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Dynamic Programming Algorithm Recursions:

V(i,).k,]) is the lowest free energy sum of a substructure in sequence one with i
and j paired and a structure in sequence two with k paired to 1 with i aligned to k and j
aligned to 1. W(i,j,k,]) is the lowest free energy sum of a nucleotide fragment from
nucleotides i to k in sequence one and k to | in sequence two, such that the fragments will
appear in multibranch loops, 1 is aligned to k, and j is aligned to 1.

For calculations done with chemical modification constraints, a third O(N*M?)
array is utilized, called VMOD(1,j.k,1). VMOD(,}.k,]) = V(i,j,k,]1) except for cases in
which 1,j,k, or | is a modified nucleotide as explained below.

V(laJakal) = min[Vhairpin, Vintemal/stack, Vmultibranch T Penalty@,j) + PenaltY(k,I)] fOI'j <
N;and I < Ns.

V(lajakal) = min[Vhairpin, Vintemal/stack, Vmultibranch + PenaltY(i,j) + Penalty(k,l), Vexterior
+ Penalty(i,j) + Penalty(k,l)] for j > N; and 1 > N,.

where Penalty(a,b) is the A-U/G-U helix end penalty that is applied only to terminal A-U
or G-U pairs (Xia et al., 1998).

If either of those base pairs is non-canonical or forbidden by a constraint,
V(i,j.k,1) is given large positive free energy. Vhaimin considers hairpin loops closed by
base pairs i-j and k-1:

Vhairpin = A(}ohairpin(i,_]') + AGohairpin(kal) + (AGogap)I_i‘i'l+k|

where AG°himpin(a,b) is the free energy for a hairpin closed by a base pair between
nucleotides a and b (Mathews et al., 2004).

Vinternal/stack 1S the lowest sum of free energies for a helix extension, bulge loop, or
internal loop in the common structure and requires a search through parameters 1, j°, k’,
and I’ so that:

Vinternal/stack = min[V(i’,j’,k’,l’) + AC}omotifl + AC}Qmotif 2] fOI' all 1 < i’ < j, <j and k
<k <P <Li-M<K <i+M,-M <D <{+M.

To restrict the overall algorithm to O(N°M?), the depth of the search is limited to 1 <1’ <
M, j]-M’ <’ <j, k<k’<k+M’, I-M’ <1’ <I. Currently, M’ = 20.

AG®noiif 1 18 the free energy of the motif closed by pairs i-j and i’-j” and AG®otif 2
is similarly the energy for the motif in sequence two (Mathews et al., 2004; Mathews et
al., 1999; Xia et al., 1998). For example, in sequence one, if i’ = i+1 and j’=j-1, this is a
continuation of a canonical helix. For loops, if either i’ = i+1 or j’=j-1, then this motif is
a bulge loop, but is otherwise an internal loop.

For calculations done with chemical modification constraints, VMOD(’,j’,k’,1’) is
substituted for V(i’,j’,k’,I’) for cases in which either one or both of the motifs is the
continuation of a canonical helix.

VMOD(i,j,k,]) is the minimum of the same terms as V(i,j,k,I) except when 1,j,k, or
1 is accessible to chemical modification. If i or j is modified, the i-j base pair is not a G-U



pair, and the 1’-j’ base pair is not a G-U pair, then the terms that account for the canonical
continuation of a helix in sequence one are not included in the minimization. Similar
cases for modified k and I involving sequence two are also excluded in the determination
of VMOD(i,j,k,1).

Viultibranch 1 the lowest free energy sum for multibranch loops closed by pairs i-j
and k-1 and requires a search through parameters i’ and k’, with1 <1’ <jand k <k’ <1.

Vmultibranch = mln[vmultibranch-ly Vmultibranch—Z, Vmultibranch—3, Vmultibranch-4, Vmultibranch-S,
Vmultibranch—6a Vmultibranch—% Vmultibranch—Sa Vmultibranch—% Vmultibranch—lOa Vmultibranch—lla Vmultibranch-12a
Vinuttibranch-135 Vmultibranch-14» Y multibranch-15- Y multibranch-16]

Vmultibranch-l = W(H'l ,i’,k+1 ,k,) + W(i,"_l,j‘l,k’"i_l,l'l) + 2ACYOMBL closure +
2AC}Qhelix terminating in MBL loop
V multibranch-2 = W(i'f‘l,i’,k'f‘l,k’) + W(i’+1,j-1,k’+1,1—2) + AGodanglel L1t
A(}ounpaired nucleotide in MBL loop + 2A(}OMBL closure 2ACiohelix terminating in MBL loop + AC}Ogap
Vmultibranch-3 = W(H'l ,i’,k+2,k,) + W(i’+1,j‘1 ,k,+1,1‘1) + ACYOdangle k+1 +
AC}Ounpaired nucleotide in MBL loop + 2AC}OMBL closure 2AGohelix terminating in MBL loop + AG° gap
Vmultibranch—4 = W(i+1,i’,k+2,k’) + W(i’+19j'1’k,+1,1'2) + A(}Odangle k+1 T A(}Odanglel I-1
+ ZAGOunpaired nucleotide in MBL loop + ZAGOMBL closure T 2AGohelix terminating in MBL loop + 2ACjogap
V multibranch-5 = W(l"‘l ,i’,k"‘l ,k’) + W(i’+1,j-2,k’+l,l-1) + AGodanglej_l +
AC}Ounpaired nucleotide in MBL loop + 2AC}OMBL closure 2AGohelix terminating in MBL loop + AC%Ogap
Vmultibranch—6 = W(i+1,i’,k+l,k’) + W(i’+1,j-2,k,+l,l-2) + A(}Odangle j-1 + AC}odanglel I-1
+ ZAGOunpaired nucleotide in MBL loop + ZAGOMBL closure T 2AGohelix terminating in MBL loop
Vmultibranch-7 = W(i+1,i’,k+2,k’) + W(i’+1,j'2,k,+1,1'1) + ACYOdangle j-1 + ACTodangle k+1
+ ZAC%Ounpaired nucleotide in MBL loop + ZAC%OMBL closure T 2AC}ohelix terminating in MBL loop + 2AGOgap
Vmultibranch—S = W(i+l,i’,k+2,k’) + W(i’+1,j-2,k’+1,1—2) + AC}odangle j-1 + AC}odangle k+1
+ AC}Odanglel 1t 3A(}ounpaired nucleotide in MBL loop + 2AC}OMBL closure 2AGohelix terminating in MBL loop
+ AG®gqp
V multibranch-9 = W(i+2,i’,k+1,k’) + W(i"f‘l,j—l,k"i‘l,l—l) + AGodangle i+1 T
AC}ounpaired nucleotide in MBL loop + 2AC}OMBL closure 2A(}Ohelix terminating in MBL loop + A(}ogap
Vmultibranch—lO = W(i+2,i’,k+1,k’) + W(i,+laj_1:k’+lal_2) + AC}Odangle i+1 +
ACTodanglel 1T 2A(}Ounpaired nucleotide in MBL loop + 2A(}OMBL closure T 2ACYOhelix terminating in MBL loop +
2AG®gap
Vinuttibranche11 = W(i+2,i" k+2,k*) + W +1,j-1,K’+1,1-1) + AGgangle i+1 +
A(}odangle k1t ZAGOunpaired nucleotide in MBL loop + ZAGOMBL closure T 2AGohelix terminating in MBL loop
Vmultibranch-12 = W(A+2,1°,k+2.k*) + W(1’+1,j-1,k’+1,1-2) + AG®gangle i+1
A(}Odang_gle K+l T AC}odanglel 1t 3AC%Ounpaired nucleotide in MBL loop + 2AC}C'MBL closure +
2AC}Ohelix terminating in MBL loop + AC}ogap
Vmultibranch—13 = W(i+2ai’:k+lak’) + W(i,+19j‘29k,+1:1'1) + ACjodangle i+l + A(}odangle j-1
+ 2AC‘Ounpaired nucleotide in MBL loop + 2ACIC>MBL closure T 2ACYOhelix terminating in MBL loop + 2AGOgap
Vmultibranch-14 = W(+2,1° k+1,k”) + W({@'+1,j-2,k’+1,1-2) + AG®gangle i+1 + AG®dangle j-1
+ A(}Odanglel 1t 3AGounpaired nucleotide in MBL loop + 2A(}OMBL closure 2AGohelix terminating in MBL loop
+ AG®gqp



Vmultibranch—lS = W(i+2,i’,k+2,k’) + W(i,+15j'2ak’+1,1'1) + AC}odangle i1t AC}odangle j-1
+ AC}Odangle K+t 3A(}ounpaired nucleotide in MBL loop + 2AGOMBL closure
2ACTohelix terminating in MBL loop + ACYOgap

Vmultibranch-lG = W(i+2,i,,k+2,k,) + W(i’+1;j‘2;k’+1,1'2) + AC}Odangle i+l + A(}Odangle j-1
+ A(}Odangle k1 T AC}odanglel 1t 4AGounpaired nucleotide in MBL loop + 2AC}OMBL closure

o
2AG helix terminating in MBL loop

Vexterior 1S the lowest free energy sum of exterior loops (loops that contain the ends
of the sequence) for sequences one and two.

Vexterior = min[vexterior—h Vexterior—Z, Vexterior—3, Vexterior—4, Vexterior—S, Vexterior—é, Vexterior—7,
Vexterior-8, Vexterior-9, Vexterior-lO, Vexterior-l 1s Vexterior-lZ, Vexterior-13, Vexterior-14, Vexterior-lS,
Vexterior— 1 6]

Vexterior-1 = W5(j-1-Ny,1-1-Ny) + W3(i+1,k+1)

Vexterior-Z = WSG-I-Nl,l-Z-Nz) + W3(1+1,k+1) + AC‘Odangle I-1 + ACTogap

V exterior-3 = WS(j—l—Nl,l—l—Ng) + W3(i+1,k+2) + AGodangle k+1 T AGogap

Vexterior—4 = WSG‘I'NI,I'Z'NZ) + W3(l+1,k+2) + A(}Odangle k+1 + AC}odangle 1-1 +
2AG® gap

V exterior-5 = W50-2-N1,1-1-N2) + W3(i+1,k+1) + AGodanglej_l + AGOgap

Vexterior-6 = W50‘2‘N1,1‘2‘N2) + W3(1+1,k+1) + AC}odanglej-l + AC}Odangle I-1

Vexterior-7 = WSG‘z'Nlal'l'NZ) + W3(1+1,k+2) + AC}odangle k+1 T AC}odanglej-l +
2AG

Vexterior-8 = W50'2'N1,1‘2‘N2) + W3(1+1,k+2) + ACYOdangle k+1 + A(}Odanglej-l +
A(}Odangle 1T AC}ogap

Vesteriors = W5(-1-Np,I-1-Ny) + W3(i+2,k+1) + AG® gangie i+1 + AGgap

Vexterior-10 = WS(j-l-N1,1-2-N2) + W3(l+29k+1) + A(}odangle i+1 AC}Odangle 1t
2AG®gp

Vexterior-11 = W5(G-1-N1,1-1-N2) + W3(i+2,k+2) + AG®gangle i+1 T AG®dangle k+1

Vexterior-12 = WS(j'I'NI,I'z'N2) + W3(l+2,k+2) + AC}odangle i1t A(}Odangle K+t
A(}odangle 1t A(}Ogap

Vexterior-13 = Ws(j‘z‘lel‘l'NZ) + W3(l+2,k+1) + ACTodangle i1t ACYOdanglej-l +
2AG® gop

Vexterior—l4 = W5(j-2-N1,1-2-N2) + W3(l+2,k+l) + AC}odangle i1t A(}Odanglej—l +
A(}odangle 1t A(}Ogap

Vexterior-lS = Ws(j‘z‘lel‘l'NZ) + W3(l+2,k+2) + ACTodangle i+l + AC‘Odangle k+1 +
A(}Odanglej-l + AC}ogap

Vexterior-16 = WS(j-2-N1,1-2-N2) + W3(l+2,k+2) + AC}odangle i1 T A(}Odangle k+1 t
A(}odanglej—l + A(}odangle 1-1

W(,j,k,1) is the minimum of three terms:
W(lajakol) = min[WW extend,WbranchaWbifurcation]



Ww extend 1S @ recursive extension of a smaller W fragment and is the minimum of 16
terms:

WW extend — min[WW extend-1» WW extend-2, WW extend-3» WW extend-4» WW extend-5» WW
extend-6» WW extend-7» WW extend-8» WW extend-9» WW extend-10» WW extend-11» WW extend-12, WW extend-13»
WW extend-14» WW extend-1 5]

W extend-1 = W(I’kaal'l) + AC}ounpaired nucleotide in MBL loop T AGOgap

W extend-2 = W(l’.] k+1 1) + AC}Ounpaired nucleotide in MBL loop T AGogap

Ww extenda-s = W(i,j,k+1,1-1) + 2AG° unpaired nucleotide in MBL loop + 2AG° gap
Ww extend-4 = W(I’J' 1 ,k,l) +AG® unpaired nucleotide in MBL loop + AG° gap

W extend-s = W(I’J'l k 1- 1) + 2AGounpaired nucleotide in MBL loop

Ww extend-6 = W(I’J 1 k+1 1) +2AG° unpaired nucleotide in MBL loop + 2AG° gap
Ww extena-7 = W(i,j-Lk+1,]-1) + 3AG® unpaired nucleotide in MBL loop 1 AG® gap
Ww extend-s = W(H_la.] k 1) +AG® unpaired nucleotide in MBL loop + AG° gap

Ww extend-9 = W(l+1 ) akal' 1) + 2AGounloeured nucleotide in MBL loop + 2AGogaP

Ww extend-10 =

W(1+1 ,j,k+1 ,l) + 2AGounpaired nucleotide in MBL loop

WW extend-11 = W(1+1 ’j’k+1 ’1' 1) + 3A(}Ounpaired nucleotide in MBL loop + AGOgap

WW extend-12 —

WW extend-13 —

WW extend-14 —

W(H‘l,j-l k 1) + 2AC}Ounpaired nucleotide in MBL loop + ZAC}Ogap
W(1+1,J 1 k 1- 1) + 3AGounpalred nucleotide in MBL loop +AG® gap
W(1+1:J'1:k+1:1) + 3ACjounpalred nucleotide in MBL loop + AG° gap

WW extend-15 — W(1+1 ;j - 1 :k+1 >1' 1 ) + 4AGounpaired nucleotide in MBL loop

Whraneh 18 the introduction of a helical branch to W(i,j,k,I) and is the minimum of 16 terms
that account for the stacking of dangling ends:

Wbranch = mln[Wbranch-la Wbranch-2a Wbranch-3a Wbranch-4a Wbranch-Sa Wbranch-6a Wbranch-%

Wbranch—Sa Wbranch—9a Wbranch—109 Wbranch—lla Wbranch—lZa Wbranch—lSa Wbranch—14a Wbranch—lSa
Wbranch-16]

Wbranch-l = V(l,_],k,l) + 2AC%ohelix terminating in MBL loop + Penalty(i,j ) + Penalty(k,l)
Wbranch—Z = V(iaj)kol- 1) + AC}Odangle | +2AGohelix terminating in MBL loop +
A(}ounpaired nucleotide in MBL loop + A(}Ogap + PenaltY(i,j) + Penalt}’(k 1-1)
Wbranch 3= V(I,J k+1 1) + AC‘Odangle k +2AG helix terminating in MBL loop +
AC}Ounpaired nucleotide in MBL loop + AG gap + Penalty(l,_]) + PenaltY(k+1 ;l)
Wbranch—4 = V(i9j7k+191'1) + AC}odangle kKt AC}odangle | +2AGohelix terminating in MBL loop +
2AGounpaired nucleotide in MBL loop + 2AGogap + Penalty(i,j) + Penalty(k+1,l-1)
Wbranch-S = V(ly_]_l)k)l) + ACYOdangle j +2AGohelix terminating in MBL loop +
AC}Ounpaired nucleotide in MBL loop + AC}ogap + PenaltY(i,j‘l) +P enalty'(k 1)
Wbranch 6 — V(la_] 1 kl 1) + AC}odanglej + AG® dangle 1 +2AG° helix terminating in MBL loop +
2AGounpaired nucleotide in MBL loop T PenaltY(l,J' 1)+ Penalt}’(k,l- 1)
Wbranch-7 = V(I,J' 1 ,k+1 ,1) + A(}Odanglej + AC‘Odangle k +2AGohelix terminating in MBL loop +
2A(}Ounpaired nucleotide in MBL loop + ZAC}Ogap + PenaltY(i,j‘l) + PenaltY(k+1 1)
Wbranch 8 — V(laj 1 k+1 1 1) + AC}odangle] + AG° dangle k + AG® dangle 1 +
2AGohelix terminating in MBL loop + 3AG° unpaired nucleotide in MBL loop + A(}Ogap + PenaltY(ioj'l) +



Penalty(k+1,I-1)

Wbranch-9 = V(H_l ,j,k,l) + AC‘Odanglei +2AGohelix terminating in MBL loop +
AC}Ounpaired nucleotide in MBL loop + AC}ogap + Penalty(i+1 ,_]) + PenaltY(k,l)

Wbranch—lO = V(i+1,j,k,1-l) + AC}odangle it AC}Odangle | +2AGohelix terminating in MBL loop +
2AGounpaired nucleotide in MBL loop + 2AGogap + PenaltY(i+l ,]) + Penalt}’(k,l-l)

Wbranch-ll = V(1+1 ,j,k+1 ,1'1) + AC‘Odangle it A(}Odangle k +2AGohe1ix terminating in MBL loop
+ ZAC%Ounpaired nucleotide in MBL loop + PenaltY(i+1 )_]) + PenaltY(k+1 ;1‘ 1)

Wbranch—lZ = V(H_l,j’k"_l,l'l) + A(}Odanglei + A(}Odangle kT AC}odanglel +
2AGohelix terminating in MBL loop + 3AC}Ounpaired nucleotide in MBL loop + A(}Ogap + PenaltY(i+19j) +
Penalty(k+1,1-1)

Wbranch—13 = V(1+1 9j-19k71) + AC}odanglei + AC}odanglej +2AGohelix terminating in MBL loop +
2AGounpaired nucleotide in MBL loop + 2AGogap + PenaltY(i+l 9j'1) + Penalt}](kal)

Wbranch-14 = V(H—l,j‘l,k,l'l) + ACTodanglei + ACTodanglej + ACYOdanglel +
2A(}Ohelix terminating in MBL loop + 3AC}Ounpaired nucleotide in MBL loop + AC}Ogap + Penalty(i+1,j—1) +
Penalty(k,I-1)

Wbranch-lS = V(i+1,j‘1,k+1;1) + A(}Odanglei + AC‘Odanglej + ACTodangle kt
2A(}Ohelix terminating in MBL loop + 3AC}Ounpaired nucleotide in MBL loop + AC}Ogap + PenaltY(H_l,j‘l) +
Penalty(k+1,1)

Wbranch-16 = V(i+1,j‘1,k+1;1'1) + ACYOdanglei + ACYOdangle kt ACTodanglej + ACYOdanglel
+2AGohelix terminating in MBL loop + 4AGounpaired nucleotide in MBL loop + PenaltY(i+1 ,j‘ 1) +
Penalty(k+1,I-1)

Whiturcation @accounts for bifurcations in W(i,j,k,1) so that multibranch loops with
more than three branching helices can be predicted:

Whiturcation = min[W(i,i’,k,k”) + W(i'+1,j,k’+1,1)] forall i <i’ <j and k <k’ <1, but
with i’ ~-M <k’ <i’ + M.

W5(1,k) is the minimum of four terms:

W5(i,k) = min[W5(i-1,k) + AG®ap, W5(i,k-1) + AG®gap, W5(i-1,k-1) + AG®gp,
stifurcation]

Where W Spisurcation 1S @ @ minimum of 16 terms and requires a search over i’ and k’ with 1’
<iandk’<kand’-M <k <1+ M:
W5 bifurcation — mln[WS bifurcation-15 W5 bifurcation-25 W5 bifurcation-3» W5 bifurcation-4»
W5 bifurcation-5s W5 bifurcation-6, W5 bifurcation-75 W5 bifurcation-8 W5 bifurcation-95 W5 bifurcation-10»
W5 bifurcation-115 W5 bifurcation-125 W5 bifurcation-13» W5 bifurcation-14, W5 bifurcation-15, W5 bifurcation—16]

W35 pifurcation-1 = W3(1°,k”) + V(i’+1,i,k’+1,k) + Penalty(i’+1,i) + Penalty(k’+1,k)

W5 bifurcation-2 — WS(I’,k’) + V(i,—’_l,i,k,,k'l) + AC}odangle k + AC%Ogap +
Penalty(i’+1,i) + Penalty(k’,k-1)

W5 bifurcation-3 — WS(I,,k’) + V(i,+1,i,k,+2,k) + AC‘Odangle k’+1 + AC‘Ogap +
Penalty(i’+1,i) + Penalty(k’+2,k)



W5 bifurcation-4 — WS(I’,k,) + V(i’+1,i,k,+2,k-1) + AC}Odangle e+t AC}odangle kT
2AG®gyp + Penalty(i’+1,1) + Penalty(k’+2,k-1)

W5 bifurcation-5 — WS(I,,k’) + V(i,"_l,i‘l,k’,k) + A(}odanglei + A(}Ogap +
Penalty(i’+1,i-1) + Penalty(k’,k)

W5 bifurcation-6 — WS(I’,k’) + V(i’+19i'19k’+1,k'1) + AC}Odanglei + A(}odangle k +
Penalty(i’+1,i-1) + Penalty(k’+1,k-1)

W5 bifurcation-7 — WS(I’,k’) + V(i’+19i'19k’+2,k) + AC}odanglei + AC}odangle K+t
2AG®gyp + Penalty(i’+1,i-1) + Penalty(k’+2,k)

W5 bifurcation-8 — WS(I,,k,) + V(i’+1,i‘1,k,+2,k‘1) + AC‘Odanglei + ACTodangle k’+1 +
AG®gangle k T AG®gqp + Penalty(1’+1,1-1) + Penalty(k’+2,k-1)

W5 bifurcation-9 — WS(I’,k’) + V(i’+29iak’+15k) + A(}Odemgle p+1 T AC}ogap +
Penalty(i’+2,1) + Penalty(k’+1,k)

W5 bifurcation-10 — WS(I,;k,) + V(i’+2,i>k’+l,k'1) + AC}Odangle ’+1 + AC}Odang_gle k +
2AG®gap + Penalty(i’+2,1) + Penalty(k’+1,k-1)

W5 bifurcation-11 — WS(I’,k’) + V(i,+2:i’k,+2:k) + ACjodangle ’+1 + A(}odangle k’+1 +
Penalty(i’+2,1) + Penalty(k’+2,k)

W5 bifurcation-12 = WS(I’,k’) + V(i’+2,i,k’+2,k-1) + AC}odangle 1 T AC}odangle e+t
AG®gangle k T AG®gqp + Penalty(i’+2,1) + Penalty(k’+2.k-1)

W5 bifurcation-13 — WS(I’,k,) + V(i,+2,i‘1,k,+1,k) + A(}odangle ’+1 + A(}odanglei +
2AG®gqp + Penalty(i’+2,i-1) + Penalty(k’+1,k)

W5 bifurcation-14 = WS(I’,k’) + V(i’+2,i-l,k’+1,k-l) + AC}odangle e+l T AC}odanglei +
AG®gangle k T AG®gqp + Penalty(i’+2,i-1) + Penalty(k’+1,k-1)

W5 bifurcation-15 — WS(I’,k,) + V(i,+2,i‘1,k,+2,k) + A(}odangle ’+1 + A(}odanglei +
AG®gangte 0+1 + AG®gqp + Penalty(i’+2,1-1) + Penalty(k’+2 k)

WS pifurcation-16 = W5(17,k”) + V(1°+2,i-1,k’+2,k-1) + AG®dangle i'+1 + AG dangle i +
AG®gangle k+1 + AG®gangle k T Penalty(i’+2,i-1) + Penalty(k’+2,k-1)

W5(0,k’) is initialized to AG°gp>xk’.
W3 is calculated in a similar manner to W5.
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