural RNAs, some do not [4, 5]; and it is likely that the
secondary structures of these transcripts play an important role in their regulatory function in the cell. It is to be
expected that many more such functional RNAs will be discovered in the future.

RNA is not just a passive structural element or a regulator. It is also an active component in many situations. Thus
RNA acting alone is able to catalyze RNA processing [6, 7]. In a protein-RNA complex, the RNA component of
ribonuclease P is an active component of tRNA processing [8].

The function of an RNA can only be understood in terms of its secondary or tertiary structure. For the understanding
of catalytic activity, knowledge of secondary structure alone is insufficient. However, few large structures have been
determined by crystallography [9, 10, 11] and the need for modeling is great. Secondary structure modeling can
reasonably be viewed as a first step towards three dimensional modeling. For example, in small and large subunit
rRNA, all tertiary interactions, including base triples, involve only 3% and 2% of the nucleotides, respectively [12].
In contrast, nucleotides in secondary structure comprise 60% and 58% of these rRNAs.

Secondary structure modeling is therefore a significant first step to the far more difficult process of three dimensional
atomic resolution modeling. Knowledge of secondary structure, together with additional information on structural
constraints or tertiary interactions, can be used to construct atomic resolution structural models [13, 14, 15].

2 Software platforms and environment

The mfold package [16, 17, 18, 19] consists of a group of programs written in Fortran or C, and a group of Bourne
shell or Perl scripts. All of these programs and scripts run in a Unix environment. The mfold software is currently
running on a number of different platforms, as indicated in Table 1.

In addition, some of the core programs of mfold have been translated into C++ and the resulting software is running
on Windows 98/Windows NT (Intel hardware) with a point and click interface that uses proprietary Microsoft
windowing tools. This program is called RNAstructure][20].

Up to version 2.2, the programs in mfold were interactive and had to be run individually. Versions 2.3 and 3.0
provide a simple command line interface, as described below, although it is still possible to run individual programs
interactively or, for that matter, to write one’s own scripts to link programs together in novel ways. The RNA
folding web server (www.bioinfo.rpi.edu/~zukerm/rna/forml.cgi) provides an HTML interface to mfold that
uses a similar, but not identical script. This server will be described elsewhere. It’s main advantage is that anyone
with a web browser can use it.

An early version of mfold (2.0) was ported to run on Mac computers. It lacked the energy dot plot and could only fold
about 350 bases. We no longer recommend its further use, especially since the energy parameters it uses have not
been updated. The current mfold version 3.0 runs in command line mode under Windows, but this implementation
requires a type of Unix emulation program to be run.

Two Unix “environment variables” must be defined for mfold to function. The first, MFOLDBIN, defines the directory
where all the executable files for mfold are stored. The second, MFOLDLIB, defines the directory containing all the
free energy and other data files. Dynamic memory allocation is not yet available for mfold , and the largest fragment
size that can be folded is defined by the value of the MAXN parameter in the “Makefile” file.
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3 Loops and Nearest neighbor rules

The mfold software uses what are called nearest neighbor energy rules. That is, free energies are assigned to loops
rather than to base pairs. These have also been called loop dependent energy rules. In an effort to keep this article
as self-contained as possible, we are including some well-known definitions that may be found elsewhere [21, 22, 23].

A secondary structure, S, on an RNA sequence, R = r1,72,73,...,7,, is a set of base pairs. A base pair between
nucleotides r; and r; (i < j) is denoted by i.j. A few constraints are imposed.

e Two base pairs, 7. and 7'.7 are either identical, or else 7 # i’ and j # j’. Thus base triples are deliberately
excluded from the definition of secondary structure.

e Sharp U-turns are prohibited. A U-turn, called a hairpin loop, must contain at least 3 bases.

e Pseudoknots are prohibited. That is, if .5 and .5 € S, then, assuming i < 4, either 1 < i’ < j/ < j or
1<j<i <j.

Pseudoknots [24, 25, 26, 27, 28, 29] and base triples are not excluded for frivolous reasons. When pseudoknots are
included, the loop decomposition of a secondary structure breaks down and the energy rules break down. Although
we can assign reasonable free energies to the helices in a pseudoknot, and even to possible coaxial stacking between
them, it is not possible to estimate the effects of the new kinds of loops that are created. Base triples pose an even
greater challenge, because the exact nature of the triple cannot be predicted in advance, and even if it could, we
have no data for assigning free energies.

A base rys or a base pair .5 is called accessible from a base pair i.5 if i < i'(< j') < 7 and if there is not other base
pair, k.l such that i < k < /(< j') <1 < j. The collection of bases and base pairs accessible from a given base pair,
i.j, but not including that base pair, is called the loop closed by i.j. We denote it by L(i.5). The collection of bases
and base pairs not accessible from any base pair is called the exterior (or external) loop, and will be denoted by L.
here. It is worth noting that if we imagine adding a 0** and an (n 4 1)** base to the RNA, and a base pair 0.(n+1),
then the exterior loop becomes the loop closed by this imaginary base pair. We call this the universal closing base
pair of an RNA structure. If S is a secondary structure, then S’ denotes the same secondary structure with the
addition of the universal closing base pair. The exterior loop exists only in linear RNA. It is treated differently than
other loops because we assume as a first approximation that there are no conformational constraints, and therefore
no associated entropic costs.

Any secondary structure, S, decomposes an RNA uniquely into loops. We can write this as:

R= ] L(ij)

i.j€S’

Loops may contain 0, 1 or more base pairs. The term k-loop denotes a loop containing k — 1 base pairs, making a
total of k base pairs by including the closing base pair. We introduce the terms /(L) and I4(L) to denote the number
of single-stranded bases and base pairs in a loop, respectively. The size of a 1 or 2-loop is defined as I5(L).

A 1-loop is called a hairpin loop. Polymer theory predicts that the free energy increment, §6G, for such a loop is
given by
006G = 1.75 x RT x In(ly), (1)

where T is absolute temperature and R is the universal gas constant (1.9872 cal/mol/K). The factor 1.75 would be
2 if the chain were not self-avoiding in space. In reality, we use tabulated values for 66G for Is from 3 to 30. These
values are based on measurements and interpolations of measurements, and are stored in an file named loop.dg, or
loop. TC, where TC is a temperature (integral) in °C. We use the latter only when departing from our temperature
standard of 37 degrees. Thus loop.dg and loop.37 refer to the same file. The same convention holds for other files
defined below. Equation 1 is used to extrapolate beyond size 30. Thus, for I5 > 30,

060G = 60G3p + 1.75 x RT x In(l5/30). (2)

Figure 1 shows the information stored in the loop file.

In addition, the effects of terminal mismatched pairs are taken into account for hairpin loops of size greater than 3.
For loops of size 4 and greater closed by a base pair ¢.j, an extra d0G is applied. This is referred to as the terminal
mismatch free energy for hairpin loops. These parameters are stored in a file named tstackh.dg or tstackh.TC, as
above. The data are arranged in 4 x 4 tables that each comprise 4 rows and columns. Figure 2 illustrates how the
parameters are stored.
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DESTABILIZING ENERGIES BY SIZE OF LOOP (INTERPOLATE WHERE NEEDED)
hp3 ave calc no tmm;hp4 ave calc with tmm; ave all bulges

SIZE INTERNAL BULGE HAIRPIN
1 3.8

2 2.8 .

3 . 3.2 5.6

4 1.7 3.6 5.5

5 1.8 4.0 5.6

6 2.0 4.4 5.3

7 2.2 4.6 5.8

8 2.3 4.7 5.4
30 3.7 6.1 7.7

Figure 1: The loop.dg or loop.TC contains size based free energy increments for hairpin, bulge and interior loops up to size 30. Entries
with ‘.’ are undefined.

57 —=—> 37 57 —=> 37/
WX CX
zY GY
3’ <-- 57 3’ <-- 57
Y: A C G U A C G U
X:A aAA aAC aAG aAU -1.5 -1.5 -1.4 -1.8
C aCA aCC aCG aCu -1.0 -0.9 -2.9 -0.8
G aGA aGC aGG aGUu -2.2 -2.0 -1.6 -1.2
U aUA aUC aUG alUu -1.7 -1.4 -1.9 -2.0

Figure 2: On the left, a typical 4 X 4 table. The pairs WX and YZ are covalently linked. WZ is assumed to be the closing base pair of
a hairpin loop, and XY is the mismatched pair. ‘X’ refers to row , and ‘Y’ to column, in order A, C, G and U. Thus ‘aGU’ is the same
as ‘a34’ and is the mismatch free energy for a GU mismatch (X=G and Y=U). On the right is a sample table for W=C and Z=G.

Both the loop and tstackh files treat hairpin loops in a generic way, and assume no special structure for the bases
in the loop. We know that this is not true in general. For example, the anti-codon loop of tRNA is certainly not
unstructured. For certain small hairpin loops, special rules apply. Hairpin loops of size 3 are called triloops and
those of size 4 are called tetraloops. Files of distinguished triloops and tetraloops have been created to store the free
energy bonus assigned to those loops. These parameters are stored in files triloop.dg and tloop.dg, respectively (or
triloop. TC and tloop.TC for a specific temperature, TC). Some typical entries are given in Figure 3

Finally, there are some special hairpin loop rules derived from experiments that will be defined explicitly here. A
hairpin loop closed by r; and r; (i < j) called a “GGG” loop if r;_o = 7,1 = r; = G and r; = U. Such a loop receives
a free energy bonus that is stored in the miscloop.dg or miscloop.TC file, which contains a variety of miscellaneous,
or extra free energy parameters. Another special case is the “poly-C” hairpin loop, where all the single stranded
bases are C. If the loop has size 3, it is given a free energy penalty of ¢3. Otherwise, the penalty is c3 4+ ¢; X I5. The
constants ¢y, co and c3 are all stored in the miscloop file.

To summarize, we can write the free energy, 060Gy of a hairpin loop as:
800G = 006G, + 06G% + 66G3; + 606G, (3)

where

1. 306G}, is the size dependent contribution from the loop file, or from equation 2 for sizes > 30,
2. §6G?%; is the terminal mismatch stacking free energy, taken from the tstackh file (0 for hairpin loops of size 3),

3. 60G3, is the bonus free energy for triloops or tetraloops listed in the TRILOOP or TLOOP files. This value is 0
for loops not listed in the TRILOOP or TLOOP files and for loop sizes > 4,
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Seq Energy

GGGGAC -3.0

CGAAGG -2.
CUACGG -2.

U1 Ul

GUGAAC -1.
UGGAAA -1.

U1l Ul

Figure 8 Sample distinguished tetraloops together with the free energy bonuses, in kcal/mole, attached to them. These entries include
the closing base pair of the loop. Triloops are not shown since they are not currently in use for RNA folding.

5 -—> 3
CX
GY

30 < 5’

X:A | -2.1
G | -2.4 -1.4
Ul -2.1 -2.1
Figure 4: Sample free energies in kcal/mole for CG base pairs stacked over all possible base pairs, XY. X refers to row and Y refers
to column, in the order A, C, G and U respectively. Entries denoted by an isolated period, ‘.’, are undefined, and may be considered as
—+o0.

4. §6G% is the bonus or penalty free energy for special cases not covered by the above.

A 2-loop, L, is closed by a base pair 7.5 and contains a single base pair, 7'.j', satisfying i < ¢/ < j' < 7. In this case,
the loop size, I5(L), can be written as:

Is(L) = I5(L) + &3(L),
where [}(L) =4’ —i—1and [2(L) = j — j' — 1.

A 2-loop of size 0 is called a stacked pair. This refers to the stacking between the i.j and immediately adjacent
i+1.j—1 base pair contained in the loop. Free energies for these loops are stored in a file named stack.dg, or stack. TC,
where TC is a temperature, as defined above. The layout is the same as for the tstackh file. A portion of such a file
is given in Figure 4. A group of 2 or more consecutive base pairs is called a heliz. The first and last are the closing
base pairs of the helix. They may be written as 7.7 and 7’.j/, where ¢ < ¢ < j' < j. Then 1.5 is called the external
closing base pair and ¢'.5’ is called the internal closing base pair. This nomenclature is used for circular RNA as well,
even though it depends on the choice of origin.

Only Watson-Crick and wobble GU pairs are allowed as bona fide base pairs, even though the software is written
to allow for any base pairs. The reason is that nearest neighbor rules break down for non-canonical, even GU
base pairs, and that mismatches must instead be treated as small, symmetric interior loops. Note that the stacks
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5 ——> 3 5 ——> 3
MZ/E)/( and )1(/5/ are identical, and yet formally different for W # Y and X # Z. These stacked
I o<— ¥ I o<— 5

pairs are stored twice in the file, and the mfold software checks for symmetry. This is an example of built in
redundancy as a check on precision.

A 2-loop, L, of size > 0 is called a bulge loop if I}(L) = 0 or [2(L) = 0, and an interior loop if both I}(L) > 0 and
2(L) > 0.

Bulge loops up to size 30 are assigned free energies from the loop file (See Figure 1). For larger bulge loops, equation

2 is used. When a bulge loop has size 1, the stacking free energy for base pairs i.j and i’.j" are used (from the stack
file).

Interior loops have size > 2. If IL(L) = [2(L), the loop is called symmetric; otherwise, it is asymmetric, or lopsided.
The asymmetry of an interior loop, a(L) is defined by:

a(L) = |I;(L) — Z(L)]. (4)

The free energy, 66G, of an interior loop is the sum of 4 components:

850G = 606G} + 66G2 + 66G3 + 56G*. (5)

1. 65G? is the size dependent contribution from the loop file, or from equation 2 for sizes > 30.

2. §6G? and 66G% are terminal mismatch stacking free energies, taken from the tstacki file. The format of this file
is identical to the format of the tstackh file. There are 2 terms because of the terminal stacking of both r;4;
and 7;_1 on the 4.7 base pair, and of both 71 and ;.11 on the i'.j" base pair. This may be visualized as

5/— Ty —  Ti41 —3/ 5/— Ty — Tjr41 —3/
° o and ° o
3/— Ty — Tj-1 —5/ 3/— T — Ty —5/,

where o denotes a base pair and o denotes a mismatched pair.

3. 60G7 is the asymmetry penalty, and is a function of a(L) defined in equation 4. The penalty is 0 for symmetric
interior loops. The asymmetric penalty free energies come from the miscloop.dg or miscloop.TC file.

Equation 5 is now used only for loops of size > 4 or of asymmetry > 1. This means that special rules apply to 1 x 1,
1 x 2 and 2 X 2 interior loops. Free energies for these symmetric and almost symmetric interior loops are stored
in files sint2.dg, asint1x2.dg and sint4.dg, respectively. As above, the suffix TC is used in place of dg when explicit
attention is paid to temperature. These files list all possible values of the single stranded bases, and all possible
Watson-Crick and GU base pair closings. The sint2 file comprises a 6 x 6 array of 4 x 4 tables. There is a table for
all possible 6 x 6 closing base pairs. The free energy values for each choice of closing base pairs are arranged in 4 x 4
tables. The term “closing base pairs” refers to the closing base pair of the loop and the contained base pair of the
loop, as in the strict definition of a loop. An example of such a table is given in Figure 5.

The asint1x2 file comprises a 24 row by 6 column array of 4 x 4 tables. There is a 4 x 4 table for all possible 6 x 6 x 4
closing base pairs and choice of one of the single stranded bases. The free energy values for each choice of closing
base pairs and a single stranded base are arranged in 4 x 4 tables. An example of these tables is given in Figure 5.

Finally, the sint4 file contains 36 16 x 16 tables, 1 for each pair of closing base pairs. A 2 x 2 interior loop can have
4* combinations of single stranded bases. If, for example, the loop is closed by a GC base pair and an AU base pair,
we can write it as:

5) —————- > 3’
G\/ \_/ A
c/\ | U
37 <—————- 5°

Both the large ‘X’ and large ‘Y’ refer to an unmatched pair of bases that are juxtaposed. They can each take on 16
different values, from ‘AA’‘AC’; ..., to ‘UU’, or 1 to 16, respectively. The number in row ‘X’ and column ‘Y’ of the
table is the free energy of the 2 x 2 interior loop with the indicated single stranded bases. Figure 6 shows the full
table for the CG and AU closing base pairs.
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5) —-_> 3) 5) —-_> 37
X X
CA C A
GT G U
Y YA
3’ <—- 5’ 3’ <-- B’
Y A C G T Y: A C G U
X:A] 1.1 2.1 0.8 1.0 X:A| 3.2 3.0 2.4 4.8
cl 1.7 1.8 1.0 1.4 cl] 3.1 3.0 4.8 3.0
G| 05 1.0 0.3 2.0 G| 2.5 4.8 1.6 4.8
Tl 1.0 1.4 2.0 0.6 U | 4.8 4.8 4.8 4.8

Figure &5: Left: Free energies for all 1 x 1 interior loops in DNA closed by a CG and an AT base pair. Right: Free energies for all 1 x 2
interior loops in RNA closed by a CG and an AU base pair, with a single stranded U 3’ to the double stranded U. As in similar Figures,
X refers to row and Y to column.

5 —----- >3
C\/ \_/ A
G/\ | U

30 <------ 5

AA 2.0 1.6 1.0 2.0 2.6 2.6 1.0 1.4 0.2 2.3 1.5 2.2
AC2.4 1.9 1.3 2.4 2.4 2.4 1.3 1.7-0.4 2.1 0.8 1.5
AG 0.9 0.4 -0.1 0.9 1.9 1.9-0.1 0.2-0.1 1.6 1.2 1.8
CA1.9 1.5 0.9 1.9 1.9 1.9 0.9 1.3-0.9 1.6 0.4 1.1
cc2.8 1.8 2.2 2.2 2.2 2.2 2.2 2.2 0.4 1.9 1.7 1.4
Xcu27 1.6 2.0 2.1 2.1 2.1 2.0 2.0 0.3 1.8 1.5 1.2
GA1.0 0.6 0.0 1.0 2.0 2.0 0.0 0.4 0.0 1.7 1.3 2.0
Gc1.8 1.3 0.7 1.8 2.4 2.4 0.7 1.1 0.0 2.1 1.2 1.9
Gu1.8 0.4 1.6 0.8 1.8 1.8 1.6 1.2-2.0 1.5-0.7 1.8
uc2.7 1.6 2.0 2.1 2.1 2.1 2.0 2.0 0.3 1.8 1.5 1.2
¢ 0.3 -1.1 0.1 0.7 0.3 0.3 0.1 0.3 -3.5 0.0-2.2 0.3
g 2.2 0.7 1.9 1.2 1.2 1.2 1.9 1.6 0.2 0.9 1.5 0.3

Figure 6: Free energies for all interior loops in RNA closed by a CG and an AU base pair. Values of ‘X’ or ‘Y’ that correspond to bases
that could form Watson-Crick pairs have been removed for brevity.

Some special rules apply to 2-loops. A stacked pair that occurs at the end of a helix has a different free energy than
if it were in the middle of a helix. Because of the availablility and precision of data, we distinguish between GC
closing and non-GC closing base pairs. In particular, a penalty (terminal AU penalty) is assigned to each non-GC
closing base pair in a helix. The value of this penalty is stored in the MISCLOOP file.

Because free energies are assigned to loops, and not to helices, there is no a priori way of knowing whether or not a
stacked pair will be terminal or not. For this reason, the terminal AU penalty is built into the TSTACKH and TSTACKI
tables. For bulge, multi-branch and exterior loops, the penalty is applied explicitly. In all of these cases, the penalty
is formally assigned to the adjacent loop, although it really belongs to the helix.

A “Grossly Asymmetric Interior Loop (GAIL)” is an interior loop that is 1 x n, where n > 2. The special “GAIL”
rule that is used in this case substitutes AA mismatches next to both closing base pairs of the loop for use in assigning
terminal stacking free energies from the TSTACKI file.

A E-loop, L, where k > 2, is called a multi-branch loop. It contains k — 1 base pairs, and is closed by a k* base pair.
Thus there are k stems radiating out from this loop. Because so little is known about the effects of multi-branch
loops on RNA stability, we assign free energies in a way that makes the computations easy. This is the justification
for the use of an affine free energy penalty for multi-branch loops. The free energy, 660G (L), is given by:

00G(L) = a+ b x I5(L) + ¢ x la(L) + 060G stack, (6)



M. ZUKER, D.H. MATHEWS & D.H. TURNER RNA SECONDARY STRUCTURE 8

X X
A C G U A C G U
5) —-_> 3) 5) —-_> 37
CX C
G GX
3) == 5) 3) == 57
-1.7 -0.8 -1.7 -1.2 -0.2 -0.3 0.0 0.0

Figure 7: Free energies for all possible single stranded bases that are adjacent to a CG base pair. ‘X’ refers to column. Note that the 3’
dangling free energies are larger in magnitude than the 5’ dangling free energies.

where a, b and ¢ are constants that are stored in the miscloop file and §0G ¢4 includes stacking interactions that
will be explained below. This simple energy function allows the dynamic programming algorithm used by mfold
to find optimal multi-branch loops in time proportional to n3. It would take exponentially increasing time (with
sequence length) to use a more appropriate energy function derived from Jacobson-Stockmeyer theory [30] that
grows logarithmically with I;(L). In the efn2 program that recalculates folding free energies using more realistic
rules (defined below), equation 6 is replaced by:

S6G(L) = a+ 6b+ 1.75 x RT x In(l5(L)/6) + ¢ x l4(L) + 686G stack- (7)

That is, the linear dependence on I, changes to a logarithmic dependence for more than 6 single stranded bases in a
multi-branch loop.

Stacking free energies, 00Ggtqck are computed for multi-branch and exterior loops. In the folding algorithm these
are single strand stacking free energies, also known as dangling base free energies, because they are applied to single
stranded bases adjacent to a base pair that is either in the loop, or closes the loop. This single stranded base may
“dangle” from the 5 or 3’ end of the base pair. These parameters are stored in a file named dangle.dg or dangle. TC,
as above.

Figure 7 shows some single strand stacking free energies.

If 7.7 and j+2.k are 2 base pairs, then r;1; can interact with both of them. In this case, the stacking is assigned
to only 1 of the 2 base pairs, whichever has a lower free energy (usually the 3’ stack). If k.l is a base pair and both
rg—1 and ;41 are single stranded, then both the 5 and 3’ stacking are permitted. The value of 606G s¢qck is then the
sum of all the single base stacking free energies associated with the base pairs and closing base pair of the loop.

It has been evident for some time that to make the free energy rules more realistic for multi-branch and exterior
loops, and to improve folding predictions, we would be compelled to take into account the stacking interactions
between adjacent helices. Two helices, H; and Hy in a multi-branch or exterior loop are adjacent if there are 2
base pairs i¢.j and j+1.k, 7.5 and i4+1.k or 7.5 and k.j—1 that close H; and Ha, respectively. The last 2 cases can
only occur in a multi-branch loop. In addition, we define almost adjacent helices as 2 helices where the addition of
a single base pair (usually non-canonical), results in an adjacent pair. The concept of adjacent helices is important,
since they are often coaxial in 3 dimensions, with a stacking interaction between the adjacent closing base pairs. The
concept of almost adjacent comes from tRNA where, in many cases, the addition of a GA base pair at the base of
the anti-codon stem creates a helix that is adjacent to, and stacks on, the D-loop stem.

Mfold does not yet take into account coaxial stacking of adjacent or almost adjacent helices. The efn2 program that
re-evaluates folding energies based on our best estimates does take this into account. It is not a trivial matter to
decide which combination of coaxial stacking and single base stacking gives the lowest free energy in a multi-branch or
external loop, and a recursive algorithm is employed to find this optimal combination. For example, coaxial stacking
excludes single base stacking adjacent to the stacked helices. Free energies for the stacking of adjacent helices are
stored in a file called coaxial.dg. The format is the same as for stack.dg. When 2 helices are almost adjacent, then 2
files, named coaxstack.dg and tstackcoax.dg are used. The format is the same as for stacking free energies. The use
of these 2 files is explained with the aid of Figure 8. Thus, in the efn2 program, d0Ggqeck is a combination of single
base stacking and coaxial stacking, depending on the loop.

In the case of circular RNA, the choice of origin is arbitrary. However, once it is made, what would be the exterior
loop in linear RNA becomes equivalent to a hairpin, bulge, interior or multi-branch loop, or a stacked pair.

The Turner parameters for RNA folding have been published and summarized a number of times. The most significant
older publications are [31, 32, 33], and mjfold was originally used these results alone. Version 1 of mfold had no tloop.dg
file, and there was a single terminal stacking free energy file, tstack.dg. Tetraloop bonus free energies were added in
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Figure 8 The helices closed by G3-C!8 and C2°-G36 are almost adjacent. Their stacking is mediated by a non-canonical G19-A37 base
pair. The free energy for the G'-A37 to C29-G36 comes from the tstackcoax.dg file. This is used where the phosphate backbone is
unbroken, since there are 2 covalent links. The C8-G3 to G19-A37 stacking free energy comes from the coaxstack.dg, which is used for
stacking where the backbone is broken. In this case, G3 and A37 are not linked.

version 2.0. The tstack file was split into 2 files in version 2.2. Version 3.0 introduces triloop bonus energies, and
both tetraloop and triloop bonus energies now depend on the closing base pair. Special rules for small interior loops
are also new. For example, the 2 x 2 interior loop rules have evolved from [34]. Coaxial stacking was also introduced
in version 3.0, although it’s importance was realized eariler [35].

A complete set of DNA folding parameters have recently become available [36]. These are based on measuremments
for stacking and mismatches, and on the literature for loop and other effects. Parameters are also available for
predicting the formation of RNA/DNA duplexes [37].

4 Constrained folding

In addition to the free energy rules, specific constraints may be used to force or prohibit base pairs. A special file
containing commands to constrain folding is used. The command syntax is rigid. The various commands and syntax
are given below.

1. Forcing a string of consecutive bases to pair.

Syntax: Fi 0k

Ribonucleotides r;, 741, ..., 7i4x—1 are forced to be double stranded. The partners for these bases are chosen
by the program. As an example, the command:

F2305

would cause bases 23, 24, 25, 26 and 27 to pair.

2. Forcing a string of consecutive base pairs.

Syntax: Fijk

Base pairs r; — 7,741 — -1, Ti42 — Tj—2, . . ., Ti+k—1.Tj—k+1 are forced to occur. This is the same thing as
forcing a helix to form. The helix is designated by its (external) closing base pair, i.j. As an example, the
command:

F21103

would force base pairs 2.110, 3.109 and 4.108. Note that these base pairs must be able to form! Be aware
also that mfold filters out isolated base pairs.

3. Prohibiting a string of consecutive bases from pairing.
Syntax: P i 0k
Ribonucleotides r;, 7541, . . ., Ti4x—1 are prevented from pairing.

4. Prohibiting a string of consecutive base pairs
Syntax: Pijk
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TABLE 2: Unsupported ambiguous codes for RNA/DNA. mjfold does not currently support the convention for ambiguous codes. Unrec-
ognized bases will not be allowed to pair.

Ambiguity AG C,U/T | AU/T | CG AC G,U/T
Code letter R Y \\Y% S M K
Ambiguity | C,G,U/T | A,G,U/T | A,C,U/T | A,C,G | A,C,G,U/T
Code letter B D H A% N
Base pairs r; — 7,741 — Tj—1,Ti42 — Tj—2,. .., Titk—1.Tj—k+1 are not allowed to form. This is equivalent to

prohibiting a helix.

Prohibiting 1 segment of a sequence from pairing with another

Syntax: P i-j k-l

where ¢ < j and k£ < [. In this case, no base pairs are allowed between r;,7;11,...,7; and rg, 7k41, ..., 7. Note
that the 2 segments need not be distinct. For example, the command:

Pijij

will not allow 73,7541, ...,7; to pair with itself.

6. Annotated bases.

(a) mfold recognizes A, C, G, U and T. In RNA folding, a ‘T’ will be treated as a ‘U’; and vice versa for DNA
folding. In addition, B, D, H and V are recognized as A, C, G and U/T, respectively. Bases marked in this
way are regarded as susceptible to nuclease cleavage. They are allowed to pair only if their 3’ neighbor is
unpaired. This is an old feature of mfold .

(b) mfold also recognizes W, X, Y and Z as A, C, G and U/T, respectively. These bases are regarded
as “modified” and are allowed to pair only at the ends of helices. At this time, the commonly used
ambiguous codes shown in Table 2 are not supported by mfold .

5 Running the programs

The main program in the mfold package is named mfold . It is really a (Unix shell) script that calls a number of
Fortran and C programs and puts together a reasonable output. Calling the mfold script without any command line
parameters will cause the following output:

Usage is
mfold SEQ=‘file\_name’ with optional parameters:
[ AUX=‘auxfile\_name’ ] [ RUN\_TYPE=text (default) or html ]

L B T e I s B s s W e N |

NA=RNA (default) or DNA ] [ LC=sequence type (default = linear) ]
T=temperature (default = 37) ] [ P=percent (default = 5) ]
W=window parameter (default - set by sequence length) ]
MAXBP=max base pair distance (default - no limit) ]

MAX=maximum number of foldings to be computed (default 100) ]
ANN=structure annotation (default = none, p-num or ss-—count) ]
START=5’ base # (default = 1)] [ STOP=3’ base # (default = end) ]
REUSE=NO/YES (default=N0O) reuse existing .sav file ]

The meaning and use of these parameters are discussed below.

5.1

COMMAND LINE PARAMETERS

These command line parameters can only be fully understood when the meaning of the different type of output files,
described in the next subsection, is known.

SEQ : The user must supply the name of a sequence file, called ‘file_name’ here. If ‘file_name’ ends with a suffix,
that is, a period (‘.”) followed by other characters, then the suffix is removed and the result is called ‘fold name’. If no
periods exist in ‘file_name’, then ‘fold_name’ = ‘file_name’. For example, if the sequence is stored in ‘trna.seq’, then
‘file_name’ becomes ‘trna’. If, on the other hand, the sequence file is named ‘trna-file’, then ‘file_name’ becomes ‘trna-
file’. The ‘file_name’, which may contain periods, becomes the ‘prefix’ for all the output files, such as ‘file_name.out’,
‘file_name.det’ and others.
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TABLE 3: If ‘W’ is not specified, mfold will choose its value from this table based on sequence length. The user is encouraged to experiment
with this parameter.

Sequence length | Default window size
1-29 0
30-49 1

50-119 2
120-199 3
200-299 5
300-399 7
400-499 8
500-599 10
600-699 11
700-799 12
800-1199 15
1200-1999 20
> 2000 25

Accepted sequence file formats are GenBank, EMBL, FASTA and IntelliGenetics. The sequence file may contain
multiple sequences. At present, the mfold script will fold the first sequence by default. A new command line variable,
NUM=‘4’ may be added that directs the script to fold the ‘#’*" sequence in the input file.

AUX : This is the name of an auxiliary input file of folding constraints. If this parameter is not used, mfold looks
for a file named ‘fold_name.aux’. If this file exists and is not empty, then it is interpreted as a constraint file. Thus
constraints may be used without the use of this command line parameter.

RUN_TYPE : This parameter takes on 2 values; ‘text’, by default, and ‘html’ otherwise. The text option creates
plain text files for the ‘fold_name.out’ and ‘fold_name.det’ files described below. The html option creates HTML
versions of these files for display with a web browser.

NA : This parameter takes on 2 values; ‘RNA’ by default, and ‘DNA’ otherwise. It tells mfold what type of nucleic
acid is being folded.

LC : This parameter takes on 2 values; ‘linear’ by default, and ‘circular’ otherwise. It indicates to mfold whether
a linear or circular nucleic acid is being folded.

T : This is the temperature, in °C. By default, it is 37°. Non-integral values will be rounded down to the nearest
integer. Values should be in the range 0 < T < 100.

P :  This is the percent suboptimality for computing the energy dot plot and suboptimal foldings. The default
value is 5%. This parameter controls the value of the free energy increment, AAG. AAG is set to P% of AG, the
computed minimum free energy. The energy dot plot shows only those base pairs that are in foldings with free energy
< AG+ AAG. Similarly, the free energies of computed foldings are in the range from AG to AG + AAG. No matter
the value of P, mfold currently keeps AAG in the range 1 < AAG < 12 (kcal/mole).

W :  This is the window parameter that controls the number of foldings that are automatically computed by mfold
. ‘W’ may be thought of as a distance parameter. The distance between 2 base pairs, 7.7 and 7.5’ may be defined as
max{|i —#'|,|j — j'|}. Then if k — 1 foldings have already been predicted by mfold , the k'"* folding will have at least
W base pairs that are at least a distance W from any of the base pairs in the first £ — 1 foldings. As W increases,
the number of predicted foldings decreases. If W is not specified, mfold selects a value by default based on sequence
length, as displayed in Table 3.

MAXBP : A base pair i.j will not be allowed to form (in linear RNA) if j —¢ > M AXBP. For circular RNA, a
base pair 4.j cannot form if min{j —i,n+1i— j} > MAXBP. Thus small values of MAXBP ensure that only short
range base pairs will be predicted. By default, M AX BP = 400, indicating no constraint.

MAZX : This is the maximum number of foldings that mfold will compute (50 by default). It is better to limit the
number of foldings by careful selection of the P and W parameters.

ANN : This parameter currently takes on 3 values. 1. ‘none’ : secondary structures are drawn without any special
annotation. Letters or outline are in black, while base pairs are red lines or dots for GC pairs and blue lines or dots
for AU and GU pairs. 2. ‘p-num’ : Colored dots, colored base characters or a combination are used to display in
each folding how well-determined each base is according to the P-num values in the ‘fold name.ann’ file. 3. ‘ss-count’
: Colored dots, colored base characters or a combination are used to display in each folding how likely a base is to
be single-stranded according to sample statistics stored in the ‘fold_name.ss-count’ file. Both 2. and 3. were recently
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described [38].
START : A segment to be folded is selected from the entire sequence. START is the first base, and is 1 by default.
STOP : This is the last base in the folded segment. It is the entire sequence length by default.

REUSE : This parameter is either N (no, the default) or Y (yes). mfold creates a large save file, ‘fold name.sav’
that contains all the input parameters and the arrays of minimum folding energies for all sub-fragments of the
folded sequence. This file, especially for large sequences, is expensive to create. If REUSE is ‘Y’; then a file named
‘fold name.sav’ should exist from a previous run. You must specify the sequence file. Any (new) constraint file will
be ignored, since constraints from the initial folding will be used. Similarly, NA, LC, T, MAXBP, START and STOP
are determined from the initial run. However, RUN_TYPE, P, W, MAX and ANN may be altered to give different
numbers of foldings, different energy dot plots, and/or different types of structure annotation.

Additional command line parameters for future development are discussed in the section on “Future plans”.

5.2 OutPUT

As described above, a prefix name, called ‘filename’, is derived from the name of the input sequence file. All output
files begin with this prefix. mfold produces 2 kinds of output, the energy dot plot and a selection of foldings within
a prescribed increment from the minimum folding energy.

5.2.1 The energy dot plot

A nucleic acid secondary structure dot plot is a triangular plot that depicts base pairs as dots or other symbols.
We shall refer to these symbols as dots. A dot in column ¢ and row j of a triangular array, {(i,7)|1 <1i < j < n}
represents the base pair i.j. The advantage of a dot plot is that it can display the base pairs in more than 1 folding
simultaneously. It can be used to compare a few foldings, or the base pair distribution in many millions of foldings.

Mfold computes a number, AG(4, j) for every possible base pair, 4.j. This is the minimum free energy of any folding
that contains the i.j base pair. As above, we let AG be the overall minimum folding free energy, and AAG a user

selected free energy increment. Clearly
AG = min AG(i,}j).
1<i<j<n
The energy increment is derived from AG and P. That is, AAG = P x AG/100. The current convention is to lower
AAG to 12 kcal/mole when it would otherwise be greater, and to raise it to 1 kcal/mole when it would otherwise be
smaller. Then the energy dot plot is defined to be the collection of all base pairs .5 satisfying:

AG(i,j) < AG + AAG.

This dot plot contains the superposition of all possible foldings whose folding energy is within AAG of the
minimum folding energy. Typically, |]AAG| is small compared to |[AG|, or P is a small percentage. In this case, the
energy dot plot contains the superposition of all close to optimal foldings.

The energy dot plot gives an overall visual impression of how “well-defined” the folding is. A cluttered plot, or
cluttered regions, indicate either structural plasticity (the lack of well-defined structure) or else the inability of
the algorithm to predict a structure with confidence. A couple of crude measures of “well-definedness” have been
introduced in mfold . The first is “P-num”. P—num(i) is a measure of the level of promiscuity of r; in its pairing
with other bases in foldings within AAG of AG. It is the number of different base pairs, i.j, or k.i that can form
in this set of foldings, and is simply the number of dots in the i*” row and i*" column of the energy dot plot . If
d(expression) is defined to be 1 when “expression” is true, and 0 otherwise, then P-num may be defined as:

P—num(i) = Y _5(AG(k,i) < AG + AAG) + > §(AG(i,j) < AG+ AAG).
k<i 1<j

P-num pertains to individual bases. H-num is “well-definedness” measure for a base pair i.j. It is the average value
of the two P-num quantities, adjusted by removing the “desirable” i.j base pair. That is:

H—num(i, j) = (P—num(i) + P—num(j) — 1)/2.

A helix, already defined as a collection of two or more consecutive base pairs, may be described as a triple i, j, k,
where k is the number of base pairs, and the actual base pairs are i.j,i+1.5—1,...,i+k—1.j—k+1. When k = 1, the
helix becomes a single base pair. With some abuse of notation, we may also write H—num(i, j, k) to be the H-num
value of the helix, ¢, j, k. This is the average value of H-num over all the base pairs in the helix.
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level length istart jstart energy
1 8 206 242  -972

1 7 319 434  -972
1 7 108 141 -972
1 7 53 185 -972
1 6 334 412 -972
1 6 308 444  -972
1 6 288 472  -972
1 6 247 279 -972
2 4 8 23 -971
2 2 69 78  -971
2 4 1 24 -970
2 2 10 17 -970
2 3 345 400 -967
2 2 297 462  -967

Figure 9: Selected records from a plot file. “level” refers to a free energy range that is to be plotted in the same color, where 1 is always
optimal. The “level” parameter is obsolete in the newer plotting programs of mfold 3.0. “istart”, “jstart” and “length” define a helix

and refer to 4, §, k, respectively. The “energy” is free energy expressed as an integer in 10*"s of a kcal/mole. Note that this is not the free
energy of the helix, but the mimimum free energy of any folding that contains the helix.

There are 5 files associated with the energy dot plot .

‘FILE_NAME.PLOT’ : This is a text file that contains all the base pairs on the energy dot plot , organized into helices
for which AG(4,j) is constant. The first record is a header, and each subsequent record describes a single helix. The
records are usually sorted by AG(%, j), and are often filtered so that short helices or isolated base pairs (helices of
length 1) in suboptimal foldings are removed. Figure 9 shows a sample plot file.

‘FILE_.NAME.ANN’ : This file contains P-num information for a particular AAG. The " record contains 7 and
P—num(i). This file is used for annotating plotted structures.

‘FILE_.NAME.H-NUM’ : This file is the same as ‘filename.plot’, except that the “energy” column is replaced
by an “h-num” column. These files are usually sorted by h-num; lowest to highest, or best determined to worst
determined. Often, only helices in optimal foldings are retained. Figure 10 shows part of a sorted and filtered h-num
file corresponding to the plot file in Figure 9.

‘FILE_NAME.PS’ :  This is a PostScript file of the energy dot plot .

‘FILE_NAME.GIF’ :  This is an image of the energy dot plotin “gif” format, suitable for display on web pages.

5.2.2  Optimal and suboptimal foldings

Mfold predicts a number of optimal and suboptimal foldings. They are automatically predicted in order of increasing
free energy, although this order may change when the more exact efn2 program is used to re-evaluate free energies.
The number of computed foldings is limited directly by the MAX parameter, and in more subtle ways by the P and
W parameters. It should be stated clearly here that while the energy dot plot rigorously displays all possible base
pairs that can take part in all possible foldings within AAG of AG, the computation of foldings is arbitrary. They
do not represent a statistical sample of likely foldings, but rather a collection of foldings that show the variation that
is possible within optimal and suboptimal foldings.

The collection of triples, %, j, AG(i,j), for all possible base pairs is sorted in order of increasing AG(i,5). The
algorithm to construct foldings proceeds as follows:

1. The base pair at the top of the list is selected, and an optimal folding containing the selected base pair is
computed.

2. All base pairs in the computed folding, as well as all those within a distance of W of base pairs in the computed
folding, are crossed off the list.

3. The computed folding is retained if it contains at least W base pairs that were not found in previous foldings.
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level 1length istart jstart h-num

1 4 38 194 6.8
1 4 215 232 7.3
1 5 31 201 8.4
1 7 53 185 8.4
1 2 47 189 11.0
1 8 206 242 11.9
1 6 61 176  13.7
1 4 89 163 13.8
1 3 255 271 14.0
1 3 104 145 15.0
1 1 68 79 16.0
1 4 121 131 17.0
1 6 288 472  17.3
1 2 353 389 35.0
1 3 364 377 38.7
1 3 297 459 39.0

Figure 10: The beginning and end of an h-num file sorted by h-num and filtered to include only helices in optimal foldings. As with
P-num, H-num values are relative to a particular sequence and free energy increment.

The first structure is always retained, even if it contains fewer than W base pairs. Steps 1 to 3 are repeated until
either MAX structures have been computed and retained, or until there are no more base pairs on the list.

Mfold creates a number of files associated with predicted structures. The files marked with an optional “html” are
created only when RUN_TYPE is html. Files that contain an underscore, ‘_’; in their names enumerate the individual
foldings, so that ‘file_name_i.ct’ refers to the ct file for the i*" predicted structure.

‘FILE_NAME.OUT(.HTML)’ :  This is a text file (html file) containing a plain text form of output for each of the
predicted foldings. It is useful because it can always be displayed and is intelligible for foldings on short sequences.
The selected base pairs for computing each structure are specially marked with a ‘|’ above and a ‘~’ below. A
sample output is shown in Figure 11.

‘FILE_NAME_i.CT’ :  The “ct” file (connect table) contains the sequence and base pair information, and is meant to
be an input file for a structure drawing program. In addition to containing base pair information, it also lists the 5
and 3’ neighbor of each base, allowing for the representation of circular RNA or multiple molecules. The ct file also
lists the historical base numbering in the original sequence, as bases and base pairs are numbered according from 1
to the size of the folded segment. A portion of a ct file is displayed in Figure 12.

‘FILE_.NAME.DET(.HTML)’ :  This is a text file (html file) containing the detailed breakdown of each folding into
loops, and the corresponding decomposition of the overall free energy, AG, into the free energy contributions, 660G,
for each loop. A sample output is shown in Table 4.

‘FILE_NAME.SS-COUNT’ :  If [ foldings are predicted, then ss—count(i) is the number of times that r; is single
ss—count (i)
1

stranded in these foldings. Thus
contains the number of computed foldings in the first record. The i*" subsequent record contains i and ss—count(i).
This file may be used to predict which regions of an RNA are likely to be single stranded, and values of ss-count,
averaged over a window of perhaps 5 to 25 base pairs, are often plotted. This file is also used for annotating plotted
structures.

is a sample based probability for single strandedness. The ss-count file

‘FILE_NAME_7.PLT2’ :  This is an intermediate, device independent plot file. It is the output of mfold’s adaptation of
the naview program for plotting secondary structures. This file is used as input to the plt22ps and plt22gif programs.
It was originally intended to be used as input to the plt2 plotting package [39], but this software is now old and not
maintained.

‘FILE_NAME_i.PS’ :  This is a PostScript file of a secondary structure. It is the output of the plt22ps program.
‘FILE_NAME_i.GIF’ :  This is an image file (gif) of a secondary structure. It is the output of the plt22gif program.

The progression from ct file to images of secondary structures is:
‘file_namei.ct’ — naview — ‘file_namei.plt2’ — plt22ps — ‘file_name_i.ps’
or

‘file_name_.ct’” — naview — ‘filename_i.plt2’ — plt22¢if — ‘file_name_i.gif’
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FOLDING BASES 1 ToO 76 OF tRNA

Initial ENERGY = -22.3 " T
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U
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Figure 11: The second and final folding of S. cerevisiae Phe-tRNA at 37°, with P=5% and W=3 (default values). (a) The selected base
pair is G%1-C%3. The base numbers are placed so that the least significant digit, always a 0, is above or below the enumerated base. (b)
The usual plotted representation. The efn2 program has adjusted AG from -22.3 to -22.7 kcal/mole

76  ENERGY = -22.7 [initially -22.3] yeast tRNA Phe
16 o 2 72 1
2 C 1t 3 71 2
3G 2 4 70 3
4G 3 5 69 4
5 A 4 6 68 5
6 U 5 7 0 6
7U 6 8 0 7
8 U 7 9 0 8

67 A 66 68 0 67

68 U 67 69 5 68

69 U 68 70 4 69

70 C 69 71 3 70

71 G 70 72 2 71

72 C 7173 1 72

73 A 72 74 0 73

74 C 73 75 0 T4

75 C 74 76 0 75

76 A 75 0 0 76

Figure 12: The ct file for the second and final folding of S. cerevisiae Phe-tRNA at 37°, with default parameters. The first record displays
the fragment size (76), AG and sequence name. The it" subsequent record contains, in order, 4, 7;, the index of the 5’-connecting base,
the index of the 3’-connecting base, the index of the paired base and the historical numbering of the i*"* base in the original sequence.
The 5/, 3’ and base pair indices are 0 when there is no connection or base pair.
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TABLE 4: Free energy details for the second and final folding of S. cerevisiae Phe-tRNA at 37°, with default folding parameters. This
layout mimics the html output.

Loop Free-Energy Decomposition
Structure 3

tRNA.seq Initial Free energy = -22.3
Structural element | §6G | Information
External loop: -1.7 | 4 ss bases & 1 closing helices.
Stack: -3.4 | External closing pair is G1-C"?
Stack: -2.4 | External closing pair is C?-G"!
Stack: -1.5 | External closing pair is G3-C"°
Stack: -1.3 | External closing pair is G*-U®
Stack: -1.1 | External closing pair is A®-U%®
Helix -9.7 | 6 base pairs.
Multi-loop: 1.0 | External closing pair is U%-AS"
10 ss bases & 4 closing helices.
Stack: -2.1 | External closing pair is C*9-G%°
Stack: -2.1 | External closing pair is U??-A%4
Stack: -2.2 | External closing pair is G°1-C%3
Stack: -2.1 | External closing pair is U°2-A%2
Helix -8.5 | 5 base pairs.
Hairpin loop: 4.8 | Closing pair is G®3-C®!
Stack: -3.3 | External closing pair is C?"-G%3
Stack: -2.1 | External closing pair is C?%-G12
Stack: -2.1 | External closing pair is A29-U%!
Stack: -2.4 | External closing pair is G3°-C10
Helix -9.9 | 5 base pairs.
Hairpin loop: 5.7 | Closing pair is A31-U3Y
Stack: -3.4 | External closing pair is G19-C?°
Stack: -2.1 | External closing pair is C!!-G2%
Stack: -2.4 | External closing pair is U2-A23
Helix -7.9 | 4 base pairs.
Hairpin loop: 3.9 | Closing pair is C'3-G??
‘FILE_LNAME.HTML’ :  This is a simple html file that links together some of the output files. It is an early version

of a format originally used by the mfold web server.

‘FILE_.NAME.LOG’ :  This is a log file containing the standard output and standard error of the various programs
and scripts that make up mfold . It can be useful for debugging.

‘FILE_.NAME.PNT’ :  This is a human readable file containing the entire input sequence. Every 10*" base is labeled.
In addition, auxiliary information is incorporated, if there is any. Bases that are forced to be double stranded have
the letter ‘F’ underneath. Those that are forced to be single stranded have the letter ‘P’ underneath. Pairs of
rounded brackets ‘(‘ and )’ underline forced base pairs, and pairs of curly brackets ‘{‘ and ‘}’ underline prohibited
base pairs. If 2 disjoint segments are prohibited from pairing with one another, then these segments are highlighted
by underlining the residues of the first with a common lowercase letter, and the residues of the second with the same
letter in uppercase. Different letters are used for different prohibited pairs. ‘F’ and ‘P’ are not used in this case.

5.3 AUXILIARY AND INDIVIDUAL PROGRAMS

The mfold package contains a script, also named mfold , that performs a folding according to information entered on
the command line. This script is itself composed of scripts and (Fortran or C) executable programs, many of which
can be run separately. Some of these programs are now described.

1. auzxgen: This program creates the ‘FILE_ZNAME.PNT’ file.

2. boxplot97-ng: This program creates an energy dot plot in PostScript or gif form from ‘FILE_ZNAME.PLOT’. The
file BOXPLOT97_NG.DOC contains instructions.
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10.

11.

12.
13.
14.

15.

16.

17.

ct_boxplot: This program creates a dot plot containing only those base pairs found in a collection of structures
(in “ct format”) that are specified on the command line. These must all be foldings of the same sequence
fragment. At present, the mfold script does not use this program.

. ct_compare: This program compares 2 “ct files”. The first contains a single reference structure. The second

contains 1 or more foldings of the same sequence. The number of bases and helices from the first structure that
are conserved in the other structures are computed and displayed. For the purposes of this program, a “helix”
may contain bulge or interior loops of size 1 or 2 and must have at least 3 base pairs [17, 40].

efn: This program computes AG for all the foldings in a “ct file”. The energy rules correspond exactly to what
is used in mfold .

efn2: This program computes AG for all the foldings in a “ct file” using a more precise free energy computa-
tion that takes into account coaxial stacking and Jacobson-Stockmeyer theory for multi-branched loops. (See
equation 7 and Figure 8, respectively.)

h-num: This program computes an “h-num” file from a “plot” file.

nafold: This is the principle folding program of the mfold package, and corresponds to the program “lrna” and
“crna” in earlier versions of mfold . It has 2 command line arguments. The first takes on the values ‘I’ or ‘c’, for
linear (default) or circular folding, respectively. The second has values “text” (default) or “html” for plain text
output, and for some html output, as described above. It is run twice by the mfold script. It may be run alone, as
it prompts the user for input on an interactive basis. In this mode, the user may fold all the sequences contained
in a single file, an option not available with the mfold script. The instructions for running this program have
been described in [19] and also on the WWW at http://www.bioinfo.rpi.edu/ zukerm/seqanal-old. The
interactive energy dot plot is not functional in version 3.0.

naview: This is a modified version of the naview program described in [41]. Actually, in mfold , naview is a
script that runs a binary called naview.exe. Both naview and naview.exe may be run alone in interactive form.
The mfold script uses the files “bases.nav” and “lines.nav”, stored in MFOLDLIB to direct “naview”. The first
produces an output that displays individual residues as letters, while the second gives a structure outline only.

newtemp: The newtemp program creates free energy files for folding RNA or DNA at different temperatures.
The latest RNA parameters consist only of free energies measured at 37°. Since there are no corresponding
enthalpy files, it is not possible to fold RNA at temperatures other than 37°. If the user wishes to fold RNA at
different temperatures, then the “dg” and “dh” files from mfold version 2.3 should be copied into MFOLDLIB.
These older free energy parameters will be supplied with mfold version 3.0. DNA folding may be done at
arbitrary temperatures between 0 and 100 degrees. However, it should be remembered that the DNA loop
parameters are all estimated from values published in the literature or by comparison with RNA.

plt22ps: This program takes a “plt2” file from naview and creates a PostScript file of a plotted structure. It
can use an “ann” file or an “ss-count” file to annotate with P-num or ss-count values, respectively.

plt22gif. This program is the same as plt22ps, except that the structure output file is in gif format.
sav2p-num: This interactive program uses an existing ‘fold_name.sav’ file to create a P-num file.

sav2plot: This interactive program uses an existing ‘fold name.sav’ file to create a “plot” file. The resulting
“plot” file may be sorted and filtered using the command: FILTER-SORT NAME.PLOT N, where name.plot is a
“plot” file, and N is the minimum helix size that is desired. Helices shorter than N and not removed in optimal
foldings.

scorer: This program is similar to ct_compare. It compares foldings helix by helix, displaying a more detailed
output.

split_ct.awk: This is a Unix awk script that splits a ct file into multiple files, containing 1 folding in each. These
individual files may be processed by naview, plt22ps and plt22gif.

ss-count: This program computes single stranded sample statistics from a collection of foldings stored in a
single ct file.

6 Sample foldings

This section illustrates the appearance of mfold PostScript output files and is meant also to give the reader some
insight into the use of of these programs.



M. ZUKER, D.H. MATHEWS & D.H. TURNER RNA SECONDARY STRUCTURE 18

| 10

| 16

1 19

| 22

| 26

Figure 13: The energy dot plot for the “Example 1”7 sequence. Surrounding annotation, which would not be legible at this scale, has
been removed. The yellow dots indicate base pairs in foldings within 0.3 kcal/mole of the optimal folding free energy of -9.8 kcal/mole.

6.1 EXAMPLE 1

The energy dot plot is an integral part of the folding prediction. Consider the folding of a short RNA sequence:
ACCCCCUCCU UCCUUGGAUC AAGGGGCUCA A,

using default parameters. AG = —9.8 kcal/mole at 37°, so AAG = 1.0 rather than 5% of AG. A single, optimal
folding is computed. A glance of the energy dot plot , shown in Figure 13, reveals the optimal folding in black
dots (symbols), but another set of yellow dots, indicating base pairs in at least 1 other suboptimal folding. The
default value of “W’ (2, from Table 3) is too large for this other folding to be predicted, but a glance at the dot plot
shows that something else is there. When the sequence is refolded with “W’=0, a second, totally different folding is
predicted. Figure 14 displays these foldings with individual bases drawn.

6.2 EXAMPLE 2

Important alternative foldings might not appear in the energy dot plot if AAG is too small. This is especially true
in the folding of short sequences. When the short sequence:

AAGGGGUUGG UCGCCUCGAC UAAGCGGCUU GGAAUUCC,

is folded, also with default parameters, a single optimal folding is computed. However, the energy dot plot contains
only the optimal, black dots from Figure 15. Changing the window size would not reveal anything new. When the
value of P is increased to 25 (25%), the energy dot plot now reveals a very distinct alternate folding as shown in
Figure 15. The mfold program now computes 2 foldings, plotted in Figure 16, using the default value of W.

6.3 EXAMPLE 3

Here we present some results from the folding of an RNA that is related to a Human adenovirus pre-terminal protein
(U52533). This RNA exhibits both “well-defined” and “poorly-defined” folding regions, as shown in Figure 17. A
total of 7 foldings were computed using the default parameters.

7 Future plans

The Unix version of mfold will remain. The newest programs, such as plt22ps and plt22¢if are written in command
line mode. The older programs have shell scripts or Perl “wrappers” around them to make them appear as single
binaries that operate in command line mode. The trend will be to replace older code as necessary with non-interactive
programs. This makes it easier to piece together different programs to create new forms of output.
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Figure 14: The 2 predicted foldings for the “Example 1” sequence. (a) The optimal folding with AG = —9.8 kcal/mole. (b) The
suboptimal fold (AG = —9.5 kcal/mole) found after refolding with ‘W’=0.
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Figure 15: The energy dot plot for “Example 2” sequence with AAG increased to 25% of 10.1, or 2.5 kcal/mole. The value of AAG in
the plot may be less than this maximum value, since there may be no base pairs in foldings that are exactly AAG from the minimum
free energy. The 2 green dots represent base pairs that can be in foldings with AG between -9.4 and -8.6 kcal/mole. These numbers
are -8.6 and -7.9 for the yellow dots. In this case, the black dots comprise the optimal folding, and the yellow dots comprise the single
suboptimal folding that is computed. The green dots would only be found in a folding if the value of W were lowered sufficiently.
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Figure 16: The 2 predicted foldings for the “Example 2” sequence. (a) The optimal folding with AG = —10.1 kcal/mole. (b) The
suboptimal fold (AG = —7.9 kcal/mole) found after refolding with ‘P’=25.

When mfold was first created, the limitations of personal computers did not make a PC version practical. This
has changed radically in the past 10 years, and an Intel/Windows PC is now a fine environment for running mfold
. The basic Fortran and C programs have already been ported and will run under Widows, but a Unix-like shell
is necessary. The RNAstructure program is now a faithful recreation of mfold in Windows, with a convenient user
interface. The major problem with the existing setup is that the Unix and Windows versions are totally different
and will have to be updated in parallel to keep them equivalent.

The mfold programs running on SGI/Irix, SPARC/Solaris and Intel/Solaris have been incorporated into a world
wide web (WWW) server that allows users from around the world to submit sequences for folding. This server has
some extra features not available in the mfold package, and goes well beyond the very simple HTML output of the
current mfold software. However, this software offers nothing new in terms of predictions, and it will be described
elsewhere. Rapid developments in web browsers and languages such as Java-script and Java may make an HTML
(or similar) interface to mfold better than others. As things stand now, the mfold server can run on a (local) Unix
computer and be accessed by web browsers running on personal computers.

Additional parameters will be added to the command line version of mfold in the future. These will be described
when the mfold command is given without parameters and the documentation will be altered accordingly. In the
near future, a base labeling frequency will be added so that the user can specify the frequency of base enumeration.
Other controls on secondary structure, such as zooming on images about specified coordinates, could be added, but
these are already available through the use of the plt22ps and plt22gif programs.

The “energy” parameters from the older, interactive versions of mfold could easily be introduced in command line
form. This would make it unnecessary to run the nafold program directly to alter them. Table 5 lists these parameters
that are not defined in the MISCLOOP file.

Current plans call for the addition of coaxial stacking to the folding algorithm and possibly the creation of a special
version that uses Jacobson-Stockmeyer theory to assign more realistic free energies to multi-branch loops, as in
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Figure 17 The energy dot plot for the “Example 3” sequence, with AG = -196.3 kcal/mole and AAG = 9.8 kcal.mole. The region from
bases 180 to 295 shows a great deal of uncertainty in its folding. This may be interpreted as a large ensemble of different foldings, or simply
an “unstructured” region. In contrast, the long stem pairing bases 160-178 with 316-298, respectively, is extremely well determined. Also
well-determined is a stem loop region that stretches from 37-81 and 322-365.

TABLE 5: Additional command line variables that could be added to mfold .

Parameter | Description Default value
ddSTACK extra 060G per stack 0
ddBULGE extra 60G per bulge loop 0
ddILOOP extra 006G per interior loop 0
ddHLOOP extra d6G per hairpin loop 0
MAXILOOP | maximum size of an internal loop 30
MAXLOP maximum asymmetry of an internal loop 30
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equation 7. In addition, a practical approach to pseudoknots will be attempted, where pairs of mutually exclusive
helices that create pseudoknots are identified in the energy dot plot . In these case, the bases involved in 1 or perhaps
2 of these pseudoknots can be constrained to be single stranded, and foldings predicted to fill in the rest of the
secondary structure.

Another future development will be the introduction of a 2 molecule folding system. This immediately complicates
the problem, since concentration now becomes important. In addition, the folding of certain very simple bi-molecular
systems is at least as hard as predicting pseudoknots in the folding of a single sequence.
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