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Experimentally Derived Nearest-Neighbor Parameters for the Stability of RNA
Three- and Four-Way Multibranch Loops
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ABSTRACT. Algorithms for predicting RNA secondary structure require approximations for the free energies

of multibranch loops, also called junctions. The stabilities of 62 RNA duplexes with three- and four-way
multibranch loops were determined by optical melting. To account for the observed sequence dependence,
a revised loop free-energy approximation is proposed that accounts for the strain in three-way junctions
with fewer than two unpaired nucleotides, penalizes asymmetry in the distribution of unpaired nucleotides,
and gives a bonus for four-way loops relative to three-way loops. Parameters for this equation were
determined by linear regression.

Multibranch loops, also called junctions, are nucleic acid wheren is the number of unpaired nucleotidds,is the
loops from which three or more helices exit. In RNA, these number of branching helices, ame-c are parameters that
loops play a central role in most known secondary structures.were found by maximizing the accuracy of secondary
For example, the 5S rRNA and the cloverleaf tRNA structure predictiong, 11). In the absence of experimental
structures are built around central three-way and four-way data, the linear form ofAG°wsLint Was chosen as a
multibranch loops, respectivelyl( 2). Larger secondary  computationally efficient formula for dynamic programming
structures, such as the small and large rRNA subunits, containalgorithms (1, 13, 14.

many multibranch loops with various numbers of branching  Diamond et al. determined the stabilities of 12 three-way
helices of up to 123, 4). Native tertiary structure formation  multibranch loops by optical meltindl§), establishing an

of the hairpin ribozyme is favored by the natural four-way approximate value foAG°yeLint and demonstrating the
multibranch loop when compared to loops with either two feasibility of using optical melting to determine multibranch

or three branchesb). Comparative sequence analysis of loop stability. The approximatG°yg. int for three-way
homologous RNAs has shown that conserved multibranch multibranch loops was used as a starting point for the

loops often have a characteristic pattern in the number andoptimization ofa—c in eq 2 6).

_placement of nL_JcIeotides in the loop that are not involved |, this study, thermodynamic parameters for 62 three- and
in canonical pairs. For example, the 5S rRNA most often ¢o,r.way multibranch loops were determined by optical
has four nucleotides between helix 1 and heli?@ A large nefting. These loops vary in the number and placement of
and relatively conserved asymmetry in the location of ,npaired adenines in the loop and in the identity of the
nucleotides is also found in tRNAL). Structures determined closing base pairs. The free energies of these loops 237
by X-ray c.ry.stallo_graphy demqnstratg that these ngcleot|des( AG®3) indicate that the asymmetry in the distribution of
ofter_1 participate in non_canonlcal pairs that stabilize these unpaired nucleotides is a more important determinant of
multibranch loops in unique conformations. stability than the absolute number of unpaired nucleotides.
Free-energy minimization algorithms that predict second- rythermore, three-way multibranch loops with either zero
ary structure typically use nearest-neighbor parameters 0o one unpaired nucleotide are less stable than predicted on
assign free energie§< 10). For multibranch loops, the free  {he pasis of eq 2. Therefore, a new equation is proposed that

energy is often approximated by two contributiog$ ( reflects the observed variation iING®vg_int @s a function
. . . of the asymmetry in the distribution of unpaired nucleotides
AG g = AG°ygLinit T AG gL stacking ) and of the strain for multibranch loops with three branching

helices and less than two unpaired nucleotides. The param-
whereAG°wvsL stacking IS the optimal sum of free energies for  eters for this new model are found by linear regression on
the stacking of coaxial helices, for noncanonical pairs at helix the experimental data.
termini, and for dangling unpaired nucleotides at helix
termini. AG°ygLinit IS @ penalty term for closing the loop. It MATERIALS AND METHODS

is often assumed to be of the for@, (11, 1 ) _
( 3 RNA Synthesi®RNA strands were synthesized by standard

AG®. .. .. —a+bn+ch 2 phosphoramidite methods on an Applied Biosystems 392
MBL init @ DNA/RNA synthesizer with phosphoramidites from Glen

Research (Sterling, VA). Strands were deblocked and purified
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Hewlett—Packard 1100 series HPLC. The buffer system was
triethylamine acetate and acetonitrile starting with 0%
acetonitrile and increasing the percent acetonitrile at 1%/
min for 40 min. The long strands were greater than 95%
pure on the basis of polyacrylamide gel electrophoresis of

5' 32P-labeled strands. The bands were imaged on a Molecular

Dynamics Phosphorimager and quantified with ImageQuant
NT software (Molecular Dynamics, Cleveland, OH).

Strand concentrations were determined from UV absor-
bance at 90C using nearest-neighbor parametdrs, (17).

The average of concentrations determined from absorbances

at 260 and 280 nm was used.

Optical Melting. The buffer for optical melting experi-
ments was 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5
mM Na&EDTA adjusted to pH 7 with NaOH. Previous
experiments showed no difference in stability for three-way
multibranch loops melted in this buffer and in a buffer system
with 10 mM MgCkL, 20 mM sodium cacodylate, and 150
mM KCI adjusted to pH 7 with KOH 15). Melting curves
were measured at 280 nm with a Beckman Coulter model
DU 640 spectrophotometer with a temperature controller and
a six-sample transport accessory. At least five strand
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Ficure 1: Sequence Design. (Top) The design of the three-way

multibranch loops is shown. (Bottom) The design of the four-way

multibranch loops is shown. The three-way loop is the system
G_GC_G/CaC, and the four-way loop is GaCG5C_G/CaC

(see Table 1). The helices in the four-way junction are labeled with

v

concentrations were melted for each system. Melting curvesRoman numerals.

were transferred to a personal computer for analysis by the

program Meltwin as described by McDowell and Turnis)(
Thermodynamic parameters for duplex formation were
derived by two methods: the average of individual curve
fits and the linear fit of Ify versus InCt/4), whereCy is

the total strand concentration.

The concentration range that could be analyzed for each

system was limited by two factors. The lowest concentration
was specified by the lowest absorbance that could be

values afTy, thenAC,° can be derived by a linear fit of the
following (19):

(5)
(6)

AH®(Ty) = AH®(To) + AC°(Ty — To)
AS(Ty) = AS(To) + AC, In(Ty/To)

whereT is a chosen reference temperature.

accurately read by the spectophotometer for a sample ina 1 Linear RegressiorMicrosoft Excel, version 97, was used

cm path length cell. The highest concentration was limited
by the ability to adequately separate the low- and high-
temperature transitions when fitting the data. As strand

for the linear regression analysis of the database.

RESULTS

concentration increases, the low-temperature (bimolecular) Optical Melting ExperimentsFigure 1 and Tables 1 and

transition is shifted to higher temperatures, but the higher-

temperature (unimolecular) transition is not shifted.
Melting curves were obtained for each strand by itself to

check for any self-complementarity. By design, each long

2 demonstrate the design features of the duplexes forming
multibranch loops. Each system is composed of two strands
so that the denaturation of the multibranch loop is bimo-
lecular, allowing for quantification of the data with well-

strand had only a high-temperature transition associated withestablished method4.§, 19.

the melting of the stemloop regions. These transitions start
at about 65C and continue above 9. Each short strand
had no optical melting transition in the absence of a long
strand.

Change in Heat Capacitythe difference in heat capacity
between the duplex and single stranti§,,°, was calculated
by linear fits of enthalpy and entropy changes as a function
of melting temperaturel@). The temperature dependences
of AH®° andAS’ are given hy

dAHC/dT = AC,® ©)

dAS/d(InT) = AC,® 4)

where In indicates the natural logarithm. If one assumes that

the enthalpy and entropy derived from each curve fit are the

1 Abbreviations: eu, entropic units, calfKmol=%; EDTA, ethyl-
enediaminetetraacetic acid; HPLC, high-pressure liquid chromatogra-
phy; Tm, melting temperaturéC; Ty, melting temperature, K, total
strand concentration.

Both the three- and four-way multibranch loop systems
include a short strand and a long strand. The long strands
incorporate helices terminated with stable tetralo@8s41),
and the short strands are designed to form base pairs only
in association with the long strands. Compared to a previous
study of multibranch loop stability16), the bimolecular
helices are each extended by one base pair to make the
transitions more cooperative. The three- and four-way loops
differ in the number of helices incorporated into the long
strand. The base-pairing regions that bind the two strands
together are invariant, but the number of unpaired nucleotides
in the loop and the identity of the terminal base pair in the
intramolecular helices are varied. This allows for the
formation of a large number of loops by combining a smaller
number of long and short sequences. The systems were
designed with mostly adenosines in the multibranch loops
to minimize the potential for alternative structure formation.
The helical regions are composed of predominanttyGs
base pairs; therefore, A is the nucleotide least likely to
compete with the intended canonical base pairs.Moreover,



Table 1: Nomenclature for Three-Way Multibranch Loop Systems Studied

dooT youelqunA

short strandl
0
long strand CCUCC_CUGCC CCUCCaCUGCC CCUCCaaCUGCC CCUCCaaaCUGCC CCUCCauaCUGCC CCUCCaaaaCUG%:C

GGCAG_GCGCUUCGGCGC GGAGG G_GC_GIC_C G_GC_G/CaC G_GC_GI/CaC G_GC_GICaC G_GC_G/CauaC G.GC_G/CaC 3
GGCAGaGCGCUUCGGCGCGGAGG GaGC GI/C_C GaGC_G/CaC GaGC G/CaC GaGGC_G/CaC GaGC_G/CauaC GaGCG/CaC =
GGCAGaaGCGCUUCGGCGCGGAGG GaGC_GIC_C GaGC_G/CaC GaGC_GICaC GaGC_G/CaC GaGC_G/CauaC G#GC_GICaC 7
GGCAGaaGCGCUUCGGCGCaGGAGG &CaG/C_C GaGCaG/CaC G#CaG/CaC GaGCaG/CaC GaGCaG/CauaC G&CaG/CaC
GGCAGaaGCGCUUCGGCGCaaGGAGG GELaG/C_C GaGCaG/CaC GaGCaG/CaC GaGCaG/CaC GaGCaG/CauaC G#GCaG/CaC
GGCAG_UCGCUUCGGCGA GGAGG G_UA_GIC_C G_UA_GICaC G_UA_GICaC G_UA_GICaC G_UA_GI/CauaC G UA_GICaC
GGCAGaUCGCUUCGGCGA GGAGG GaUA _G/C_C GaUA_G/CaC GaUA _G/CaC GaUA_G/CaC GaUA_G/CauaC GaUA G/CaC

aSequences are written in thétd 3 direction. Nucleotides that are unpaired in the junction are in lowercase. An underscore indicates-hdtiglimterface that is without unpaired nucleotides.

Table 2: Nomenclature for Four-Way Multibranch Loop Systems Studied s}
o

short strangl %

long strand o

CCucCcC_cuaGcc CCucCcCacuacc CCUCCaaCUGCC CCUCCaaaCUGCC CCUCCauaCuUGCC CCUCCaaaaCUGEL

GGCAG_CGGCUUCGGCCG GCGCGCAAGCGC GGAGG
GGCAGaCGGCUUCGGCCGGCGCGCAAGCGC.GGAGG
GGCAGaCGGCUUCGGCCGGCGCGCAAGCGCaGGAGG
GGCAGaaCGGCUUCGGCCGaa GCGCGCAAGCGCaaGGAGG

G_CG_GC_G/C_C
GaCG_GC_G/C_C
GaCGGCaG/C_C

,0G&aGCaG/C_C

G_CG_GC_G/CaC
GaCG_GC_G/CaC
GaCG_GCaG/CaC
GaCGaGCaG/CaC

G_CG_GC_G/CaC
GaCG GC_G/CaC
GaCGGCaG/CaC
GaCGaGCaG/CaC

G_CG_GC_GI/CaC
GaCG_GC_G/CaC GaCG_GC_G/CauaC
GaCG_GCaG/CaC

GaCG_GCaG/CauaC

G_CG_GC_G/CaC
GaCGGC_G/CaC
GaCGGCaG/CaC

aSequences are written in théts 3 direction. Nucleotides that are unpaired in the junction are in lowercase. An underscore indicates-betiglinterface that is without unpaired nucleotides.
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Ficure 2: Melting of a four-way multibranch loop. (Top left) Optical melting curves for the multibranch loop Ga®G_G/CaC (solid

line) and the strand GaCG5C_G only (dashed line) are shown, with the absorbances normalized to appear on the same graph. The
GaCG_GC_G/CaC total strand concentration is 2481, and the total strand concentration of GaCGC_G is 26.0uM. The normalized
derivatives of the multibranch loop and the long strand only are shown with squares and plus symbols, respectively. Derivatives were
calculated with a SavitskyGolay function with a third-order polynomial and nine poin&9) (Top right) The 1Ty dependence as a
function of the natural log of the total strand concentration and its linear fitTg ¥ (R/AH®) In (Ci/4) + AS’/AH®. (Bottom) The
equilibrium of the lower temperature transition is shown, with the low-temperature species on the left. Note that the thermodynamic parameters
reported are for the equilibrium written in the opposite direction.

A is the most common nucleotide not in canonical pairs in of the Ty ™! versus InC:/4) plot for the system GaCGG-
small and large rRNAs2Q). C_GICacC.

Tables 1 and 2 show the sequence of each three and four- Tables 3 and 4 list the thermodynamic parameters derived
way system studied, respectively. These tables also providefrom experiments on three- and four-way loops, respectively.
the nomenclature used to describe the closing pairs andlin most cases, the difference &H° as determined by the
unpaired nucleotides in a loop. For example, the four-way two fitting methods is less than 15%, a value consistent with
multibranch loop in Figure 1, formed by the association of the transition being two-statelg, 24. A comparison of
5GGCAGaCGGCUUCGGCCGGCGCGCAAGCGC G- multibranch loop thermodynamics measured by optical
GAGG3 and B3CCUCCaaaaCUGCCg3is referred to as melting and isothermal titration calorimetry indicated that
GaCG_GC_G/CaC. The loop sequence is indicated from optical melting provides reasonable valuesAg°s;, even
5 to 3 with uppercase letters indicating the canonically When theAH® values derived from curve fitting and from
paired nucleotides that close helices and with lowercase Tw* plots differ by more than 15%46). Therefore, systems
letters indicating unpaired nucleotides in the loop. Helices with enthalpy differences larger than 15% are included in
that have no intervening unpaired nucleotides are separatedhe nearest-neighbor parameter derivation in this work.
by an underscore, and a slash delineates the two strands. Determination of Loop Stability and Loop Initiatiomn a

A typical melting curve and its derivative with respect to Nnearest-neighbor model, the bimolecular free enefg¥simal
temperature are shown in Figure 2. The two maxima in the for the formation of the duplex with a multibranch loop is
derivative indicate that two transitions occur during the . . R .
melting of the complete system. The lower-temperature AG%yimot = AG®helix 1 T AG°elix 2 + AG himo init
transition is the bimolecular transition shown in Figure 2, AG®ygL — AG® product mm (7)
corresponding to the denaturation of the multibranch loop.

The higher-temperature transition is the denaturation of thewhere helix 1 and helix 2 are the intermolecular paired
stable tetraloops in the long strand, as illustrated by the facthelices withAG® predicted from nearest-neighbor parameters
that the melting curve of the long strand alone shows the as determined by Xia et al. for Watserick pairs @5).
higher-temperature transition only (Figure 2). The bimo- The helical free-energy terms are calculated without including
lecular and unimolecular transitions are separated by a troughbimolecular initiation so that bimolecular initiatioAG pimol init,

in the derivative of the melting curve. Thus, tiig, AH®, appears only once in eq 7. TG proquctmmiS @ term that
AS’, and AG°s; for the bimolecular transition can be accounts for the stacking free-energy increment of the
determined by fitting the data for temperatures below the nucleotides that can stack on the hairpin loop stems to form
trough (L2, 15, 23. Figure 2 shows the resulting linear fit a modified motif after the two strands have dissociated
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Table 3: Thermodynamic Data from Optical Melting of Three-Way Multibranch Loops

analysis ofT,, dependence average of curve fits
—AH?° —AS —AG%7  Tn? —AH?° —AS —AG%7; Tn® AH° AG°;; conc
system (kcal/mol) (eu) (kcal/mol) (°C)  (kcal/mol) (eu) (kcal/mol) (°C) % diff % diff range

G_GC_G/C_C 71.22+5.49 202.6t17.5 8.40+0.12 454 65.335.88 183.6t18.7 8.38:0.14 46.0 86 0.2 57
G_GC_G/CaC  85.19£4.40 241.1+13.8 10.40£0.13 51.8 80.4%2.86 226.4:-9.1 10.29£0.09 522 57 1.1 28
G_GC_G/CaC 86.44+8.56 241.6-26.5 11.50+£0.37 55.9 87.786.62 24574 20.6 11.540.26 56.0 15 0.8 14
G_GC_G/CaC 76.86+5.08 210.8+15.7 11.49t0.23 58.4 91.3& 6.77 255.2+20.5 12.15-0.42 57.3 172 56 14
G_GC_G/CauaC 103.#8.1  290.9+24.9 12.86t0.40 57.3 112.3 55 319.3+16.7 13.3%0.37 569 86 34 27
G_GC_G/CaC 99.65+12.67 281.1H39.1 12.47+0.61 56.7 94.24-5.01 264.3+15.6 12.26£0.19 57.1 56 1.7 15
GaGC_G/C_C  52.19+2.42 139.9-7.7 8.81+0.04 51.2 66.3&7.85 184.6-24.3 9.06:0.33 49.3 238 238 14
GaGC_G/CaC 7229 2.85 199.1+8.9 10.53+0.10 55.2 78.52£5.34 218.4+16.5 10.740.24 547 83 2.3 14
GaGC_G/CaC  79.64+2.47 220.9-7.6 11.14£0.10 56.1 88.1&9.88 247.0+30.3 11.50+0.47 55.6 101 3.2 27
GaGC_G/CaC  71.94+1.20 197.5+3.7 10.70+0.04 56.1 87.089.08 244.4+27.8 11.27+0.46 549 19.0 5.2 15
GaGC_G/CauaC 88.9%6.66 250.2+20.6 11.35:0.27 54.8 101.2:11.8 287.8+-36.3 11.88:0.54 54.3 128 4.6 10
GaGC_G/CaC  79.71+£6.01 221.6+18.7 10.940.24 55.3 87.56£6.11 2459 18.7 11.29-0.31 548 94 29 28
GaGC_G/C_C 57.95+£1.57 1555:49 9.72£0.04 55.1 76.05:5.09 212.1+15.3 10.25:0.33 529 270 53 14
GaGC_G/CaC  83.98t 7.53 233.4+23.3 11.61+0.33 57.0 92.74£4.16 260.4t12.7 11.980.25 564 99 3.1 14
GaGC_G/CaC 94.27+7.44 265.+23.0 11.86£0.32 55.6 97.0& 3.31 274.4-105 11.96:0.11 554 29 0.8 28
GaGC_G/CaC 86.22+7.69 241.74+ 239 11.25-0.30 55.0 90.86t 3.59 256.1+10.9 11.43+0.20 54.7 52 1.6 14
GaGC_G/CauaC 89.0& 6.95 250.2+21.6 11.49£0.27 55.3 102.%¢8.1  292.9+25.0 12.04:0.38 545 144 47 14
GaGC_G/CaC 84.63+6.71 237.5+20.9 10.96+0.24 54.1 89.24£5.12 251.8£159 11.14:0.20 539 53 1.6 14
GaGCaG/C_C  85.91+3.28 239.4-10.1 11.65t0.14 56.6 87.423.01 244.1+94 11.73£0.13 56.6 1.7 0.7 29
GaGCaG/CaC 96.9% 14.70 270.9-45.0 12.88+-0.81 58.7 95.26-3.75 265.8-11.6 12.82-0.23 589 1.7 05 15
GaGCaG/CaC 102.4+5.2  288.1+16.0 13.03+0.25 58.0 90.162.77 250.5£8.8 12.46+0.08 58.8 12.7 4.5 18
GaGCaG/CgC 112.8£55 321.3+17.1 13.19+-0.26 56.5 93.832.78 262.8:8.8 12.34+0.13 575 184 6.7 29
GaGCaG/CauaC 10424.8 294.6+14.7 12.8%t 0.24 57.2 110.4:3.9 313.4+11.9 13.1%40.24 569 57 23 14
GaGCaG/CaC  92.33+7.24 257.8-22.3 12.36£0.34 57.9 93.786.73 262.2+20.8 12.45-0.28 579 16 0.7 14
GaGCaG/C_C 1035+2.9 293.4+89 1251+0.13 56.0 88.3H3.32 246.5+10.4 11.86+-0.12 569 159 53 28
GaGCaG/CaC 100.3:4.6  281.0+14.2 13.094+0.24 58.7 94.632.81 263.8:-8.6 12.82+-0.17 59.1 58 21 28
GaGCaG/CaC  93.24+7.03 259.1+21.5 12.88:0.38 59.7 95.75%4.89 266.7+ 15.0 13.03:0.26 59.6 2.7 1.2 10
GaGCaG/CaC  94.05+ 10.02 262.5-30.8 12.65+0.51 58.6 93.226.74 259.8+20.8 12.63:0.29 58.7 0.9 0.2 14
GaGCaG/CauaC 109.¢ 7.1  311.7+21.7 13.20+0.34 57.0 105.664.1 298.6+£12.6 13.02£0.19 57.3 39 14 28
GaGCaG/CaC 102.8+4.5  289.7+14.0 1290+ 0.22 57.5 93.025.69 259.7+17.7 12474 0.21 58.1 100 3.4 28
G_UA_G/C_C 63.71+£3.60 1759+-11.4 9.16:£0.09 50.4 61.485.13 169.8+16.0 9.16:0.20 50.8 3.6 0.0 28
G_UA_G/CaC  99.0H 10.50 281.3:32.5 11.75:0.46 54.3 74.08& 6.63 204.2+20.7 10.76:0.31 55.8 288 8.8 14
G_UA_G/CaC 111.3+7.5 316.3+23.1 13.15+0.37 56.6 88.085.64 245.1+17.8 12.05+£0.12 57.8 233 8.7 15
G_UA_G/CaC 1118+7.1 316.8:21.8 13.50t 0.37 57.6 93.45% 12.09 260.8+36.9 12.58+0.66 58.5 178 7.1 15
G_UA_G/CauaC 112.&6.5 319.2+19.9 13.65:0.33 57.9 99.56: 12.73 279.0+ 39.0 13.04-0.65 58.7 123 4.6 28
G_UA_G/CaC 87.06t4.51 241.4+13.8 12.20£0.22 58.6 90.7& 6.31 252.4+19.4 12.41+0.32 585 41 17 29
GaUA_G/C_C  73.67£2.79 205.8-88 9.85+£0.07 51.6 72.64-2.30 202.5+7.2 9.84+0.08 51.8 14 0.1 28
GaUA_G/CaC 92.96+ 13.73 261.A42.5 11.79+0.64 55.6 92.1@8.02 259.0+25.1 11.780.28 55.7 0.9 0.9 14
GaUA_G/CaC  98.17+10.94 276.6-33.6 12.39+0.54 56.7 91.35%:11.53 255.4-35.7 12.16-0.48 574 7.2 1.9 28
GaUA_G/CaC  91.18+3.33 255.3+10.3 12.00t 0.15 56.8 92.189.16 258.3+28.4 12.08:0.38 569 1.1 0.7 29
GaUA_G/CauaC 91.2#4.02 255.2+12.4 12.05:£0.17 57.0 91.436.24 255.8+19.3 12.040.27 57.1 0.2 03 14
GaUA_G/CaC  89.57£6.20 250.4+19.1 11.91+0.28 56.8 92.5% 9.07 259.5+27.9 12.10+0.43 56.8 3.3 1.6 28

aT, is calculated for a total strand concentration of 0.1 mM.

(Figure 2, bottom). This is the more favorable of the coaxial as determined by the linear fit @ ~* versus InC/4). At
stacking of helices§, 12, 23 or of the stacking of unpaired 37 °C, eq 7 gives

nucleotides19, 29. The experimentahG°,imq Value is taken

from Ty~! versus InC:/4) plots. Rearrangement of eq 7 AG°3; vsL = AG37 bimol — AG°37 heiix 1~ AG°37 helix 2 —

allows for the calculation ofAG°yg., the free-energy AG°57 pimolinit T AG® 8
increment for the formation of the multibranch loop. Values 37 bimolint a7 prod mm (8)
at 37°C for three- and four-way loops are listed in Tables = —11.18+ 10.87+ 10.95— 4.09— 3.26=
5 and 6, respectively. 3.29 kcal/mol

In a simple nearest-neighbor modal°yg. is a sum of
favorable stacking interactions, noncanonical pairs, and The AG®s7poammterm is the free energy of coaxial stacking
initiation (AG°s7 meL ini)- Initiation is unfavorable because it~ Of the two helices in the long strandZ, 25. Note that, for
includes an entropic penalty for constraining the nucleotides cases in which the terminal intramolecular base pair in the
in a loop and tethering the helices. Equation 1 shows the long strand is AU, the terminal AU penalt29) is not applied
simple approximation for multibranch loop stability, where in the calculation because this pair is always present on both
AG°ygL stackingiS the maximum stability imparted by terminal ~ sides of the equilibrium in Figure 2.
mismatches, dangling ends, and coaxial stacking of helices To determine the optimal stacking configuration, all
(6, 12, 15, 23, 2B The calculated\G°yp init at 37 °C for possibilities must be examined. The optimal configuration
three- and four-way loops are in Tables 5 and 6, respectively.is that with the lowest sum of free-energy increments. For

For example, consider system GaCGC_G/CaC as system GaCGGC_G/CaC (Figure 1, bottom), helix |
drawn in Figure 2 (bottom). The overall free energy of the could stack on helix Il with an intervening AA mismatch,
lower-temperature transition i511.18 kcal/mol at 37C, helix 1l could stack flush on helix Ill, or helix Il could stack
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Table 4: Thermodynamic Data from Optical Melting of Four-Way Multibranch Loops

analysis ofTy dependence average of curve fits
—AH° —AS —AG°37 T —AH° —AS —AG°37 Tm® AH®° AG°3; conc
system (kcal/mol) (eu) (kcal/mal) (°C)  (kcal/mol) (eu) (kcal/mol) (°C) % diff % diff range

G_CG_GC_G/C_C 120.6+14.9 335.7+44.7 16.45:1.07 64.8 114.&11.7 317.9:349 16.08:0.91 652 5.0 2.3 21
G_CG_GC_G/CaC 112.4£16.0 317.6:49.0 13.914+0.91 58.8 88.929.72 245.6£30.0 12.76+0.45 60.4 23.3 8.6 21
G_CG_GC_G/CaC 102.9+7.2 291.8+22.3 12.34£0.31 55.6 93.520.7 262.4+64.0 12.02+0.89 56.4 95 2.6 31
G_CG_GC_G/CaC 83.11+3.79 231.9+11.8 11.1740.14 55.4 86.66-13.70 242.8:42.6 11.36t0.50 55.3 4.2 17 31
G_CG_GC_G/CaC 76.43+10.28 212. 74 32.1 10.48:042 539 87.A410.1 247.8-32.6 10.84t0.38 53 13.7 3.4 9
GaCG_GC_G/C_C 107.9+6.3 305.6+ 19.4 13.15£0.29 57.3 87.1%7.28 241.5-22.8 12.24-0.24 58.7 21.3 7.2 12
GaCG_GC_G/CaC 129.5£ 135 367.9£41.2 1537+ 0.79 59.7 99.05% 15.06 275.2-46.4 13.7£0.69 61.2 26.6 115 31
GaCG_GC_G/CaC 125.3+9.3 360.4+ 28.7 13.53+0.41 554 88.06:1.97 245558 11.92+0.31 57.2 349 127 30
GaCG_GC_G/CaC 95.85+10.00 270.8:31.0 11.85-0.41 55.2 80.66t3.74 223.6t11.9 11.314+0.10 56.5 17.2 4.7 15
GaCG_GC_G/CauaC 103.&4.2 295.04+ 14.6 12.28:£0.19 55.2 96.048.15 270.94+25.3 12.02+0.31 55.8 7.7 2.1 28
GaCG_GC_G/CaC 84.59+3.11 236.74£9.7 11.18+0.11 55 84.05:6.91 2349214 11.21+£0.28 553 0.6 0.3 28
GaCG_GCaG/C_C 111.0+£7.1 3141+ 216 13.6+£0.37 58.1 97.08& 10.60 271.4£32.3 12.9+0.59 58.8 134 5.3 18
GaCG_GCaG/CaC 102.413.0 287.1+39.6 13.340.76 59.3 93.3%*¢5.69 259.5+£17.4 12.914+0.33 59.7 9.2 3.7 18
GaCG_GCaG/CaC 133.3+12.0 382.2-36.7 14.78:0.62 57.5 94.1% 561 262.2+17.7 12.8H0.24 594 344 138 28
GaCG_GCaG/CaC 101.9+ 6.1 286.6+ 18.7 12.96+0.29 57.9 98.385.87 275.9-18.0 12.81+0.30 58.2 35 1.2 28
GaCG_GCaG/CauaC 92.2£6.22 256.74+19.1 12.6:0.31 58.9 104.3:13.1 293.7440.2 13.25+0.69 58.3 12.3 5.0 28
GaCG_GCaG/CaC 99.69+8.85 280.6t 27.3 12.66+0.40 57.3 90.02 4.43 250.74 13.7 12.27+£0.19 58.1 10.2 3.1 14
GaCGaGCaG/C_C 98.46+0.17 279.5+£0.5 11.76£0.01 54.4 83.2%+6.05 232.4:-18.7 11.22£0.27 555 16.7 4.7 23
GaCGaGCaG/CaC  111.4+8.3 318.4+ 25.7 12.65:0.35 55 84.55:3.09 2354+95 11.56+0.22 56.6 27.4 9.0 11
GaCGaGCaG/CaC 112.7+1.9 322.2+6.0 12.8£0.08 55.3 81.738.11 226.3:-254 11.53t0.26 57.2 319 104 10

aT, is calculated for a total strand concentration of 0.1 mM.

flush on helix IV. Note that helix IV cannot coaxially stack stable than other loops. These results are approximated by

onto helix | with the current nearest-neighbor rules becauseeq 11

the helices are separated by more than one unpaired

nucleotide 6). The optimal calculated configuration for AG’s7weLint = @+ b(average asymmetryl

GaCG_GC_G/CaC is the coaxial stacking of helix | onto ch+ AG®;; i{three-way loops with less than two

helix 11, with an intervening AA mismatch, and helix Il onto unpaired nucleotides) (11)

helix IV. The total stability of these stacks is
wherea—c are parametera\G°z7 sirainiS @ strain free energy

5GaC3 i R - i
AG®4; gackns= 3CaGB + 5 C G ©) that applles_only to thrge way multibranch loops W|t_h zero
h IGC or one unpaired nucleotide, and average asymmetry is a term
53 that reflects the distribution of unpaired nucleotides in the

= 11— 2.1— 2.36= —5.56 kcal/mol loop as defined by

average asymmetry
h
(') Junpaired nucleotides 5- unpaired nucleotides |3

Therefore, from eq 1, the multibranch loop initiation free
energy is

AGOB? MBL init — AG°37 MBL A(-?’037 MB stacking (10) min| 2.0;
= 3.29+ 5.56= 8.9 kcal/mol 12)

Parametrizing the Loop Initiation Free EnergieSeveral whereh is the number of branching helices. The data suggest
secondary structure prediction algorithngs 8, 9 use eq 2 that the penalty term for loop asymmetry reaches a maximum
for predicting AG°s7 maLinit, DUt €q 2 does not adequately at an average asymmetry of about 2.0; therefore, the average
predict the stabilities observed experimentally for multibranch asymmetry is limited to 2.0 by eq 12.
loops. For example, consider the multibranch loops GaGG Equation 12 was chosen empirically as a measure of
CauaC, G_CG_G/CcauaC, GaGCG/CaC, GaGC_G/ multibranch loop asymmetry. Its use can be illustrated with
CauaC, GgGC_G/CaC, GaGCaG/CaC, G#&CaG/C_C, system GaCG GC_G/CaC, drawn in Figure 1 (bottom).
G_UA_G/CaC, GaUA_G/CaC, and GaUA_G/CauaC in The sum in the numerator is over each helix, and the absolute
Table 5. Equation 2 predicts that all have the same initiation value of the difference in unpaired nucleotides between the
free energy because each has three branching helices anf' side and 3 side of helices +IV are 3, 1, 0, and 4,
four unpaired nucleotides. The initiation free energies range respectively. The mean (sum divided by number of helices)
from 7.5 to 10.5 kcal/mol, however. The coefficient of is therefore 2. The average asymmetry is tabulated for each
determinationR?, of the linear regression fit of the data to system in Tables 5 and 6.
eq 2 is 0.26, and the root-mean-square deviation is 1.23 kcal/ Comparisons of loop stabilities illustrate the dependence
mol, even with multibranch loops with outlying stabilities of AG°37mLinit ON @Symmetry rather than on the number of
removed from the analysis. unpaired nucleotides. Systems GaCG/CauaC and Ga

The initiation free energies at 3T correlate better with  GCaG/CaC have the same average asymmetry (2.00) but
asymmetry in the distribution of unpaired nucleotides than differ in the number of unpaired nucleotides at 4 and 7,
with the actual number of unpaired nucleotides. Also, three- respectively. They have similaxG°37 vsLinit Values of 8.7
way loops with less than two unpaired nucleotides are lessand 8.6 kcal/mol, respectively. @aCaG/CaC and Ga
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Table 5: Loop Free Energies for Three-Way Multibranch Léops

average AG°37 mBLnit —
system AG°s7mel®  AG°37mBLstacking AG°szmeLint  Unpaired asymmetry  AG°37wsLinitprediced  AG®37 MBL init predicted
G_CG_G/CaC* 3.64+0.61 -5.1 8.8 2 1.33 8.6:1.0 0.2
GaCG_G/CauaC 4,904+ 0.56 —-4.9 9.8 4 2.00 9.21.0 0.6
GaCG_G/Cauac 3.76+ 0.55 —4.9 8.7 4 2.00 9.21.0 —-0.5
GgCGuG/Ccaua®s 1.26+ 0.55 —4.5 5.8 6 1.33 8.6:1.0 —2.8
GaCGcG/CauaC 4.66+ 0.57 —4.9 9.6 5 1.33 8.6:1.0 1.0
GgCGuG/Caua®® 1.06+ 0.55 -5.4 6.5 5 1.00 8.3 1.0 —-1.8
G_CG_G/C_ce=e 3.43+ 0.59 —-3.4 6.9 0 0.00 10511 —-3.6
GaCG_G/CauacC  4.37+0.56 —4.4 8.7 5 2.67 9.2+ 1.0 -0.5
G_CG_G/CauaC 3.72+ 0.61 =5.1 8.8 3 2.00 9.21.0 —-0.4
G_CG_G/Ccaua€C 3.23+0.64 —4.2 7.5 4 2.67 9.2+1.0 —-1.7
GaCGcG/Ccauat 4.204+ 0.55 —4.3 8.5 6 2.00 9.21.0 -0.7
GaCGaG/CcaudC 3.54+ 0.54 —4.2 7.7 6 2.00 9.21.0 -1.5
G_GC_G/C_C 7.73+ 0.59 -3.3 11.0 0 0.00 1051.1 0.5
G_GC_G/CaC 5.73t 0.62 —-5.0 10.7 1 0.67 11.+1.1 -0.4
G_GC_GI/CaC 4.63+0.71 5.0 9.6 2 1.33 8.6:1.0 1.0
G_GC_GI/CaC 4.64+ 0.65 -5.0 9.6 3 2.00 9.21.0 0.4
G_GC_G/CauaC 3.2# 0.73 -5.0 8.3 3 2.00 9.21.0 -0.9
G_GC_G/CaC 3.66+ 0.86 -5.0 8.6 4 1.33 8.6-1.0 0.0
GaGC_G/C_C 7.524+0.61 -3.5 11.0 1 0.67 11.+1.1 -0.1
GaGC_G/CaC 5.80+ 0.62 —-3.5 9.3 2 1.33 8.6:1.0 0.7
GaGC_G/CaC 5.194 0.55 —4.9 10.1 3 1.33 8.61.0 1.5
GaGC_G/CaC 5.63+ 0.55 —-4.9 10.5 4 2.00 9.21.0 1.3
GaGC_G/CauaC 4.58-0.61 —-4.9 9.5 4 2.00 9.21.0 0.3
GaGC_G/CaC 5.36+ 0.60 —4.9 10.3 5 2.67 9.2+1.0 1.1
GaGC_G/C_C 6.61+ 0.61 —-3.5 10.1 2 1.33 8.61.0 1.5
GaGC_G/CaC 4,72+ 0.81 —-3.5 8.2 3 1.33 8.6:1.0 —-0.4
GaGC_G/CaC 4.47+ 0.69 —-3.5 7.9 4 1.33 8.6:1.0 -0.7
GaGC_G/CaC 5.084+ 0.68 -3.5 8.5 5 2.00 9.21.0 -0.7
GaGC_G/CauaC 4.84k 0.67 —3.5 8.3 5 2.00 9.2 1.0 —-0.9
GaGC_G/CaC 5.37+ 0.65 —-3.5 8.8 6 2.67 9.2+1.0 -0.4
GaGCaG/C_C 4.58+ 0.62 —4.8 9.3 3 1.33 8.6:1.0 0.7
GaGCaG/CaC 3.35-0.98 —4.7 8.1 4 0.67 8.6 1.0 0.1
GaGCaG/CaC 2.80+ 0.60 —4.7 7.5 5 0.67 8. 1.0 -0.5
GaGCaG/CgC 3.04+ 0.60 —4.7 7.7 6 1.33 8.6:1.0 -0.9
GaGCaG/CauaC 3.34 0.60 —4.7 8.0 6 1.33 8.6:1.0 —-0.6
GaGCaG/CaC 3.87+0.64 —4.7 8.6 7 2.00 9.21.0 —-0.6
GaGCaG/C_C 3.72+ 0.62 —4.8 8.5 4 1.33 8.6:1.0 0.1
GaGCaG/CaC 3.14+ 0.60 -5.1 8.2 5 0.67 8. 1.0 0.2
GaGCaG/Cal 2.95+ 0.55 —-4.1 7.1 6 0.00 7.4-1.0 -0.3
GaGCaG/CaC 3.58+ 0.65 —4.1 7.7 7 0.67 8.6 1.0 —-0.3
GaGCaG/CauaC 3.03: 0.52 —4.1 7.1 7 0.67 8.6 1.0 -0.9
GaGCaG/CaC 3.33+ 0.45 —4.1 7.4 8 1.33 8.6:1.0 —-1.2
G_UA_G/IC_C 7.77+0.58 -3.3 11.0 0 0.00 10.51.1 0.5
G_UA_G/CaC 5.184+0.68 -3.9 9.1 1 0.67 11.%+1.1 —-2.0
G_UA_G/CacCs® 3.78+0.71 -3.9 7.7 2 1.33 8.6:1.0 -0.9
G_UA_G/CaCs® 3.43+0.71 -3.9 7.4 3 2.00 9.21.0 —-1.8
G_UA_G/CauaC 3.28+ 0.69 -3.9 7.2 3 2.00 9.221.0 —-2.0
G_UA_G/CacCs® 4,734+ 0.65 -3.9 8.7 4 2.67 9.2+1.0 -0.5
GaUA_G/C_C 7.08+ 0.61 —-3.6 10.6 1 0.67 11.+1.1 -0.5
GaUA_G/CaC 5.144+ 0.82 -3.2 8.3 2 0.67 8. 1.0 0.3
GaUA_G/CaC 454+ 0.77 —4.9 9.4 3 1.33 8.6:1.0 0.8
GaUA_G/CaC 4,93+ 0.57 —4.9 9.8 4 2.00 9.21.0 0.6
GaUA_G/CauaC 4.48- 0.57 —-4.9 9.4 4 2.00 9.21.0 0.2
GaUA_G/CaC 5.02+ 0.61 —-4.9 9.9 5 2.67 9.24+1.0 0.7

aValues are given in kcal/mol at 3T. ° The error inAG°3; vs. Was calculated with the assumption that the error in free energy for dangling
ends and terminal mismatches is 0.2 kcal/n&8)( The errors for helical parameters are from Xia et ab)(and those for coaxial stacking are
from Mathews et al. ). ¢ Systems from Diamond et all%) were constructed with the sequencé8GAGXxCGGCUUCGGCCGYGACG3and
5 CGUCzCUCCS3 9 This system, from Diamond et alL), is for the sequencesGGAGaCGGCUUCGGCCGGCAG3 and 3CUGCAUACUCCS3.
e These systems were excluded from the determination of the multibranch loop parameters by linear refjléssiaverage asymmetry is set to
2.0 for predictingAG®s7 meL init-

GCaG/CauaC, however, have the same number of unpairedwas 0.58, and th@ value of theF test was 1.9x 107°,
nucleotides, seven, but a different average asymmetry andindicating a very low probability that the correlation between
different AG°s7veLint values of 8.6 and 7.1 kcal/mol, AG°s3;usLint and eq 11 is due to random chance. The root-
respectively. mean-square deviation for sequences included in the fit is
Linear regression was used to derive the three parameter$.79 kcal/mol, which suggests that this model predicts the
for eq 11 (Table 7). The coefficient of determinatid®?, loop initiation free energies within about 1 kcal/mol on



876 Biochemistry, Vol. 41, No. 3, 2002 Mathews and Turner

Table 6: Loop Free Energies for Four-Way Multibranch Ldops

average AG®37 mBLinit —
system AG%7mel® AG°s7meLstacking AG°37meLint  Unpaired asymmetry AG°s7 wmeLinitpredicted  AG®37 MBL init predicted
G_CG_GC_G/C_C® —4.084+1.33 —-6.5 2.4 0 0.00 6.4 1.0 —-4.3
G_CG_GC_G/CcaC 0.16+ 1.20 —-5.8 5.9 1 0.50 7.21.0 -1.3
G_CG_GC_G/CaC 1.73+0.85 —5.8 7.5 2 1.00 7.61.0 —-0.1
G_CG_GC_G/CaC 2.904+ 0.80 —-5.8 8.7 3 1.50 8.1+ 1.1 0.6
G_CG_GC_G/CaC 3.59+ 0.89 —5.8 9.4 4 2.00 8.51.1 0.9
GaCG_GC_G/C_C 0.924+0.84 —6.5 7.4 1 0.50 7.21.0 0.2
GaCG_GC_G/CaC —1.30+1.21 —6.9 5.6 2 0.50 7.21.0 —-1.6
GaCG_GC_G/CaC 0.544+ 0.85 —-5.6 6.1 3 1.00 7.61.0 —-1.5
GaCG_GC_G/CaC 2.224+0.85 —5.6 7.8 4 1.50 8111 —-0.3
GaCG_GC_G/CauaC 2.19:0.76 —-5.6 7.8 4 1.50 8.+ 1.1 —-0.3
GaCG_GC_G/CaC 3.294+ 0.56 —-5.6 8.9 5 2.00 8.5 1.1 0.4
GaCG_GCaG/C_C 0.874+ 0.87 —6.5 7.4 2 1.00 7.61.0 -0.2
GaCG_GCaG/CaC 1.08& 0.99 —6.9 7.9 3 0.50 7.21.1 0.7
GaCG_GCaG/CaC —0.314+0.85 —6.8 6.5 4 1.00 7.61.0 -1.1
GaCG_GCaG/CgC 1.51+ 0.65 —6.8 8.3 5 1.50 8.1+ 1.1 0.2
GaCG_GCaG/CauaC 1.8% 0.66 —6.8 8.7 5 1.50 8.1+ 1.1 0.6
GaCG_GCaG/CaC 1.81+0.70 —6.8 8.6 6 2.00 8.5 1.1 0.1
GaCGaGCaG/C_C 2.97+ 0.64 -5.9 8.8 6 1.00 7.61.0 1.2
GaCGaGCaG/CaC 2.08+ 0.68 —6.2 8.3 7 0.50 7.21.0 1.1
GaCGaGCaG/CaC 1.93+ 0.45 —5.2 7.1 8 0.00 6.4 1.0 0.4

2Values are given in kcal/mol at 3T.  The error inAG°s7 usL Was calculated with the assumption that the error in free energy for dangling
ends and terminal mismatches is 0.2 kcal/n&8)( The errors for helical parameters are from Xia et ab)(and those for coaxial stacking are
from Mathews et al.®). ¢ This system was excluded from the determination of the multibranch loop parameters by linear regression.

Table 7: Nearest-Neighbor Parameters for Multibranch Loop

Initiation? 95 ,A‘ﬁ
ACY =0 AC, =0 90 -
85 e
<

value error value error

parameter (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 80 L —_—

a 9.25 0.91 9.34 1.01 75 @ —

b 0.91 0.19 0.77 0.21 70 ‘ ‘ ‘

C —0.63 0.24 —0.43 0.26 44 46 48 50 52 54
AG®37 strain 3.14 0.44 2.60 0.48 T¢0)

@ These parameters are used to approximate the free energy of

multibranch loop initiation at 37C from eqs 11 and 12. 270

260 . —/‘ .

average. While this simple model fits the data reasonably ;ig —
well, it does not eliminate the possibility that other models ‘@ 530 | -

may also fit the data. 20 | _—*

Systems GgCGuG/Ccaualy), GgCGuG/CauaClh), 210 ?/' -
G_CG_GI/C_C (15, G_UA_G/CaC, G_.UA_GI/CaC, 200 ‘ ‘ ‘ ‘ ;
G_UA_GI/CaC, G_UA_G/CauaC, G.UA_G/CaC, and 0.145 0.15 0155 0.16 0.165 0.17 0.175 0.18
G_CG_GC_G/C_C were excluded from the regression In(Ty / 273.15 K)

a”a'YS'S- System GgCGuG/CcauaC, a mlmlc of the 5S rRNA Ficure 3: Fits of enthalpy change as a function of temperature
multibranch loop, was excluded because it was much more top) and entropy change as a function of the natural logarithm of
stable than the other systems, probably because of tertiaryabsolute temperature divided by the reference temperature of 273.15
interactions {5). GgCGuG/CauaC and GCG_G/C_C K (bottom), for the system GaCGGC_G/CacC. ACy’ is the slope
were excluded because the optical melting curves showedgf each f'tteﬂ line, 2.20.an|d 2.19 keal mélK* for the top and
multiple transitions and their stabilities cannot be considered ottom graphs, respectively.
reliable (L5). The systems with the strand ®WA__G were entropy changes are constant with temperature. As illustrated
excluded because alternative conformations involving the U by Figure 3, however, the enthalpy and entropy changes from
in the terminal UA base pair were possible with the adenines the individual fits of melting curves vary withy, as would
in the loop. G_CG_GC_G/C_C was excluded because it be expected if the heat capacity difference between the single
was significantly more stable than other similar multibranch strands and the dupleX\C,°, is nonzero. Tables 8 and 9
loops. It was the only four-way loop studied without unpaired give theAC,° value calculated for each system by a linear
nucleotides. Interestingly, in a database of known secondaryfit of AH® versusTy andAS’ versus InTu/273.15) and the
structures ), the only multibranch loops that appear without average of the two fits. The two calculations AC,° for
unpaired nucleotides are four-way loops. This suggests thateach multibranch loop system agree well, with percent
four-way loops without unpaired nucleotides may have differences most often below 5%. The averadge° is —1.74
enhanced stability. kcal molt K1, indicating a reduced magnitude of enthalpy
Heat Capacity The thermodynamic parameters shown in and entropy changes at lower temperatures. Per broken base
Tables 3 and 4 are derived assuming that enthalpy andpair, this is—0.174 kcal mot! K1, similar to values obtained
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Table 8: AC,° for Three-Way Multibranch Loops

—ACy® —ACy’ average
from AH° from AS —ACp° —AH°37 _AS°37 —AG°37

system (kcal molt K1) (kcal molt K1) (kcal moit K—1) (kcal/mol) (eu) (kcal/mol)
G_GC_G/C_C 1.16+ 0.33 1.17+0.32 1.17 60.4- 1.9 168+ 6 8.4+ 0.1
G_GC_G/CaC 0.78£ 0.28 0.80+ 0.28 0.79 73.4:-2.7 203+ 8 10.3+ 0.1
G_GC_G/CaC 2.30+£0.70 2.29+0.71 2.30 59.3: 8.8 1564+ 28 10.7+£ 0.1
G_GC_G/CaC 2.29+ 0.36 2.244+0.37 2.27 59.4-5.1 157+ 16 10.7£ 0.1
G_GC_G/CauaC 0.9 0.97 0.95+ 0.95 0.96 97.4+15.1 274+ 47 12.5+ 0.7
G_GC_G/CaC 2.06+ 0.44 2.06+ 0.47 2.06 65. 4 6.1 174+ 21 11.7£ 0.3
GaGC_G/C_C 1.90+ 0.32 1.84+0.31 1.87 59.H 1.7 162+ 5 8.8+ 0.1
GaGC_G/CaC 1.6% 0.36 1.66+ 0.36 1.68 61.0t 3.8 164+ 12 10.2+ 0.1
GaGC_G/CaC 1.12+1.43 1.11+1.41 1.12 73.8:18.7 202+ 58 11.2+ 0.6
GaGC_G/CaC 2.29+1.11 2.22+1.11 2.26 61.6-12.7 166+ 40 10.1+£ 0.3
GaGC_G/CauaC 5.02£ 1.43 4.96t 1.44 4.99 38.2-18.1 91.3+57.8 9.9+ 0.3
GaGC_G/CaC 1.08+ 0.76 1.05+ 0.76 1.07 74.99.3 207+ 29 10.7+£ 0.3
GaGC_G/C_C 1.37+ 0.15 1.314+0.15 1.34 64.5+ 1.3 177+ 4 9.6+ 0.1
GaGC_G/CaC 1.32+ 0.52 1.294+ 0.52 1.31 75.4-7.0 207+ 22 11.2+ 0.2
GaGC_G/CaC 0.46+ 0.54 0.47+ 0.56 0.47 103. % 7.3 294+ 24 11.9+ 0.2
GaGC_G/CaC 1.20+ 0.45 1.19+0.43 1.20 77.3:5.2 214+ 16 11.0+ 0.4
GaGC_G/CauaC 2.95-0.87 2.90+0.88 2.93 68.0+ 10.5 1844 34 10.8+ 0.1
GaGC_G/CaC 1.89+ 0.40 1.88+0.41 1.89 69.4 4.2 190+ 14 10.6+ 0.1
GaGCaG/C_C 0.65+ 0.37 0.64+ 0.38 0.65 78.4- 5.2 216+ 17 11.44+0.1
GaGCaG/CaC 1.5% 0.25 1.50+ 0.28 1.51 71.6- 3.9 192+ 14 12.0+ 0.4
GaGCaG/CaC 1.13+0.22 1.17£0.22 1.15 72.5- 3.4 193+ 11 12.6+ 0.1
GaGCaG/CgC 0.77+ 0.45 0.84+ 0.45 0.81 82.3: 6.7 2244+ 21 13.0+£ 0.3
GaGCaG/CauaC 0.2& 1.05 0.29+1.04 0.29 114.8-16.8 328+ 52 13.2+ 0.7
GaGCaG/CaC 1.93+1.16 1.924+1.17 1.93 65.9+17.0 175+ 54 11.6+ 0.3
GaGCaG/C_C 0.27+ 0.64 0.31+ 0.65 0.29 84.5-9.2 233+ 29 12.3+£ 0.3
GaGCaG/CaC 0.54+ 0.46 0.55+ 0.46 0.55 85.8- 7.8 235+ 24 129+ 0.4
GaGCaG/Cal 1.83+0.93 1.814+ 0.94 1.82 64.2- 16.1 168+ 51 11.8+ 0.3
GaGCaG/CaC 1.81+1.24 1.814+1.25 1.81 65.6+ 19.0 173+ 60 11.9+ 0.4
GaGCaG/CauaC 1.3@:- 0.55 1.32+ 0.55 1.31 85.8- 8.4 235+ 26 12.8+ 0.3
GaGCaG/CaC 1.91+ 0.57 1.93+ 0.58 1.92 63.4 8.9 1664+ 28 12.1+ 0.2
G_UA_G/C_C 0.58+ 0.51 0.57+0.51 0.58 57.9- 4.0 158+ 12 9.1+ 0.1
G_UA_G/CaC 1.44+1.48 1.524+1.47 1.48 55.3t 19.6 142+ 61 11.44+0.9
G_UA_G/CaC 2.46+ 0.75 2.53+0.78 2.50 49.3t 11.9 120+ 39 12.2+0.1
G_UA_G/CaC 0.924+3.41 1.00+ 3.39 0.96 78.157.3 208+ 179 13.4+1.9
G_UA_G/CauaC 3.3 2.13 3.31+2.14 2.90 451 354 108+ 111 11.7+1.0
G_UA_G/CaC 1.53+ 0.69 1.51+0.71 1.52 66.6-11.1 178+ 35 11.44+0.2
GaUA_G/C_C 0.65+ 0.08 0.65+ 0.08 0.65 67.3: 0.7 185+ 2 9.8+ 0.1
GaUA_G/CaC 1.55+ 1.70 1.53+1.72 1.54 728 21.7 198+ 69 11.3+ 0.4
GaUA_G/CaC 4.00+ 0.68 4.02+ 0.68 4.01 33.2-10.1 71.3+31.4 11.1+04
GaUA_G/CaC 1.624+1.37 1.60+ 1.38 1.61 69.1 19.8 186+ 63 11.2+ 04
GaUA_G/CauaC 1.94-1.10 1.944+1.10 1.94 64.5+ 15.4 170+ 48 11.6+ 0.4
GaUA_G/CaC 2.72+ 0.73 2.70+£0.74 2.71 54.1# 10.5 139+ 34 10.9£ 0.2

for other duplexesi(5, 19, 27-34). Tables 8 and 9 also give C__C and GaUA_G/C_C, GaGC_G/CaC and GaUAG/
AH°, AS’, and AG® extrapolated to 37C from the linear CaC, GaGC G/CaC and GaUA_G/CaC, GaGC_G/CaC
fits. Table 7 shows the derived valuesafc andAG®s7 strain and GaUA_G/CaC, GaGC_G/CauaC and GaUAG/

when heat capacity is considered. CauaC, and GaGCG/CaC and GaUA_G/CaC. For these
pairs, theAG®37 maL init difference is 1.0 kcal/mol at most,
DISCUSSION and the root-mean-square deviation is 0.6 kcal/mol. This is

Multibranch loops are common in RNA secondary struc- 2 reasona_ble deviation from expect_ed_ behavior, considering
tures (—4, 35-42), but little is known about the factors he experimental errors). Any deviation is always such
that affect their stabilities. The database of stabilities that the loop initiation penalty determined for the UA closed
determined for RNA multibranch loops in this work and in Multibranch loop is smaller than that determined for the GC
the work of Diamond et al.15) provides an opportunity to ~ closed multibranch loop, with an average difference in
search for factors that affect multibranch loop stability. AG®37meLinit Of 0.5 kcal/mol, suggesting that the stability of

Coaxial Stacking in the Context of a Multibranch Loop. coaxial stacking with UA pairs in multibranch loops may
The substitution of a UA pair for the terminal intramolecular P€ underestimateds( 12, 23. Perhaps UA pairs are more
GC pair in the long strand provides an opportunity to flexible than GC pairs and are therefore more able to adapt
compare multibranch loops with an identical configuration 1O local structural contexts. This flexibility may involve non-
except for the closing base pair. If the initiation free energy Watson-Crick as well as WatsonCrick pairing of UA.
is sequence-independent as hypothesized and if the param- Thermodynamic Parameters for RNA Multibranch Loop
eters for coaxial stacking stability are reasonable, then loopsStability.Linear regression analysis was used on the database
that only differ by the closing pair should have the same of experimentally determined stabilities to test functional
initiation free energy. There are seven such pairs for this forms and to determine parameters for approximating multi-
comparison: GGC_G/C_CandG_UA_G/C_C,GaGC_G/ branch loop stabilities. The results show that the commonly
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Table 9: AC,° for Four-Way Multibranch Loops

—ACy’ —ACy’ average
from AH° from AS —AC,,° _AH°37 _AS°37 _AG°37

system (kcal moit K1) (kcal moit K—1) (kcal molt K1) (kcal/mol) (eu) (kcal/mol)
G_CG_GC_G/C_C 3.04+ 2.26 3.03+2.24 3.04 45.6t 51.7 1044+ 159 13.4+ 25
G_CG_GC_G/CaC 3.1 1.52 3.15+ 1.53 3.13 37.4£ 25.3 82.4+79.9 11.9+ 0.7
G_CG_GC_G/CaC 3.58+ 3.56 3.62+ 3.54 3.60 46.3t 47.7 1124+ 149 115+1.4
G_CG_GC_G/CaC 2.06+ 1.89 2.07+1.89 2.07 62.5t 22.8 166+ 72.1 10.9£ 0.5
G_CG_GC_G/CaC 212+ 2.21 2.09+ 2.20 2.11 67.6-21.4 185+ 68 10.3+£ 0.5
GaCG_GC_G/C_C 2.68+ 0.88 2.744+0.88 2.71 47.4-13.1 113+ 41 12.2+ 0.3
GaCG_GC_G/CaC 2.7+ 3.20 2.88+ 3.20 2.83 48.3t 58.9 110+ 186 14.1+1.5
GaCG_GC_G/CaC —0.25+ 0.46 —0.144+0.45 —0.20 91.6+ 6.5 252+ 20 13.4+ 0.9
GaCG_GC_G/CaC 0.99+ 0.72 1.02+0.74 1.01 69.0Gt 8.6 186+ 28 11.5+£ 0.2
GaCG_GC_G/CauaC 3.0& 0.54 3.08+ 0.54 3.08 56.9: 7.0 147+ 22 11.4+ 0.2
GaCG_GC_G/CaC 2.20+ 0.32 219+ 0.31 2.20 59.H 3.8 156+ 12 10.7£ 0.2
GaCG_GCaG/C_C 1.12+ 2.50 1.17+2.48 1.15 78.2-42.3 209+ 132 13.2+1.5
GaCG_GCaG/CaC 0.9a&1.29 0.90+ 1.29 0.90 77.2-23.4 209+ 73 12.4+ 0.9
GaCG_GCaG/CaC 2.49+ 0.63 2.60+ 0.61 2.55 54.Gt 10.3 130.2+ 31 13.6+ 0.8
GaCG_GCaG/CgC 1.22+ 0.96 1.224+0.96 1.22 79.8:14.9 217+ 47 12.4+ 0.5
GaCG_GCaG/CauaC 3.4% 1.50 3.44+1.52 3.46 50.Gt 23.8 125+ 75 11.1+ 05
GaCG_GCaG/CaC 1.80+ 0.51 1.83+0.49 1.82 65.0: 7.1 171+ 22 12.0+£ 0.4
GaCGaGCaG/C_C —0.47+1.28 —0.424+1.28 —0.45 88.6+ 14.6 247+ 46 11.9+ 0.4
GaCGaGCaG/CaC 0.05+ 0.99 0.12+0.98 0.08 83.9-13.2 230+ 41 12,5+ 0.8
GaCGaGCaG/CaC 3.71+£ 1.75 3.80+ 1.75 3.76 31.4 23.7 65.14+ 74.7 11.6+ 0.6

employed eq 2 does not reproduce experimental trends. Themay instead reflect a difference in stability between multi-
relatively simple eq 11, however, does provide a statistically branch loops with an odd number or an even number of
significant fit for the available data. The most significant helical branches. This is conceivable because an even number
difference between eq 2 and eq 11 is that the asymmetry inof branches allows for pairwise coaxial stacking that involves
the distribution of unpaired nucleotides in the loop is more each helix. Multibranch loops with an odd number of
important for predicting loop stability than the number of branching helices will have at least one helix that cannot
unpaired nucleotides. This is similar to the asymmetry coaxially stack. Thus, eq 11 may not be general for all types
penalty of 0.48 kcal/mol that is important for predicting of multibranch loops.
internal-loop free-energy increment @3—45). Symmetric Comparisons to Studies of DNA Multibranch Loop Stabil-
distributions of unpaired nucleotides may facilitate nonca- ity. The stabilities determined for RNA multibranch loops
nonical base pair formation. It is also possible that a sym- in this study and in the work of Diamond et all5) are
metric arrangement of unpaired nucleotides in the loops is consistent with qualitative conclusions drawn previously for
more able to accommodate a favorable stacking of nucleo-DNA loop stability @7, 48. In both RNA and DNA,
tides into the loop. unpaired nucleotides stabilize a three-way multibranch loop,
The Jacobson and Stockmayer theot$) (suggests that  and unpaired nucleotides in a four-way multibranch loop can
closing an unstructured loop is associated with an entropic be destabilizing relative to a loop without unpaired nucle-
penalty that should increase with a logarithmic dependenceotides. Similarly constructed four-way multibranch loops
on the number of unpaired nucleotides. The experimental without unpaired nucleotides are more favorable than three-
stability data show no dependence on the number of way multibranch loops without unpaired nucleotides.
nucleotides. Perhaps this is because the loops are structured Change in Heat CapacityThe change in heat capacity,
with both stacking and noncanonical pairs. It is likely that AC,°, for the multibranch loop systems, Tables 8 and 9,
the increase in entropy with logarithmic dependence on demonstrates a trend of reduced magnitude of enthalpy and
unpaired nucleotides will be important for predicting the entropy changes of association at lower temperatures. It is
melting behavior of RNA because, as the RNA denatures, probable that the cases in which the heat capacity change is
the multibranch loops are likely to become unstructured and positive are misleading and are a result of experimental error
larger. that arises from the relatively small temperature range that
Equation 11 contains a term that depends on the numberis considered. The order of magnitude of the heat capacity
of branching helices so that multibranch loops with more change per base pair is similar to that found in other studies
helices are more favorable (Table 7). Because this parametef15, 19, 27-34), and these data suggest that the heat capacity
was derived by considering only three- and four-way change must be considered for extrapolationg\bi® and
branching loops, there are three possible interpretations ofAS’ to temperatures away from the melting temperature. The
this parameter. It may reflect a true decreasA®fz7 wsL init importance of these extrapolations to the temperature of
with an increasing number of branches. This is possible if interest is illustrated by the difference in the value\éf°
increased branching allows for more loop flexibility for andAS’ between Tables 3 and 4 (temperature independent
adopting favorable coaxial stacking or if there is an excluded values) and Tables 8 and 9 (values extrapolated t86C37
volume effect that reduces the entropic cost of constraining The adjustments ilAH®° and AS’ when extrapolated to
nucleotides in the loop. Alternatively, this term may reflect 37 °C tend to compensate inG°s;. Therefore, theAG®s;
a difference between three- and four-way loop stability that value calculated from temperature independent parameters,
may ultimately need to be measured for each possible numberTables 3 and 4, is close to that calculated from the values of
of branching helices in a multibranch loop. Finally, this term AH°® and AS’ extrapolated to 37C, Tables 8 and 9. On
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average, the percent differenceA®s°;; calculated by these  parameters for multibranch loop stability with an experi-

two methods is 5%. mental basis. They represent an important step toward
The negative heat capacity change is consistent with theunderstanding multibranch loop stability and, therefore,

hypothesis that the heat capacity change arises from theshould improve the accuracy of secondary structure predic-

single strands being more organized at low rather than attion.

high temperaturel@, 28, 49. The extent of stacking in single
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