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ABSTRACT: To better elucidate RNA structure—function
relationships and to improve the design of pharmaceutical
agents that target specific RNA motifs, an understanding of
RNA primary, secondary, and tertiary structure is necessary.
The prediction of RNA secondary structure from sequence is
an intermediate step in predicting RNA three-dimensional
structure. RNA secondary structure is typically predicted using
a nearest neighbor model based on free energy parameters.
The current free energy parameters for 2 X 3 nucleotide loops
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are based on a 23-member data set of 2 X 3 loops and internal loops of other sizes. A database of representative RNA secondary
structures was searched to identify 2 X 3 nucleotide loops that occur in nature. Seventeen of the most frequent 2 X 3 nucleotide
loops in this database were studied by optical melting experiments. Fifteen of these loops melted in a two-state manner, and the
associated experimental AG°;;,,; values are, on average, 0.6 and 0.7 kcal/mol different from the values predicted for these
internal loops using the predictive models proposed by Lu, Turner, and Mathews [Lu, Z. J., Turner, D. H., and Mathews, D. H.
(2006) Nucleic Acids Res. 34, 4912—4924] and Chen and Turner [Chen, G., and Turner, D. H. (2006) Biochemistry 45, 4025—
4043], respectively. These new AG®;;,.3 values can be used to update the current algorithms that predict secondary structure
from sequence. To improve free energy calculations for duplexes containing 2 X 3 nucleotide loops that still do not have
experimentally determined free energy contributions, an updated predictive model was derived. This new model resulted from a
linear regression analysis of the data reported here combined with 31 previously studied 2 X 3 nucleotide internal loops. Most of
the values for the parameters in this new predictive model are within experimental error of those of the previous models,
suggesting that approximations and assumptions associated with the derivation of the previous nearest neighbor parameters were
valid. The updated predictive model predicts free energies of 2 X 3 nucleotide internal loops within 0.4 kcal/mol, on average, of
the experimental free energy values. Both the experimental values and the updated predictive model can be used to improve

secondary structure prediction from sequence.

hile approximately half of RNA nucleotides are found in

Watson—Crick regions, the other half are found in
bulges, hairpin loops, internal loops, or multibranch loops."
One common non-Watson—Crick motif is a 2 X 3 nucleotide
internal loop, which has been found to occur in the human
immunodeficiency virus type 1 (HIV-1) Rev response
element,”® the large ribosomal subunit from Haloarcula
marismortui,* the Thermus thermophilus 30S ribosomal subunit,®
the P4—P6 domain of the Tetrahymena thermophila® and
Pneumocystis carinii’ group I introns, the purine-binding domain
of the %uanine riboswitch from the xpt-pbuX operon of Bacillus
subtilis,” and in many other organisms (Figure 1). On the basis
of the sequences, 2 X 3 nucleotide loops are predicted to form
in the 23S ribosomal subunit of the fungal plant pathogen
Mucor racemosus,”*° the 16S ribosomal subunit of the rodent
parasite Giardia muris,""  the group I intron of Chlorella
saccharophila,'" and the signal recognition particle from the
flowering plant Cineraria hybrida,'* to name a few.

Not only do 2 X 3 nucleotide loops occur in different types
of RNA and in a wide range of organisms, but they also can be
found in regions that serve important biological roles. One
example is the 2 X 3 nucleotide loop found in the Homo sapiens

18S ribosomal decoding A site (Figure 1), which plays an
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5359

important role in protein synthesis."” The decoding A site
works to recognize the cognate interactions between the tRNA
anticodon and the messenger codon. Specifically, when an
activated tRNA with elongation factor EF-Tu and GTP is
delivered to the A site, the adenines found within the 2 X 3
nucleotide loop change their conformation from an “off” state
to an “on” state. Interactions between the adenosine residues
(while in the “on” state) of the 2 X 3 nucleotide loop and the
codon and anticodon contribute to the fidelity of the tRNA
selection step."> Another example of a biological role played by
2 X 3 nucleotide loops is the Rev response element in mRNA
from HIV-1 (Figure 1). The Rev response element contains a 2
X 3 nucleotide loop that interacts with Rev, a small regulatory
protein of HIV-1 that controls viral replication.'®"”

Because of the frequency of occurrence of 2 X 3 nucleotide
loops in nature and their important biological roles, they are of
interest to researchers in a wide variety of fields. Being able to
accurately predict the thermodynamic contribution of 2 X 3
nucleotide loops to duplex stability is crucial in predicting RNA
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Figure 1. Secondary structures of naturally occurring 2 X 3 nucleotide
internal loops. These loops are found in (a) the human
immunodeficiency virus type 1 (HIV-1) Rev response element,>?
(b) the large ribosomal subunit from H. marismortui,* (c) the T.
thermophilus 308 ribosomal subunit,® (d) the P4—P6 domain of the T.
thermophila group I intron,® (e) the P4—P6 domain of the P. carinii
group I intron,” (f) the purine-binding domain of the guanine
riboswitch from the xpt-pbuX operon of B. subtilis® and (g) the H.
sapiens 18S ribosomal decoding A site."®

secondary structure from sequence. Accurate secondary
structures can provide information about structure—function
relationships, three-dimensional structures, and tertiary inter-
actions, thereby aiding in the design of therapeutics. Because
the thermodynamics of <3% of all possible 2 X 3 nucleotide
loops have been experimentally measured, the thermodynamic
contribution of most 2 X 3 nucleotide loops to duplex stability
is predicted by an algorithm.'®'” One algorithm'® predicts the
free energy contribution of 2 X 3 nucleotide loops to duplex
stability using the following equation:

o _ o o
AG 37,23 — AG 37,loop initiation + AG 37,AU/GU

+ AGo37,atsym + AG037,5/YA/3’RG

(e} o
+ AG®;; 5rg/3va + AG®y; 5vG/3Rra

+ AG®%;; 66 + AG%; wy (1)

where AG°y;150p initiation 15 a0 initiation term for an internal loop
containing five nucleotides (2.0 kcal/mol); AG®;; 4y qu is a
penalty applied per A-U, U-A, G-U, or U-G base pair adjacent
to the loop (0.7 kcal/mol); AG®3; ., is a term for internal
loops with unequal numbers of nucleotides on each side (0.6
keal/mol); AG®y5va/3rer AG%37sre/va and AG%7 5vg/3ma
are bonuses for the stack of a specific closing base pair with the
first “pair” in the loop (—0.5, —1.2, and —1.1 kcal/mol,
respectively); and AG°;; gg and AG°;; yy are bonuses for
loops that contain a possible G-G or U-U pair as the first or last
pair in the loop (—0.7 and —0.4 kcal/mol, respectively). While
most of the parameters were derived from the published data
set of 2 X 3 nucleotide loops,”***! AG°3; au/cu and AG®;;
were derived from data of loops of various sizes.

,asym
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A second, similar algorithm'® predicts the free energy
contribution of 2 X 3 nucleotide loops to duplex stability
using the same equation (eq 1) with slightly different values. In
this case, AG°37100p initiation 18 2-15 keal/mol, AG®y; sy, is 0.73
keal/mol, AG®3; .4 is 0.45 keal/mol, AG®y;sya/3rg is —0.39
kcal/mol, AG®3;5rg/3va is —1.06 kcal/mol, AG®3;syvg/amra i
—1.41 kcal/mol, AG®;; g is —0.74 kcal/mol, and AG®3; yy is
—0.34 kcal/mol. Like the first algorithm, most parameter values
were derived from 2 X 3 experimental data, with the exception
of AG®y100p initiation @0d AG®37 .., Which were derived from
data of loops of various sizes.

The purpose of this study is twofold. First, by collecting
thermodynamic data for previously unstudied 2 X 3 nucleotide
loops that occur frequently in nature, we can directly
incorporate these thermodynamic data into RNAstructure, an
RNA secondary structure prediction program based on free
energy minimization,"** and other programs that predict RNA
secondary structure.”>>® This means that the thermodynamic
contribution of these loops to RNA stability can be calculated
from the experimental values instead of the predictive models
currently used by RNAstructure. Second, by collecting
thermodynamic data for additional loops, we can increase the
size of the total database of available 2 X 3 thermodynamics.
The larger database can then be used to derive an updated
predictive model to be used to calculate the thermodynamic
contribution of 2 X 3 loops that do not have experimental
values.

To determine which 2 X 3 loops to study, we searched a
database of 1349 RNA secondary structures for the most
frequently occurring 2 X 3 loops. The results of this search
guided our experiments, and the thermodynamics of 17
frequently occurring loops in the database are reported. The
Znosko laboratory has previously published the thermody-
namics of naturally occurring single mismatches (also termed 1
X 1 nucleotide internal loops),2 28 tandem mismatches (also
termed 2 X 2 nucleotide internal loops),”® 1 X 2 nucleotide
internal loops,® triloops (also termed hairpin loops of three
nucleotides),>" and tetraloops (also termed hairpin loops of
four nucleotides).** This study is the next in a series of studies
investigating the thermodynamics of small secondary structure
motifs in RNA.

B MATERIALS AND METHODS

Compiling and Searching a Database for 2 x 3
Nucleotide Loops. A database of 1349 RNA secondary
structures containing various types of RNA was previously
compiled.*"** This database was searched for 2 X 3 nucleotide
loops, and the number of occurrences for each type of 2 X 3
nucleotide loop was tabulated (Table 1). For this work, G-U
pairs were considered to be canonical base pairs.

Optical Melting Experiments. The general design of
sequences to be used for optical melting studies has been
previously described.*® The sequences of loops and canonically
base paired nearest neighbors were chosen on the basis of
search results of the database described above. The focus of this
study was the most frequently occurring 2 X 3 loop sequences
in the database with their adjacent nearest neighbors. One
frequently occurring loop [13 occurrences in the database

(Table 1)], ( GCGA(?(?C)’ was not studied here because of the

presence of multiple guanines in a row and the possible
formation of unwanted structures and/or aggregation. In all
duplex sequences, the loop nucleotides and their nearest
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Table 1. Summary of a Database Search for 2 X 3 Nucleotide Loops®

Loop with Nearest Neighbors Loop and3 ,:ijiarscent Base boop gﬂs;?g?i?,?ﬁzisied *
Loop Freq” %° Ref Loop  Freq” %° Ref Closing bp Freq” %° Ref’ Loop Fred” %° Ref
Gc‘:‘\/ﬁ:g 9 59 e CA:(‘: 0 60 e (é g 104 156 €,g,i FZRYY 91 137 eg
GA%I:\?: 31 47 e A%AA 3 50 e 0C e 90 eg RT;(Y 89 134 ef
CCB é\lij(é 18 27 e &L:J 25 38 ef G (C; 48 72 e RS; 48 72 e
Ceoug 18 27 e e B 38 ¢ ¢ ® osean vRe @2 82 e
:' é‘:cﬁ 16 24 e C*Xt 21 32 e G C 8 42 e YYRF; 41 62
S 13 20 & sz e g S a2 e e 3 53 e
uss s 1 20 o oo 19 29 e oS e er o : 35 e
JMC 2 s g o 1827 e S o ose e w1523 e
Cap S T e So o2 e S S 8 27 vy 15 23
SRS 0 s e con 7 28 e Aoy 2T w2
ng‘i;’ 10 15 e GA:C 16 24 e g C 15 23 RgR 1 17 eg
oS e e e 12 18 ig ¢ S 1 o1s 1015
b e & e S moe
G u(i\(j\ G 6 09 e SUA; 12 18 e G X 0 15 R’ﬁ 711
ALCC & 0 e oM 1T eg e o 8 124 vav 7 M
s o8 09 e oM 1T eg a8 124 BSOS AN
lGJAGé;g 5 08 e Ai’:‘; 9 14 fgh g X 8 12 Yr‘:; 6 09 g
g GAC:\G S 4 06 AAGUU 6 08 X ?J 4 08 F;erR 3 08
Previously/ 17 26 Previously! 198 29.7 Previously/ 288 432 Previously! 343 515
New Total® 329 49.4 New Total 424 63.7 New Total 544 81.7 New Total* 548 82.3

“As described in the text, not all combinations are shown because of space limitations. “Frequency of occurrence in the database. “Percent of 666
loops, the total number of loops found in the database. “Reference where data are reported. “From this work. fFrom ref 38. %From ref 20. "From ref
7. "From ref 21./The total number of 2 X 3 loops accounted for by previous studies and the corresponding percentage of the total number of loops
found in the database. “The total number of 2 X 3 loops accounted for when the data from previous studies were combined with the data reported
here and the corresponding percentage of the total number of loops found in the database.
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neighbors were situated in the middle of a duplex, with three
Watson—Crick base pairs on either side. Most of the loop—
nearest neighbor combinations were inserted in the same stem,

((?I?(?WWXXXXXWWCCI}JAGC>’ where W is a nearest neighbor

nucleotide and X is a nucleotide in the 2 X 3 nucleotide
loop. Three loop—nearest neighbor combinations were inserted
into a different stem because of the possible formation of
competing structures involving this standard stem.

Oligonucleotides were ordered from Integrated DNA
Technologies (Coralville, IA). The purification of the
oligonucleotides followed standard procedures,®>** as de-
scribed previously.®® Calculations of concentrations and the
formation of duplexes from single strands are standard and
were also described previously.*

Newly formed duplexes were lyophilized and redissolved in 1
M NaCl, 20 mM sodium cacodylate, and 0.5 mM Na,EDTA
(pH 7.0). The melting scheme and details of the standard
melting experiments were described previously.*’ Meltwin® was
used to fit melting curves to a two-state model and to derive the
duplex thermodynamics.*

Determination of the Contribution of 2 x 3
Nucleotide Loops to Duplex Thermodynamics. The
measured free energy change for the duplex can be contributed
to an initiation term, the free energy contribution of the 2 X 3
loop, and the sum of the nearest neighbor interactions of
Watson—Crick base pairs in the stem.>” For example

. ( GACGCCCCUG )
\ CUGCAAUGGAC
GA AC
= AG°,,. + AG® + AG°
37,i 37(CU) 37(UG)

CG CcC
+ AG° + AG° + AG°
37(GC) 37,2X3 37(GG)

Ccu UG
+ AG°37( ) + AG°37( )
GA AC ()

where AG®;;; is the free energy change for duplex initiation,
4.09 keal/mol,*” AG®;;,43 is the free energy contribution from
the 2 X 3 nucleotide loop, and the remainder of the terms are
individual nearest neighbor values.’” A rearrangement of the
terms in this equation to solve for the stability of the 2 X 3 loop
results in eq 3:

GACGCCCCUG
CUGCAAUGGAC

GA AC
- AG°,,
CU UG
CG CcC
— AG° — AG°

37(GC) 37 GG)
UG
AC

., (CU o
~ AG 37(GA) — AG,,
)) is the value determined by

AGo37,2><3 = AG037(

- AG037,1 - AGo37(

©)

GACGCCCCUG
CUGCAAUGGAC

optical melting experiments. More specifically

where AG°37(
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AG®y; 53 = — 7.17 — 409 — (=2.35) — (—2.24)
— (=2.36) — (=3.26) — (—2.08) — (=2.11)

3.14 kcal/mol %)

This method of calculating AG®;;,4; values utilizes nearest
neighbor parameters.’” A different method of calculating
AG®;;,x; values utilizes reference duplexes. Reference duplexes
were not used here because the stability of an additional duplex,
the reference duplex, would need to be measured to calculate
the thermodynamic contribution of each of the 2 X 3
nucleotide loops studied here. Therefore, all of the AG®3; ;.3
values reported here were calculated bg the nearest neighbor
method. For loops previously studied,”***"*® regardless of how
the loop data were calculated in the original publications,
AG®;; 543 values were also calculated by equations similar to eq
4, not from reference duplexes. Similar calculations were used
for AH®,y; and AS°,.

Chen and Turner thermodynamically characterized eight
unique 2 X 3 nucleotide internal loops," but all of these loops
were inserted into a stem with a dangling purine nucleotide.
Reference duplexes were used to calculate the contribution of
the 2 X 3 nucleotide loops to duplex stability. Because the
nearest neighbor method was used to calculate the contribution
of the 2 X 3 nucleotide loops studied here to duplex stability
(egs 3 and 4), we also wanted to use that same method with
the data of Chen and Turner. Unfortunately, there are no
reliable nearest neighbor parameters for dangling purine
nucleotides. As a result, these loops were omitted from the
analysis described here.

One additional previously measured loop® was omitted from
the analysis. On the basis of an analysis of the sequence and
possible competing secondary structures, we were not

SSSXESQU,UA%%) was forming

the desired 2 X 3 internal loop (other competing structures
from the association of the two strands are possible); therefore,
it was omitted from the analysis.

Linear Regression and Updated Predictive Model. The

melting of two duplexes studied here, ( g&ggfgfg&)

and ( C%Agﬁgggfc), was considered non-two-state. For

GACGGAGCUG
CUGCAUACGAC
melting curves and from the T); versus Cr plot resulted in large

GACUAAACUG o .
CUGAGACUGAC)’ the AH® values derived

from the analysis of the melt curve fits and the analysis of the
T, dependence did not agree within 15%. As a result, these two
duplexes were not included in the analysis described below. To
create a larger data set of 2 X 3 nucleotide loop data, the data
for the 15 sequences studied here were combined with the data
for 31 previously published sequences,”**"** resulting in a
data set of 46 sequences containing 2 X 3 nucleotide internal
loops. Data from these 46 sequences were subjected to linear
regression using Microsoft Excel's LINEST function. The loop
thermodynamic values were used as constants, and many
different combinations of parameters (using a variety of
bonuses and penalties) were tried as variables. The
combination of variables (which is similar to those in eq 1)
that resulted in a model that best agreed with the experimental
data included a term for 2 X 3 nucleotide loop initiation, an A-

confident that the duplex (

), the data derived from the individual

error values. For (
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Table 2. Thermodynamic Parameters for Duplex Formation®

Analysis of Melt Curve Fit/Errors

Analysis of Tm Dependence/ Frrors (In Plot)

AHP AS° AGRs7 T AHP AS° AG7 Ta¢
Frequencyb Sequence (kcal/mol)  (cal/K-mol) (kcal/mol) (O (kcal/mol)  (cal/K-mol) (kcal/mol) (O
90 LGILA(JC(.CA]C::LCC?&’AGC 694+6.1 2007+197 721£008 40.1 732441 2130133 7.17+0.06 39.7
39 L(iéfé‘:é:a(é 771456 2270+£180 672£012 378 772472 2273233 670£015 377
31 Cf:é{}‘:&%&% 580460 1657+£192 6634022 375 535482 15104268 666+042 378
18 c(&(é%:ﬁ%x(’c 845469 2433+£221 9024019 464 875466 25304209 9.06+019 462
18 (C{?GCCC(’:%LGCC&(C’ 792471 2266223 8904023 466 791431  2266+99 888+008 465
17 g\CVCGTGA(;LCGCGIA(E 81.8+83 23864260 7744037 417 868+ 13.1 2550+419 775+044 414
16 C%ZL(%%;GC (623) (180.9) ©22 (354) (45.4) (1262) 627 @52
13 C(L’AGL(;GG%’)LG?’C 4674125 12994397 643+030 363 £29+60 1179195 636035 358
12 EESE:A“L'&CE’Z 694+33 20224109  66+0.1 375 777+22  2293+70  66+0.1 372
1 (({A(%f&%&(’c (245) (33.5) (1.92) 557) (235) (507) (182) (549)
10 c?ﬁm%c&% 821421 2356£66 906£012 469 833445 2392£142 909+012 468
10 c({/\(;zﬂ/\(é/\(’c 664+43 1904=137 7374012 410 677434 1945108 736+005 409
9 LGLA(,((,LAIZLL((,C(,LA(; 802451 23494163 736+010 403 793421  2320+67 7344002 402
7 f{*&%‘:&%’;% 675442 20L0+143 5154027 308 671452 1998+172 5.14+017 307
6 CC;A&AT i%‘g /lcé 75454 23094180 3814026 262 760434 2326+113 3814014 263
6 c%&éuii(éc&(ic 624+36 1814120 6114010 349 24412 1814+38 6114002 349
6 Liﬁ‘;‘éﬁt& 759482 20834265 5044020 310 747493 22434308 5104038 312
5 LGLAU%A%?‘G((&GC 5854113 16784366 647+059 367 5994104 17214335 646+058 366

“Measurements were taken in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,EDTA (pH 7.0). Values in parentheses are approximate
because of non-two-state melts and/or large errors associated with the derived thermodynamic parameters. “Frequency of occurrence in the database

described in Materials and Methods. “Calculated at an oligomer concentration of 10* M. “From ref 38.

U or G-U closure, a SRG3'/3'YAS' stack, a S'YG3'/3'RAS’
stack, a potential G-G pair, and a potential U-U pair. Internal
loop thermodynamic parameters were derived for AG®3; .,
AH®,,;, and AS°,;.

B RESULTS

Database Searching. The database containing 1349
structures (described in Materials and Methods) was searched
for 2 X 3 nucleotide loops. As a result, 666 2 X 3 nucleotide

loops were found. On average, about one 2 X 3 nucleotide loop

5363

was found in every two structures. A summary of database
results is shown in Table 1.

The first set of data in Table 1 represents the loops when the
loop nucleotides and the nearest neighbor canonical base pairs
are specified, resulting in a total of 252 different types of loops
in the database. Many of the different types of loops do not
occur frequently. In fact, 227 types of loops, accounting for 45%
of the loops found in the database, individually account for
<0.6% of the total number of loops found. Table 1 shows the
frequency and percent occurrence of only the 25 most
frequently occurring 2 X 3 nucleotide loops, which represent
the other 55% of the 2 X 3 nucleotide loops found in the

dx.doi.org/10.1021/bi3001227 | Biochemistry 2012, 51, 5359—5368
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Table 3. Contributions of Loops to Duplex Thermodynamics®

AH®%3 AS® AG®3720 AH®2x3 AS®as AG®3720
Frequency” Sequence (kcal/mol) (cal/K-mol) (kcal/mol) Frequency” Sequence (kcal/mol) (cal/K-mol) (kcal/mol)

% GACGCCCCUG 8.0 -36.1 3.14 0 UGACUUCUCA® 177 -59.9 0.89
CUGCAAUGGAC 6.7 -30.0 25 ACUGUUUGAGU ~ -26.1 -87.0 0.7

39 GUCAAACCAG -122 -50.2 3.36 0 GA GCAGCGA C* -10.6 -40.4 191
CAGUCACGGUC -0.4 -12.6 34 CUCGGAAGCUG -6.7 -30.0 2.5

3 GUCACAGCAG 13.0 -30.3 3.56 0 GAGCGACGAC* -6.4 271 1.94
) CAGUAUACGUC -0.4 -12.6 3.4 CUCGAAAGCUG -11.6 -43.4 1.8
18 GACGAUGCUG -20.8 -71.9 141 0 CCACGGCUCCE -10.3 2395 1.99
CUGCCAUCGAC -16.4 -58.5 1.6 GGUGAAAGA GG -11.6 -43.4 1.8

18 GACGAUGCAG -124 455 1.59 0 GAGCAACGAC® 9.4 -37.2 2.10
CUGCCGUCGUC -16.4 -58.5 1.6 CUCGGAAGCUG -6.7 -30.0 2.5

17 GA CUAUCCUG -20.2 -72.6 231 0 UGACUUCUCA® -16.8 -58.0 1.26
CUGGGGUGGAC -10.1 -41.1 2.5 ACUGCUUGAGU -16.4 -58.5 1.6

3 GACUGGGCUG 643 295 0 GAGCAGCGAC® -8.7 355 221
- CUGGGGAUGAC 22.0 3.5 CUCGAAGGCUG -2.1 -12.8 7
2 CUGUAUGA CG -133 -52.6 2.96 0 UCACUUCUGA® -12.8 -50.5 2.90
GACGAAUCUGC -10.1 -41.1 2.5 AGUGCUCGACU -6.7 -30.0 2.5

10 GACGGAGCUG -16.6 -58.1 1.38 0 UCA GCCGUGAS 1.0 -6.8 3.14
CUGCAAACGAC -16.5 -57.1 1.1 AGUCAAUCACU -6.7 -30.0 2.5

10 GACCGCUCUG -0.7 -11.8 294 0 UGA GAAGUCA® -39 -17.8 1.66
CUGGAAAAGAC -5.3 -26.0 2.7 ACUCAAACAGU -6.7 -30.0 2.5

9 GACUAUCCUG -12.7 -49.6 272 0 UGAGAAGUCA® -4.2 -18.9 1.67
CUGGAAUGGAC -10.1 -41.1 2.5 ACUCCGACAGU -6.7 -30.0 2.5

7 GACAACACAG 4.1 -25.9 3.90 0 GAGCAGCGAC® -8.8 -36.8 257
CUGUGAUUGUC 59 4.8 4.3 CUCGAAAGCUG -6.7 -30.0 2.5

6 GACACCACUG -13.0 -58.7 523 0 GA GCAACGA 2.1 -15.8 272
CUGUTAATIGA C 5.9 4.8 43 CUCGAAAGCUG -6.7 -30.0 25

6 GUCA CCGCUG 4.1 -0.1 4.11 0 UGACUUCUCA® -17.1 -61.4 1.93
CAGUUAACGAC -0.4 -12.6 3.4 ACUGCCUGAGU -16.4 -58.5 1.6

6 GACUGGGCUG -89 421 421 0 GAGUAACGAC -17.3 -61.9 1.80
CUGGAGAUGAC 1.0 -8.6 3 CUCGAAGGCUG -10.2 -39.7 2.0

5 GACUGGGCUG 82 14.5 3.76 0 GAGUGAUGAC" -143 =521 1.85
: CUGGAGACGAC -5.3 -26.0 2.7 CUCGAAGGCUG -8.8 -35.7 2.2
3 CGACGAGCA ¥ -26.9 -89.2 0.77 0 GA GCAAUGAC -159 -58.7 2.26
GCUGAAGCGUC -16.5 -56.8 L1 CUCGAAGGCUG -10.2 -39.7 2.0

N CUGUGGA CGA* 12 -8.0 3.66 0 GAGUAACGAC -4.7 256 320
GACGAGAUGCU 1.0 -8.6 3.6 CUCGAAAGCUG -0.4 -12.6 34

0 GAGCGACGAC* -18.0 -59.0 0.20 0 GAGUAAUGAC 0.6 83 325
CUCGAAGGCUG -21.4 -70.5 0.4 CUCGAAGGCUG -3.9 -22.3 2.9

0 CCACGGCUCC? -14.0 -49.5 137 0 GAGUGAUGAC' 114 257 335
GGUGAGAGA GG -11.6 -43.4 1.8 CUCGAAAGCUG 1.0 -8.6 3.6

0 GAGCAACGA C¢ -6.0 -24.2 1.48 0 GAGCAAUGAC -0.5 -13.1 3.56
CUCGAAGGCUG ~ -16.5 -57.1 L1 CUCGAAAGCUG -0.4 -12. 34

0 CGACGAGCA -8.0 -32.4 204 0 GAGUAGUGAC 153 359 4.05
GCUGGAACGUC 2.1 -12.8 1.7 CUCGAAAGCUG 5.9 4.8 4.3

0 CCUCUGCGGUGA® -5.0 -26.4 318 0 GAGUAAUGAC 17.9 44.0 4.15
GGAGA AAACCGC -5.3 -26.0 2.7 CUCGAAAGCUG 3.9 4.8 4.3

“Values in italics are predicted values based on the model derived here. “Frequency of occurrence in the database described in Materials and
Methods. “Derived from raw data available in ref 20. “Derived from raw data available in ref 7. “Derived from raw data available in ref 21.”Derived
from raw data available in ref 38.
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database. The most frequent loop is (C%CU%)’ which

accounts for 14% of all 2 X 3 nucleotide loops found in the
database. Although it was pioneering work, the initial
thermodynamic experiments on 2 X 3 nucleotide internal
loops”?**"** only began to study the possible sequence
combinations. When specifying the loop nucleotides and the
nearest neighbor base pairs, previous studies have only
characterized one type of loop in the top 25, representing
only 3% of the total number of loops found, while the data
collected here increase this to 18 loops characterized in the top
25, representing 49% of the total number of loops found.
The second set of data in Table 1 lists the frequency and
percent occurrence when only the loop nucleotides are
specified. When they are characterized in this fashion, a total
of 135 different types of loops were found. In Table 1, only the
25 most frequently occurring 2 X 3 nucleotide loops, which
account for 71% of all possible types of 2 X 3 nucleotide loops,
are shown. The remaining 110 2 X 3 nucleotide loops represent
the remaining 29% of the 2 X 3 nucleotide loops found in the
database, individually representing <0.9% of the total number

of loops found. The most frequent loop is ( ACACU >, accounting

for 14% of the 2 X 3 nucleotide loops found in the database.
Previous studies have characterized only eight different types of
loops, representing only 30% of the 2 X 3 nucleotide loops,
while the data collected here increase this to 19 different types
of loops, representing 64% of the 2 X 3 nucleotide loops.
The third set of data in Table 1 lists the frequency and
percent occurrence of 5" and 3’ nearest neighbor combinations.
This analysis of the data results in 33 of 36 possible types of
nearest neighbor combinations. The three possible nearest
neighbor combinations not found in the database all contain a
G-U pair. The 25 nearest neighbor combinations listed in the
third data set account for 97% of the total number of
combinations found, while the remaining eight nearest
neighbor combinations account for the remaining 3%. The
most frequently occurring nearest neighbor combination is

(C%gX(XXCG)’ representing 16% of all nearest neighbor

combinations found adjacent to 2 X 3 nucleotide loops. As
shown in Table 1, previous studies account for only 43% of the
possible nearest neighbor combinations. Once the data
reported here were included, this percentage increased to
82%. Similarly, previous studies only thermodynamically
characterized eight nearest neighbor combinations in the top
25. Once the data reported here were included, 14 nearest
neighbor combinations in the top 25 were studied.

The fourth set of data in Table 1 gives the frequency and
percent occurrence of the loop nucleotides when cytidine and
uridine are classified as pyrimidines and adenosine and
guanosine are classified as purines. This arrangement of data
results in 25 different types of loop sequences that are found in
the database, all of which are listed in Table 1. An all-purine
loop is the most frequently occurring combination, represent-
ing 19% of all 2 X 3 nucleotide loops found in the database.
Previous studies account for 52%, while the data reported here
increase the percentage to 82%.

Thermodynamic Parameters. Thermodynamic parame-
ters for duplex formation derived from an analysis of the
individual melt curves and an analysis of the Ty dependence
are listed in Table 2. The data listed in Table 2 correspond to
18 of the 19 most frequently occurring loops found in the
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database (Table 1, first set of data) and are listed in order of
decreasing frequency. As previously stated, one sequence with
three adjacent guanines was not studied because of possible
competing structures.

Contribution of 2 X 3 Nucleotide Loops to Duplex
Thermodynamics. The contribution of 2 X 3 nucleotide
loops to duplex thermodynamics (Table 3) was calculated as
described in Materials and Methods and as defined by eqs 3
and 4 for AG®3;,y3. In addition to 16 duplexes studied here
(and listed in Table 2), 30 additional duplexes that occur less
frequently but were studied previously”**">® are also
included.

Free Energy Parameters for 2 x 3 Nucleotide Internal
Loops. While analyzing the data listed in Table 3 by linear
regression, we tested several models (a variety of penalty and
bonus combinations) to predict the thermodynamics of 2 X 3
nucleotide loops. A combination of parameters and their
corresponding values (Table 4) similar to those used in eq 1

Table 4. 2 X 3 Nucleotide Loop Nearest Neighbor
Parameters at 37 °C*

AH®2x3 AS°2x3 AG®37.2x3
(kcal/mol) (cal/K-mol)  (kcal/mol)
2501
67+2.1
2x3 Loop Initiation® ( ?’( srgp N0x6T @6 0.1y
=3.0 .0
(2.6+02)
9+
g 63%15 09 0.1h
A-U or G-U Closure (5040 7)b 174+£48  (0.7£0.1Y
T (0.7£0.1)°
5'YA® n/a wa
' /a - °
3RG (57 387 n/a (-0.5+0.2) ’
(-04+0.2Y
14+02
5RG® -9.8+33
271107 (12 g
3YA (-109+2.7) CL. 10_1)~
(-L1£02y
0.7%0.1
5YG* 49+25
S134£79  (L1x0.1Y
3RA (-8.6+ 1.90 CL 0'”,
(-14£0.1)
08+03
) 4.6+49
G-G Mismatch’ (90;40h 172£157  (-07+02)
=J. O,
(-0.7£03)°
09402
) 97+28
U-U Mismatch’ osasy BSEOL (04s 0.1y
=0.: Pan
(-03+£0.2)

“These parameters apply to all 2 X 3 loops, regardless of sequence.
“Numbers in parentheses are values proposed in ref 18. The initiation
value listed here is the sum of the initiation value and asymmetry
penalty from the original reference. “Numbers in parentheses are
values proposed in ref 19. The initiation value listed here is the sum of
the initiation value and asymmetry penalty from the original reference.
“These parameters are applied per A-U or G-U closure. “These
parameters are applied per each closing pair—first mismatch or closing
pair—last mismatch combination. TThese parameters are applied per
each first—last mismatch.

produced an equation that resulted in predicted AG®3; ).,
values that were very close to the experimental AG°;;,y;
values reported here:

(o} — (o} (o}
AG®y55x3 = AG°37 553 initiation T AG°37,a0/6U
o o
+ AG%3; sra/3va + AG375vG/3ra

+ AG%; 66 + AG®y uy (5)

Note that the AG®3753 initiation and AG%3; 4 terms in eq 1
were combined into the AG®3; 543 initiation term in eq 5. Also, the
AG®;3;5va/3rG term in eq 1 was not included in this new model
because it was not found to contribute significantly to loop
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stability. The values corresponding to each of these parameters
can be found in Table 4. Most of the new AG®;;,,3 parameters
are within experimental error of the previously proposed
values.'"®'® The same set of parameters was used in a linear
regression analysis of the enthalpy and entropy data. All of the
values for the new AH°,,; parameters (Table 4) are within
experimental error of previous literature values.'® All of the
values for the AS°®,,; parameters are also listed in Table 4.

B DISCUSSION

This study is one in a series of studies investigating the
thermodynamics of small RNA secondary structure motifs that
occur frequently in nature. This study focuses on 2 X 3 internal
loops. A database of 1349 RNA secondary structures was used
to determine the frequency of 2 X 3 nucleotide loops found in
naturally occurring RNA (Table 1). The high frequency of
occurrence demonstrates the interest in and importance of this
particular secondary structure motif. Furthermore, this confirms
the importance of generating an updated model for predicting
the stability of 2 X 3 internal loops, which may lead to more
accurate prediction of secondary structure from sequence.
Although 2 X 3 nucleotide loops are common in nature,
relatively few studies have investigated their thermodynam-
ics,”**~*"*% and most of the loops investigated in these studies
were not found in the database compiled (Table 1). As a result,
stabilities of many commonly occurring loops are based on the
predictive model derived from this data set of 23 2 X 3 loops
that rarely occur in the database. In this study, 17 frequently
occurring 2 X 3 nucleotide loops were thermodynamically
characterized to provide experimental values for frequently
occurring loops and to increase the size of the data set of
experimental data from which updated predictive parameters
can be derived for those 2 X 3 loops still without experimental
values. It is our hope that the additional experimental values
and the updated predictive model can be used to improve the
prediction of secondary structure from sequence.

Database Searching. The database that was searched
during this study contained 1349 secondary structures,
representing eight different types of RNA. Although this
database is not all-inclusive, it provides loop sequences that
occur in nature.

Although it was pioneering work, the initial thermodynamic
experiments on 2 X 3 nucleotide internal loops”***"** only
began to study the possible sequence combinations. After the
addition of the data reported here, the percentage of loop
sequences with nearest neighbors defined (Table 1, data set 1),
loop sequences without the nearest neighbors defined (Table 1,
data set 2), nearest neighbors without loop sequences (Table 1,
data set 3), and loop sequences classified as purines or
pyrimidines (Table 1, data set 4) now studied has increased
significantly from the percentages previously studied. It is
apparent from the first data set in Table 1 that few of the 2 X 3
loops found in the database had been thermodynamically
characterized previously. In fact, only one of the top 25 most
frequently occurring 2 X 3 loops had been studied. After the
addition of the results reported here, 18 combinations in the
top 25 have been thermodynamically characterized. It is
interesting to note that the three most frequently occurring

loop sequences, (C%&%%%)’ (UACI}\ACCG)’ and (I.TAj\Cl?lkGC)’ do

not contain mismatches that have 2previously been considered
stabilizing (GG, A-G, or U-U). >3% Gimilar to what was
observed for 1 X 2 nucleotide internal loops,* the presence or
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absence of stabilizing mismatches does not determine the
frequency of occurrence for 2 X 3 nucleotide loops.

The second set of data in Table 1 shows that 135 loop
sequences were found in this database. It is not immediately
obvious why these loop sequences are found in the database
while the other 66% of the possible loop sequences are not.
Perhaps there is a structural explanation for this trend, but an
extensive structural study would need to be done. Or, these
loops may be found in secondary structures that were not
included in this database.

The third set of data in Table 1 shows that 33 of the 36
possible nearest neighbor combinations were found in the

database. ( CGXXXXX%) is the most frequent nearest neighbor

combination, representing ~16% of the total number of loops,

followed closely by ( g&%), also representing ~16% of the

total number of loops. As shown here, when the 3’ adjacent pair
is flipped from C-G to G-C, there is relatively no difference in
the number of loops that have either combination. However, if

C%(XX%(%) is flipped from G-C to C-G,

the adjacent base pair combination goes from being the most
frequent to the 17th most frequent. There are three possible
nearest neighbor combinations that were not found in the

database, (I?XXXXXCI;J)’ (L?X)%UG ), and (A%%)’ all of which

contain a G-U or U-G pair.

Thermodynamic Contribution of 2 x 3 Nucleotide
Loops to Duplex Thermodynamics. The thermodynamic
contribution of a 2 X 3 loop to duplex thermodynamics is
varied. For example, contributions of loops to enthalpy,
entropy, and free energy changes of the duplex range from
—26.9 to 23.0 keal/mol, —89.2 to 64.3 cal K™ mol ™, and 0.2 to
5.2 keal/mol, respectively (Table 3). The frequency with which
a loop was found in the database does not correlate with the
stability of the loop. For example, two of the three most stable
loops were not found in the database; the remaining was the
32nd most common in the database.

As expected, all of the internal loops studied here contribute
unfavorably to the stability of the duplex (Table 3). The nine
most stable loops have sequences that could possibly form G-A
or U-U pairs, which have been previously shown to stabilize
mismatches and loops.*>**~* However, some loops with
possible G-A or U-U pairs are actually less stable than those
with no possible G-A or U-U pairs, showing that free energy
contributions are not completely influenced by the possible
pairs that could form.

There does seem to be a correlation between the number of
G-C or C-G pairs directly adjacent to the loop and the free
energy contribution of the loop to duplex stability. For example,
the 23 loops with two adjacent G-C or C-G pairs contribute an
average of 2.2 kcal/mol to duplex stability. The 12 loops with
only one G-C or C-G adjacent base pair and the 11 loops with
no adjacent G-C or C-G base pairs contribute an average of 2.8
and 3.1 kcal/mol to duplex stability, respectively.

Derivation of an Updated Model for Predicting Loop
Thermodynamics. RNAstructure currently uses a predictive
model to approximate the free energy contribution of all 2 X 3
nucleotide loops (see eq 1). Because the size of the data set of
available 2 X 3 nucleotide loop thermodynamics increased with
the addition of the data reported here, this larger data set was
used to derive an updated model to predict 2 X 3

the 5’ adjacent pair of (
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thermodynamics. Several models were generated by using
different combinations of parameters (data not shown). The
model that agreed best with the experimental data, resulted in
linearly independent parameters, and had small standard
deviations was one using parameters similar to those of the
current RNAstructure model (eq 1). In fact, some of the new
parameters are within experimental error of those of the current
RNAstructure model.

In the current RNAstructure model, AG®s;10p initiation 1S 2-0
kcal/mol and was derived from a data set of 23 2 X 3
nucleotide loops.'*** AG®y; 45y @ penalty of 0.6 kcal/mol for
being an asymmetric internal loop, was derived from data of
loops of various sizes.'® Resulting from a linear regression
analysis with the larger data set of 2 X 3 thermodynamics, a
new parameter was derived, AG®3; 53 initiation- Lhis value, 2.5 +
0.1 kcal/mol, is within experimental error of the sum of
AG®y7100p initiation a0d AG®37 (Table 4), which are used by
the current RNAstructure model.

In the current RNAstructure model, there is a penalty
(AG®3; au/cu) for replacing a closing G-C or C-G pair with a
closing A-U, U-A, G-U, or U-G pair. This value was derived
from data of loops of various sizes.'® From the new data set,
linear regression was used to derive a AG°3;,y/Gu term based
only on the 2 X 3 nucleotide loop data. This value, 0.9 + 0.1
kcal/mol, is within experimental error of RNAstructure’s current
penalty, 0.7 + 0.1 kcal/mol."®

One difference between the RNAstructure parameters and the
parameters proposed here is the term for a $'YA3'/3RGS’
bonus for the first and last mismatch. RNAstructure assigns a
bonus of —0.5 & 0.2 kcal/mol to this stack. Similarly, the Chen
and Turner model*® assigns a bonus of —0.4 + 0.2 kcal/mol to
this stack. With the data set used here, this stack did not
contribute to 2 X 3 nucleotide loop stability. The SRG3'/
3'YAS' bonus for the first—last mismatch derived here (—1.4 +
0.2 kcal/mol) was within experimental error of the same
parameter used by RNAstructure (—1.2 + 0.1 kcal/mol). Lastly,
the bonus for a 5'YG3'/3’'RAS’ first—last mismatch derived here
(—0.7 £ 0.1 kcal/mol) is smaller than the bonus currently used
by RNAstructure (—1.1 + 0.1 kcal/mol).

The final parameters used by the current model in
RNAstructure are bonuses for stabilizing mismatches in the
loop."® RNAstructure includes a —0.7 + 0.2 kcal/mol bonus for
potential G-G pairs and a —0.4 + 0.1 kcal/mol bonus for
potential U-U pairs. The model proposed here contains a G-G
bonus of —0.8 + 0.3 kcal/mol, which is within experimental
error of the RNAstructure value, and a more favorable U-U
bonus of —0.9 + 0.2 kcal/mol.

The values for the enthalpy parameters derived here can also
be compared to the enthalpy parameters published previ-
ously.'"® Except for the omission of the 5'YA3'/3'RGS'
parameter in the model proposed here, the values for all of
the other parameters are within experimental error of the
previous values (Table 4). Although the size of the 2 X 3 loop
data set was increased, we were unable to derive a predictive
model that was much different from the one currently used by
RNAstructure. Although both the predictive model used
currently by RNAstructure and the updated predictive model
derived here work quite well for the data set of 2 X 3 internal
loops, adding a look-up table with experimental values for 2 X 3
nucleotide loops may improve free energy calculations and the
prediction of secondary structure from sequence.
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