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DESIGN OF IMMOBILE NUCLEIC ACID JUNCTIONS
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12222
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ABSTRACT  Nuclcic acids that interact to generate structures in which three or more double helices emanate from a
single point are said 10 form a junction. Such structures arise natarally as intermediates in DNA replication and
recombination. It has been proposed that stabie junctions can be created by synthesizing sets of oligonucleotides of
defined sequence that can associate by maximizing Watson-Crick complementarity (Seeman N. € . 1981, Biomolecu-
tar Stereodynamics. Adenine Press, New York, [- 269-278; Sceman, N. C., 1982, J. Theor. Biol. 99-237 247) To

Thi

make it pos to design

lecules that will form junctions of specific architecture, we present here an efficient

algorithm Tor penerating nucleic acid sequences that optimize two fundamental properties: fidelity and stability.
Fidelity refers to the retative probability of forming the junction complex relative to all alternative paired structures.
Calculations are described that permit approximate prediction of the melting curves, for Junction complexes.

INTRODUCTION -

The existence of DNA as a stable extended double helix is
by now a concept that is familiar 1o all, Base-paired
duplexes jnvolving oligonucleotide model systems have
provided a major source of detailed conformational infor-
mation (Seeman, 1980; Kallenbach and Berman, 1977) on
the state of the bases and backbones in various forms of
double helica!l structure. While it is known that tripty and
even quadruply branched structures of DNA have a tran-
sient existence as intermediates in the replication or recom-
bination of DNA molecules (Broker and Lehman, 1971;
Kim et al,, 1972), it has not been possible to investigate
these forms structurally in short chain molecules, where
the region of chain at the junction provides a significant
component of the signal. Forked replicative intermediates
or four-stranded recombinational structures of the type
proposed by Holliday (1964) provide examples of what we
define as nucleic acid junctions, i.e., structures in which
three or more double helices emanate from a single point.
Both replicative and recombinational intermediates are
normaily unstable due 10 internal sequence symmelries,
which allow their resolution to double helices, via the
process of branch point migration (Thompson et al., 1976;
Warner et al., 1979; Nilsen and Baglioni, 1979; Seeman
and Robinson, 1981). Since this is a very rapid process
(Thompson et al., 1976; Warner et al., 1979}, these forms
have not been tractable to physical characterization at the
oligonucleotide level.
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Tt has recently been suggested that the range of migra-
tion available to junctions can be severely restricled to
form semi-mobile junctions, or efiminated altogether to
form immobile junctions from oligonucleotides {Sceman,
1981; 1982). The idea is that oligonucleotides can be
constructed that will preferentially associate to form jurc-
tions via Watson-Crick base pairing, while the sequences
of these molecules do not possess the symmetry necessary
to permit branch point migration. Semi-mobile junctions
have recently been constructed by P.-1.. Hsu and A. Landy
(Mash, 1981). Mobile Junctions maturally arise whencver
cruciform structures fold out from negatively supercoiled
DNA circles (Gellert et al., 1978; Lilley, 1980: Panayolta-
tos and Wells, 1981). An exampie of an immobile junction
is illustrated in Fig. 1. A sct of rules has been formulated
(Seeman, 1981; 1982) that will minimize the sequence
symmetry of oligonucteotides. Adherence to these rules
will permit oligonucleotides to form stabilized junction
structures. These conditions, however, must be supple-
mented by thermodynamic criteria to assure the stability
of a given designated junction.

Here we show how frec-energy criteria should be
included in sequence design. As an example, we apply
literature thermodynamic values appropriale to RNA
duplexes in designing an immobile junction cormposed of
hexadecameric strands, with an architecture analogous to
the Holliday {1964) genetic recombination intermediate.
Data on actual junctions resulting from using the proce-
dure presented here (N. Kallenbach, R.-I. Ma, and N,
Seeman, manuscript in preparation) suggest that the DNA
sequences are substantially less stable than their RNA
counterparts; in fact, we recommend an approximate shifi
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competing Watson-Crick pairing interactions for segments
of length Nc or longer. Clearly, Nc is a number to be
minimized, since this in turn minimizes the strengths of
competing interactions by shortening the lengths involved.
The generation of junctions containing more and more
bases implies that more and more critons are necessary to
supply the necessary sequences, However, while the
lengths of strands necessary to generate longer and more
stable arms grows arithmetically, the diversity of
sequences available with each increase in criton length
8rows geometricaily.

Two further terms needed to be defined. A bend is 2

. Phosphodicster linkage that is fanked by bases paired 1o

different strands; for semi-mobile junctions, the bend
includes the mobile nucleotides. The rank, R, of a junction

FIGURE | A fourth tank j of four hexad L

fragments. This fragment has four arms, ¢ach designated 2 bein

composed of eight base pairs, Since Ne - 4 (sec text), the fidelity of this
Junction is very high. It ins no ing G seq longer than 1wo,
and it has a uniphasic melting profile. The melting tempersture s
estimated to be 65°C, at | M aalt, with concentrations of 0.1 mM for each
strand. This sequence was From those derived from. the optimization
procedure (see text) for an experimental test of the junction concept. This
sequence does indeed form a junction in solution {N. Kallenbach, R.-I,
Ma, and N. Seeran, MANusCeipt in preparation).

in Tm values (viz AS® changes) of 45°C instead of the
20°C used in the figures. The wiiiity of the criteria
presented rests on the fact that G-C peirs are significantly
more stable than A-T or A-U pairs in cither helix. When a

complete data sct becomes available that describes the -

stabitity of deoxynuclegtide sequences, we will be better
able to optimize design of sequences for any desired
architecture. Nevertheless, our present  experimental
results indicate that the fidelity and stability consider-
ations described here produce stable structures. Given the
formidable chemical effort needed o synthesize oligonu-
cleotides in amounts nesded for high resolution physical
characterization, this procedure is an extremely important
practical step.

The rules indicated in the earlier publications (Seeman,
1981, 1982) can be outlined as follows, The construction of
immobsile and semi-mobile junctions relies on unique base-
pairing patterns. These, in turn, are a fynction of the free
energy of association of the individuai strands involved,
Each strand that is chesen 1o participate in the formation
of an immobile junction may be considered to be cor posed
of a series of overlapping segments of a given criterion
length, Ne. For example, each hexadecameric strand in the
immobile junction shown in Fig. 1 is a series of 13
overlapping segments of length 4. Each of these segments
is termed a “criton.” A given value of Ac implies a diversity
of 4™ critons available with which to construct a given
junction. Watson-Crick pairing arrangements that com-
pete with the desired Pairing must be considered from a
thermodynamic point of view for lengths <Ne. However, if
the rules indicated below are obeyed, there will be no
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is the ber of dowbie helices that directiy abut it, Thus,
the junction shown in Fig. t has R - 4. To generate
wniquely paired structures with nonmigratory junctions
(for length Ne or greater), the following rules must be
obeyed within the designated pairing regions: (a) each
criton in the individual strands forming the junction must
be unique throughout all strands; (&) the complement ta
any criton that spans a bend in a strand must nat be present
in any strand; {c) self-oomplemcnlary critons are not
permitied; if Ne is an odd number, this hoids for alt critons
of size (Nc + 1); (d) the same base pair can only abut the
junction twice. If it is Ppresent twice, those two occurrences
must be on adjacent arms,

The practical problem of choosing specific sequences for
synthesis as model junctions has been alluded to above. It
demands a procedure to optimize the sequence of junctions
with a defined architecture, subject to thermodynamic
criteria for both stability and fidelity, as well as any
additional constraints that may be imposed by the investi-
gators. The previous suggestion (Sceman, 1981 1982) that
immobile and perhaps semi-mobile Junctions might be
used as building Blocks for the construction of rigid
geametric figures makes optimization of these attributes
particularly desirable, A rapid algorithm is necessary,
because each independent base in the junction otherwise
increases the extent of calculation by 2 factor of 4, It js
desirable 10 be able to include potentially more complex
investigator-imposed constraints on the generation of junc-
tion sequences. For example, these constraints may be used

o climinate certain sequence possibilities that give rise to

non-Watson-Crick allernative pairing structures (such as
G-G pairs) that have not yet been adequately character-
ized with thermodynamic datg. Simiiarly, end-fraying may
be minimized by requiring the 3’ and §' terminai bases to

 beG'sor C's,

METHODS AND STRATEGY
FOR OPTIMIZED JUNCTION
SEQUENCE GENERATION

Fig. 2 indicates the fundamental iogic associated with the
junction sequence design algorithm we have developed.
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OPTIMIZED JUNCTION SEQUENCE GENERATION

FIDELITY
1S5 T00 LOW

l imizi ¥ . The ninc logical steps t
Figlre 2 A flowchart for optimizing the sequence of 2 given junciion T roce
The 1o steps in double boxes must be done by the investigasor. while Lhe other sicps may be done automatically by

n this provedure arc indicated schemasically
programs. In the Mirst slep.

the covalent connectivity and desired base pairing are sclected by the mnvesligator. Furthermore. specific cunsquinls can be |M[F)&:dt:l|lh|:
stage. In the second siep, Lhe crilons are ranked by the ueder of Ihe most rapidly changing pase Lhal Lhey contaan {see lexl.l‘ A tl‘.'crl'l .: . Jw
‘mim;l numerical sequence must be assigned (Step 3)- This numerical Sequence is 1ested against Lhe pancuon rubes, and if 1t fails. o ne

sequence is gencrated by 1he fast algorithim. U the sequence obeys the rules, its base pesenutations are Lhen tested

(step 3) apainst investigator

selected constraints. If any of the eight sequences implied by the numerical procedufe ate scceptable. their Tidelitics are valuluicd 1Swp 6).

and if thess are acceprably high. melting curves ace calculated and plotted (S1ep 7 !
iteratively until alh possibilities Tave been exhausted The invesligator may thea evaluate the aliernatives

The double boxes represent the steps done by the invesliga-
1ot in this procedure, while the rest of the logic is readily
programmable. We describe here those sleps that are
critical to undergtanding the logic of the procedure.

First, note that it is possible 1o establish within the
computer a numerical sequence, in base 4, lhallo_beys the
same gualitative rules as Watson-Crick Dase-pairing com-
plementarity. The sequence is conveniently rcpresented_m
this numericai fashion. For example, a complementarity
relationship of the sort ¢ = k - i is possible, where the
independent base is represented by the number i, the
complementary base by Lhe number ¢, and k is a constant.
There exist eight different permutations of bases corre:
sponding to this aumerical encryption. Sequences may be
screened for adherence 10 the rules (Fig. 2. Step 4) at the
numerical level before proceeding 10 thermodynamis cal-
culations that involve specific base identities. This treat-
ment of the problem leads 1o an eightfold reduction 10
computer time, We follow in the next sections the steps
outlined in Fig. 2.

Step 1

Assign Junction Architecrure.  Choice of archi-
{ecture means specifying how many stirands are involved,
(he number of bases in each, the Jocation of bends, and
which bases are independent. The value of the migimum
fidelity {Step 6) must also be given. Additional ‘mpl_u
information required is the size of a criton. This depends in

SEEMAN AND KALLENBACH Nucleic Acid Junciion Design

). New sequences are 1hen generated (Siep ¥) and tested
presemed by the programs

turn on the size of the junction desired, as described
above. )

The architecture of 4 junction requires the specification
of both covalent connectivity and base pairing relation-
ships. Because of the complementary nalure of ‘the Wat-
son-Crick double helices that constitute 1he junction struc-
ture. only half of the bases must be treated as independent
variables: those bases complementary o them may be
(reated as dependent variables. In the case of semi-mobiic
junctions, only one ol of four of the mobile bases I
independent. Within the COMPULET, NEw SeyUEnces My be
generated simply by the process of counting in ba§e 4. If ail
of the arms of a junction have the same tength, it is possible
to fix one independent buse at the pumerival level, thereby
decreasing the number ol independent variables by one.
(This is analogous 1o specitving the origin n crystallo-
graphic phasing pracedures [Hauptman and Karle,
1956).) Even when these considerations have been taken
into account, & large aumber of tasks must still be done by
the computer, since ¥ independent buses imply 4" ndivid-
ual seyuences 1 be Lested. It is possible 1o decrease 1his
number by use of the following procedures.

Step 2

Rank Critons.  Next, independent  bases are
ordered in terms of how fast the digits representing theilr
identities change within the program. This concept 13
important, becausc 18 will be shown below that 1t permits
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one 1o carry out an exhaustive search without having to test
4" ssquences, where £ is the number of independent bases.

Order is an inverse measure of the rate at which the digit
representing the base is incremented. Thus, the lowest
ordered base will be changed on ¢very pass, the next lowest
ordered base will change on every fourth pass, the next
lowest ordered base on cvery sixtcenth pass, and soon. The
critons themscives may be ordered accordiag to the lowest
ordered base within the criton. The critons are then tested
jor adherence to the rules sequentially, from highest to
lowest order. Thus, if a givea criton violates one of the
fules, the base corresponding 10 the acder of that criton is
advanced, rather than the base of lowest order. Untii a base
at the highest order of violation has been changed, no
changes at lower orders would correct the existence of the
violation. When a base of any order is incremented, those
bases of order lower than that of the incremented base are,
of course, set to their Jowest valve.

This algorithm will be easier to understand if we note
that the procedure is analogous to the generation of
configurations of numbers, with defined propertics, using
an odometer or crowd counter, as indicated in Fig. 3. In
that figure, the uniqueness of each digit is the specific
property requited for the numerical configurations, This
property for digits is analogous to the first criton rule for
junction formation. IT we start, at the top of the figure, with
six zeros as our initial configuration, and increment the
most rapidly changing digit, sequentially, it will take
12,345 steps (o get Lhe first successful numerical configu-
cation. On the other hand, if we correct the highest ordered
digit that is violating the uniqueness rule, that indicated in
the 10.000’s place, and then proceed accordingly, it will
only 1ake 15 steps 10 reach the same point.

For example, consider generaling the junction shown in

ALGORITHM  UNOADERED OROERED
STARY

FIRST TRY ORIEE
FIRST SUCCESS  I6[17203j4]8) BHZIAE
TGTAL STEPS 12 345 13

FiGURE 3 The odometer analugy 1o the rapid junction algorithm. The
object 1n Ihus example 1s (o generate configuralions of numbers with an
udameter. e which cach digit is umgue. This is sumilar to the fitst criton
rube for junction formation. Two alternalive pathways are indicated. On
1he left. the odometer is incremented in the ordinary {ashion, from right to
left, until the first number which fullills the criteria, namely, 012345, is
discovered, On the right. we star. at the same paint, but the digis are
ranked. The highest ranking dign that violates the uniquensss rule, that in
the 10,000's place, is imcremented in the [irst step. The nexs step will
increment the digit in the 1,000° place from O te |. It will still violate
uniqueness relative to the digiv in the 10'000's place, 30 a second
incrementation of the 1,000's place will 1ake place 1o yield 012000 In like
Tashion, the 100%s place will ke incremented three times, the 10's place
Four Limes, and the 1's place five times. The 15 steps are a great saving in
time over the 12,345 steps needed by always incrementing the |'s place, as
shown on the left.
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Fig. |. Herc there arc 64 bascs, 32 of which are indepen-
demt, the other 32 dependent, by complementarity. We
arbitrarily designate the 5’ octamers as being independent,
the ¥ octamers as dependent. IF, for clarity, we proceed at
the base level, rather than the numerical level, all indepen-
dent bases can be initially st as G's. The tap-ranked criton
of Nc - 4 would be the tetramer at the 5 end of the first
strand, & HO—GpGpGp(. . . . Bases 2 through 5 of the
same strand constitute the second criton, and this is also
initially all G's. Since this violates the first rule, the second
criton is changed, say, to 5’ . . .GpGpGpA. .. ¥, by chang-
ing the identity of 1he fifih base and its complement. To do
this is much faster than changing the identity of the 32nd
independent base four .times, the 31st four times, etc.,
which involves 4" uscless operations, until the viclation
involving the fifth base is reached.

Step 3

Assign Sequence. The initial sequence must be
aumerically assigned to the independent bases, either by
\he investigator or by some simple default.

Step 4

Test Sequence Against Rules. The sequence is
tested for adherence to the four rules stated above. Ifa
violation occurs, a new numerical sequence is generated by
changing Lhe appropriate base in the criton of highest order
that violates the rule. Thus, in the example described in
Step 2, the second criton was changed, rather than some
lower ranking criton. This is in essence a tree-pruning
procedure, in which removal of dead branches closest to the
trunk efficiently removes dead twigs without having 1o test
each twig individually.

Step 5

Test Sequence Against Constraimis. I no viola-
tion occurs, the sequences are tested for adherence to the
investigator-specified constraims, for each of the eight
passible permutations.

Step 6

Calculaie Fidelity. Thermodynamic criteria
must be applied to all sequences of iength <Nc. The first
question to consider is the pairing fidelity. Is the desired
base pairing configuration the most probable configuration
in which these particular sequences are to be found in
solution? 1f so, what is its probability relative to other
pairing configurations? We have treated this problem in a
pairwise fashion; the program routinely considers all alter-
native binary base-pairing configurations for lergths
<MNe

The stability of an oligonucleotide duplex depends on its
chain length, sequence and concentration, as well as on
environmental variables, such as pH, ionic strength, and
temperature (Kallenbach and Berman, 1977). Data on the
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relative stabilities of oligoribonucleic acids in conditions
equivalent to | M NaCl, pH 7, have been accumulated by
Tinoco and his coworkers {Borer et al.. 1974). The effects
of sequence can be evaluated in terms of units representing

the double helices chosen for the architecture of the
junction. The highest probability junctions above a selected
fidelity minimum are retained for further processing. Note
that fidelity is a function of temperature. Clearly,

adjacent sets of two base pairs; the equilibrium cc ts
corresponding to the associalion within each unit are
available, as is the nucleation constant for initial strand
interaction. This is denated by &, with units M ". A given
sequence will then be paired with its complement by a
weighting factor that depends on the product of a set of
numbers

K- 0K KKy Ky . n

where N is the chain length of complementary sequences
between chains A and B, and @ is the nucleation constant.
The values of the K, are tabulated at 25°C by Borer et al.
(1974) as K, = exp (- AG®/RT). To iliustrate the use of
Eq. 1, consider the tetramer

(5 AGCU ()
(37 UCGA (%)
to be decomposed into the thrée subunit “pairs,”
(5 AG GC CU (I
(3) UC CG GA (5).

cach of which has an approximate equilibrium constant
assigned {Borer et al., 1974). The fidelity is then computed
as the ratio, p = Z * exp (—AGS/RT), where AGS is the
free energy of the desired architecture, and the partition
function, Z, includes the AGs for all competing paitings of
size Ne — 1'or lower (the rules exclude all competing
interactions for segments =/ Ne).

In this way, the maximum concentration of paired
molecules of a duplex of arbitrary sequence can be
predicted. The situation for oligodeoxynucleotides is unfor-
tunately not so completely defined as for oligoribonucleo-
tides. However, thermodynamic data are available from
which primitive sets of X,'s can be created, together with
rough values of the AH®'s {Marky and Breslauer, 1980).
These uncertainties do not prevent ome from estimating
rough relative contributions of different sequences, partic-
ularly if appropriately scaled values from oligoribonucleo-
tides can be used. For scaling, we aiter the Tm values of
Borer et al. (1974), so as to lower the stability of the
corresponding oligodeoxynucleotide by 20°C. Only strong
reversals in stability of a given sequence from RNA 1o
DNA will reaily invalidate this approach (Kallenbach,
1977), Comparison of the values of K,y for each set of
interactions below the criton length then permits us to
estimate the relative contributions of the base pairing in
each case. Junctions of maximum fidelity wiil be those that
contain subcriton pairing sequences of minimal stability,
relative to the interactions in the complete arms. All binary
Watson-Crick alternatives are checked by the program,
and their sabilities are oompa‘red with those calculated for

SEEMAN AND KALLENBACH  Nucleic Acid Junction Design

seq must be compared for relative fidelity at a
standard temperature, for which we use 25°C, We have
found that when pairing lengths are 4 or 5 residues greater

than N, fidelity approaches unity very closely (0.999),
Step 7

Calculate and Plor Melting Curves.  Junction
sequences whose fidelities are sufficiemly high must next
be considered for stability in sclution over a range of
temperatures. High fidelity is necessary for a monodisperse
junction compiex, but this criterion is not sufficient. For
example, Fig. 4 shows a pair of 4th rank junctions assem-

w° FIDELIT %0.76 07

PERCENT JUNCTION
8

w0
a-o m o %6 0 30 40 30 50 70 &0
TEMPERATURE

0

=
(=] [ )
b FIDELITY:0.9929
5 so
2 s
-
> 40
§ £
w 20
&

o

2016 g 10 o 30 40 30 8o 70 80
TEMPERATURE

FIGURE 4 Hexadecamers forming junctions with arms 3 base pairs
long. Both junctions were generated with the constraint that the two basc
pairs most distal from the junction be G-C, while GpC sequences were
péohibited from this part of the structurc. {@} A junction with ineresting
symmetry properties. The junction and estimated melting curve for pH 7,
I M NaCl is shown. The fidelity is unacceprable, as is the melting
temperature which is well below 0°C. () The hexadecsmeric jumction
with the highest fidefity. The fidelity is acceptable, but the melting curve
is insufTiciently improved to inds the useiul of trying 10 form a
Junction with these molecules.
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bled from hexanucleatides. These junctions were generated
with the constraint that the two base pairs furthest from
the designed junction be G-C pairs, while GpG sequences
were prohibited. The sequence in Fig. 4 g has very interest-
ing symmelry properties, but its fidelity is not particularly
high. The fidelity of the sequence in Fig. 4 & is certainly
acceptable. However, it is necessary to consider the melting
curves for these materizls Lo make sure that they are likely
to exist in intact form under the conditions of interest.
Therefore, it is necessary to be able to estimate the thermal
transition profilc in solution. 1 is clear from the thermal
transition profiles shown in Fig. 4 that neither of the
junctions shown is likcly tw be a stable structure in
sofutiom.

The information contained in the estimated equilibrium
constamts for pairing specific sequences can be used to
predict approximate transition profiles for junctions. To do
this, enthalpy values, AH? corresponding 1o the equilib-
rium constants K, used Lo assess fidelily, are required.
These are considerably less certain for oligodeoxynucleo-
tides than for oligoribonuclcotides, but nonetheless reason-
able estimates are available, and missing values can be
filled in by scaling the corresponding RNA data, as
described.

In the case of pairing between sequences on (wo non-
identical strands, A and B, the valuc of Kap and the
starting concentrations of the two species uniquely charac-
terizes the equilibrium; for starling concentrations, C,and
Ca. and paired complex concentration Cap (moles per
liter)

Can

Kepo— S8
e (Ch - CoalGy - Can)

(2)
We have discussed how (o approximate K,g; thus, Cyg can
be calculated (Zimm, 1960). This can be done at any
temperature if the AH? for cach K, is known.

Consider next the interaction of four oligomers, A, B, C,
and D, which contain uniquely complementing  half
sequences that can lead to formation of a 4th rank Jjunction
complex. Since at equilibrium the concentrations must be
independent of reaction pathway, it is sufficient to calcu-
late the junction concentration resulting from any one
pathway. For example, one might seiect (a) A + B = AB.
(6)C + D =CD,and (c) AB + CD ~ ABCD.

From the values of K,g, Kcp. and introducing a new
factor, oy to describe the statistical weight of the central
junction loop structure of rank R, the concentrations of
junction can be expressed in terms of known quantities.
That is. Cygand Ccp can be calculated by solving eq. 2, and
these values can be introduced into reaction ¢ given above
lo yield Kyacp = Capen/ (Crp - Cavco M Cen — Cagep).
The value of K,pcp is estimated as Kapen =
B 'HopKucKpp) + Ko + Koal This is very nearly equal
to 8 ' ax Kye Kya. since oy is not expected to be very
different from unity, while the K's are very large in most
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cases. It is expected that 8 ‘o » 1. IF 8 oy <1, only
negligible concentrations of the complete junction wiil be
detectable, as discussed more fully betow. I o junction
entails no strain, we anticipate that only a Jacobson-
Stockmayer term (Jacobson and Stockmayer, 19507 is
involved, o ~ 1/[R(U + 1)]*?, where U is the number of
unpaired bases abutting the junction on cach arm. More
generally, we can write oy = o[ R(U + 1)} 2, where the
factor o, reflects the difficulty of forming the junction.

Concentrations of the ternary and higher (for R > 4)
intermediates can also be calculated, using stepwise paths
such as AB + C = ABC, and ABC + D = ABCD. Thus,
the equilibrium concentration of each intermediate, as well
as the junction itself can be calculated; a series of relations
exists among these intermediates of the form Cup + Coe =
Capc + Ca, which simplifies the problem considerably for
this approximate treatment.

For values of 8 'vg much greater than unity, interme-
diate forms are much less favored tham the junction,
Therefore, the following relationship holds approximately
for junction of any rank

* 1
K =C H(C‘,-C',]] .

In this equation, X, is the equilibrium constant for the
system, C; is the concentration of junction, and G is the
initial concentration of each component.

.Step 8

Generate New Sequence at Correct Lev-
el Either by failure or success in meeting all the criteria
in Steps 4, 5, and 6, a sequence has been evaluated. Next, a
new sequence must be tested. The new sequence is gener-
ated by the ordering rules described in Step 2.

Step 9

Evaluate Alternative Sequences. Final compar-
ison of the surviving successful sequences is made by the
investigator, based on the criteria most relevant to the
experiment. These include stability, structure of the ther-
mal transition profiles, Tr values, base composition, or
simply ease of synthesis.

RESULTS

The concepl of fidelity of synthetic junctions has been dealt
with before (Seeman, 1982). Here, we have focused on
estimating values for the fidelity, as well as on calculating
melting curves for these structures. Short duplex oligonu-
cleotides tend ta denature in all-or-none fashion. and
significant populations of intermediates arise only in longer
chains {Kallenbach and Berman, 1977). The transition
behavior of very short chains is such that (a3) 1/Tm is
found to be a linear function of log C,, where C, is the
strand concentration of each species of interacting mole-
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cule, C, = Cy = Cy; and (b), for homugel?eous sequences,
1/ T is expected 1o be an approximately Jinear function of
I /(N — 1}, where NV is the chain lenglh: )
Because junctions are inherently m?lomogcne_ous in
sequence, only the first of these rclations applies. To
investigate the behavior of the model, as well as the method
of calculation, a computation was carried oul. The concen-
tration of all four strands of the junction of rank 4 shown in
Fig. 1 was varied over a 10,000-fold range; ihe resultant
Tm values were graphed, as shown in Fig. 5, as 1 /T vs.
log Cy. where now & = €, = C = CC = Cp. As can be
secn, even for junctions with ¥V = 16, with arms‘ol' length 8,
the reciprocal plot is linear, Thus, the nuclgauop chara_c-
teristic of short duplexes is preserved in the junctions, with
a strong tendency 1o favor an all-or-none_ Leansition.
The conclusion from this calculation is tha} the quater-
nary nucleation process required for forming a s_tal?lc
junction is not innatcly different from a duplex in its
concentration dependence. 1f one arbilrarlly sets all the K,
values equal, it can be shown that the linearity of 1/Tm vs.
1/(N — 1} is also prescrved in the quaternary complexes.
A final problem to consider is proper clgsure ol‘_ the
junction. Given favorable results in the I'c_)rfgomg oons’tder-
ations. two alternatives siill exist: (@) pairing of the 5’ end
of the R’th strand 1o the 3' end of the first sirand (proper
closure) and (b) pairing of the 5" end of the R'_th strand to
the 3' end of another molecule of the same species as strand
| (concatenation). The second alternative would ic:n_i.. ta
large aggregaies, since the system is not closed. If # or
»1, the first alternative will be favored. Electrophoretic
analysis of actual fourth rank junetions shows no tendency
10 concalenale at the concentrations tested.

tlog C

27 275 28 285 29 285 3.0
YT x W03

FIGURE 5 The concentralion dependence of the meling temperature.
The logarithm of the strand concentration has been plotied against the

i i he linear relationship
reciprocal of the meling temperature. Nm'. tl\nl‘t ]
expected For duplex formation also holds for junction formation under the

theory propownded in the text.
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DISCUSSION

The purpose of this paper has been ta present and c_Iarify
the procedures for choosing the sequences from which to
construct immobile and semi-mobile junctions. It may be
useful to review the steps by which an actual sequence ['qr
the immobile junction shown in Fig. 1 was chosen. Th}s
case is particularly germane, since we have shgwn thau this
sequence does indeed form a junction in sollutlop. ‘Furtl.1er-
more, since there are 31 independent bases 1n lhI.S‘juTl‘C‘thn,
limitations on compuling time render blind apphcaum'-l of
the above procedure impossible; no matter ho\;: efﬁc:_em
the algorithm, it is impossibie 10 scan _ail 4 possnl?le
sequences that the design of this junction implies. As w1t_h
most procedures of this sort, this sequence was generated in
a stepwise fashion, optimizing the sequence at each step
along the way.
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FIGLURE 6 Octameric and dodecameric inl.crmedlag struclures gcne':;
ated in the course of generating the best hexadecameric structure [u):I'

octameric structure with Lhe highest fidehity. This structure had the same
constrainty as the structures indicated in Fig. 4, except that no GpGPG
sequences were permitied. Both the fidelity and m.elung lefnperat;r: are
vastly improved. {6} The dodecameric structure with the highest 'Id:h“}
This structure was generated by inserting Lwo bases Inte the rruddel o
cach arm of the struclure shown in a. The same constraints were applied.

The biphasic melting curve results from the fact that 1here arc more A-T

base pairs in Lhe horizontal arms than in the vertcal arms.
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The first step in this procedure involved using the
program in an automatic fashion to generate a Junction
composed of four octameric strands. These strands were
generated in accord with the following constraints. Only
GpC or CpG sequences could form the ends of the double
helices furthest from the junction, and no GpGpG
sequences were permitted. These constraints ensured the
stability of the ends of the double helices, while excluding
the possibility of G-G non—Watson-Crick pairing which
could interfere with junction formation. Application of the
program generated the junction shown in Fig. 6 2 as the
one with the highest fidelity. The next pass involved the
insertion of two bases in the middle of each tetrameric
double helical segment, to yield a junction composed of
-four dodecameric strands. Again, the constrainis against
G-G pairing were applied. The es with the high
lidelities were considered optimal at both the octameric
and dodecameric stages.

The sequence shown in Fig. 6 b had the highest fidelity
of those sequences generated, although it clearly showed a
biphasic melting curve. This feature of the junciion com-
posed of dodecameric strands was not a serious impedi-
ment in using it as a base for generating a junction
composed of hexadecameric fragments. The same can-
straints were applied, and again the two new bases in each
double helical fragment were inserted in the middie of the
arm. However, the criteria for selecting the final sequence
were different at this stage. This was because all sequences
generaied by the program had fidelities >0.999. Here, we
selected the sequence shown in Fig. 1 as optimized, on the
basis of both its sharp uniphasic melting curve (Fig. 7) and
the fact that it had the highest melting temperature we

encountered while scanning the 126 sequences generaed
by the last pass of the program. If we calculated the
melting curve without the bases nearesi the Junction being
paired, we still got a sharp uniphasic melting curve, this

€-n
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FIGURE T The best hexadecameric structure. The soquence shown here
has (a) a uniphasic thermai transition profilc and (b} the highest Tm of
the sequences generated. The estimated melting curve shown here has 3
Timt 25° greater than has been observed {N. Kalienbach, R -1. Ma, and N.
Seeman, manuscript in preparation), but it is qualitatively similar

08

time with Tim - 48°C. For initial experimental studies,
these features are of paramount importance. The fidelity of
thi¢ junction is not the highest found by the program, but it
is well above 99.9% at room temperature.

Note that the initial step in this process, generaling the
octameric sequences, with 8 independent variables, took
much more computer Llime than the subsequent steps. Thes
is because of the nature of the application of the constraints
in the two subsequent steps. The two extensions of the
initial octameric sequence took only a few seconds on a
Univac 1100/82 computer (Sperry Computer Corp., Blue
Bell. PA). Thus, it can be seen that it is possible to gencrate
a sequence for a junction with arms of moderate length,
with only a nominal investmeni in computer time. This is
due 10 the application of both the rapid algorithm and of
consteaints that are based on optimization of physical
Pparameters at each stage in junction sequence generation.
At the same time, however, it has to be recognized that in
terms of either fidelity or stability, the resulting structure
does not necessarily represent a global optimum. A similar
strategy should be applicable to junctions of any architec-
ture.
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An immobile nucleic acid junction
constructed from oligonucleotides
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* Depariment of Biology. Leidy Laboratories, University of
Pennsylvania. Philadelphia. Permsylvania 19104, USA

f Department of Biological Sciences, Center for Biological
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New York 12222, USA

Base-paired DNA duplexes involving oligomucieotide model
systems have provided the major source of detadled siructural
sud dynamic information sbout double helical structure’,
Triple- and quadreple-branched ‘junction’ structures of DNA
have a transi d as int ai ln the replicath
ory of DNA molecules™ white crucilorms may
be inducible by negatively supercoiling closed circular
DNA“". However, it has not been possible fo investigats these
forms structurally at high resolution in short-chaly molecales,
where the junction will yield a significant compouent of the
signal, because these waturally occurring intermedistes are
inkerently uustable, due to isternsl sequence symmetry, which
permits their resolntion (o dowble helices, vis branchpoint
migration’’'. We have recently proposed that migration can
be climivated to yield inmmobile junctions trom oligomucieo-
tides'"? by combining sequence symmeiry consiraints with
cquilibrinm calcnlati We p here electrophovetic and
UV optical absorbance experiments which indicate that fowr
kexadecadeoxynucieotides (Fig. 1) indeed do form 2 stable
tetrameric junction complex in solution.

The electrophoretic mobility of a nucleic acid oligomer in
non-denaturing conditions is a function of its size. shape and
extent of base pairing™ '. When the individual strands in Fig.
1. or equimolar mixtures of pairs, triplets and the tetrad corres-
ponding to the complete junction, are subjected to elec-
trophoresis, the patterns shown in Fig. 2 result: lanes c-{ show
the mobility of the individual strands. Figure 2, lanes m—r contain
each of the six possible pairs of strands in equimolar mixtures.
The first four of these binary mixtures are combinations which
shouid form an arm of the junction. The jast two mixtures do

bk bl
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Fig- I An immobile nucleic acid junction composed of four
hexadecamiclentides. This sequence has been designed by using
the seq symmetry manimization rules, suppl d

equilibrium distribution optimization'*™'". The strand numbering
indicated is used throughout the text. Note the lack of 2-fold
symmetry around the centre, so that migration is not pessible. ‘This
sequence also contains no repeating GpG sequence longer than
two, in order to minimize this form of non-Watson-Crick pairing
alse. These seq WEre ¢ jally synthesized by phos-

photriester techniques.

not correspond to an arm, but rather represent the diagonal
combinations which should not assaciate. The mixtures which
vorresputid to an arm uf the junction {Fig. 2 m-p) migrate as
single bands. with mobilities markedly less than those of any of
the single strands. The two diagonal mixtures in lanes ¢ and r
migrate as single strands, with mobilities that correspond 10
their components.

Figure 2 g-j contains the four possible equimolar triplet
complexes which can be formed by omitting each of the four
strands from the tetrad in turn, The major component of each
of these lanes is again a single band, travelling slower than the
paired bands, Lane k contains an equimolar mixture of all four
strands. This mixture travels as a single band, with a mobility
lawer than any of the other oligomeric mixtures. The presence
of asingle band with appreciable mobility in the lane correspond-
ing 1o the tetrameric complex indicates that a malecutar species
with a welt defined stoichi y predomi Higher
unclosed complexes (1:2:3:4:1:2:3:4:( -+.) thuscannot rep-
resent a significant fraction of the total material present. This
finding is in accord with earlier predictions'"*.

The stoichiomery of the strands in the complex involving all
four strands can be estimated from the gel electrophoresis
experiment shown in Fig. 3. In this experiment, an equimatar
mixture of strands 1, 2 and 4 [component (i)] was titrated with
strand 3 (component (ii}). Figure 3f shows the mobility of
component (i) alone, while lane 4 contains only component (ii).
Figure 3¢ shows that mixing components (i) and (ii} in equimolar
ratios leads to a complex with a single major component, No
excess free single strands of (i} occur when (i) is in excess {Fig.
3d.e). By the same token, free singic atrands do accumuiate
when camponent (ii) is in one-half molar excess, as seen in Fig.
3b. In canjunction with 'H-NMR data (to be published else-
whete) indicating that strands 3 and 4 form a 1:1 complex, we
conclude that the stoichiometry of the junction formed is indeed
1:1:1:1.

The slope of the Ferguson plot of electrophoretic mobility
versus acrylamide concentration is a means of estimating the
frictional constant of any molecular species™. In Fig. da. the
complex is compared with 36- and 72-bp restriction fragments;
ftom the slopes shown, the four-stranded structure has a friction

abrdefghi;k!mnopqr

v

l:z 2 Polyacrylamide gel electrophoresis of oligodeoxynucleo-
tide strands and mixtures. Each well contained 2.5 ug of cach
strand, alone or in combination with athers. Lanes @, b and /
cantain restriction digests of $X 1 TARFDNA ; a is the Hinf| digest.
¥ the Haelll digest and /. is the Hincll digest. The lowes: molecular
weight [ragments in thesc digests are: 42, 48, 66 and 82 { Hinfl),
72 and 118 (Haelll) and 79 and 162 ( Hincll). Lanes ¢~f contain
strands 1. 2, 3 and 4 respectively. Lanc g contains an equimalar
. mixture (hased on extinction coefficients derived from dry weights)
of strands 1. 2 and 3; lane &, 1. 2 and 4; lane i, 1, 3 and 4; fane
#2,3and 4. Lane k contains an equimolar mix of strands 1, 2, 3
and 4. Lanes m— contain equimaolar mixkures of pairs of strands:
#t contains | and 2: m, 3 and 4; o, | and 4; p2and 3 ¢ 1and
Yandr 2and 4




Fig. 3 Swichiomerry of mixing in the four-component compiex.
In this experiment, electyophoresis of mixtures containing different
ratios of two components was carried oul: component (i) consists
of an equimolar mixture of straecls 1, 2 and 4, while component
{ii} consists of sirand 3 alone. Lanes g-j convain 8 pg of frec strands
4,3, 2 and 1, respectively. Lane f contains b pg of component (i).
Lanes a—e each contain 6 wg of component (i), plus component
{ii} in the following amounts (pgh: @, 4; b 3; ¢, 2; d. 12 and ¢, 0.5

constant quite different from linear duplex DNA of approxi-
malely the same size, or indeed of any size. Thus, the junction
is a structure distinct from linear duplex DNA.

Next, the relative stability of the different complexes of
strands 1 to 4 was assessed by thermal denaturation studies
monitored by hyperchromism at 260 nm®”. Figure 45 shows the
thermal transition profiles of the individual strand 3 and an
equimolar mixture of strands 1 and 2, compared with that of
the quaternary complex at half the total strand concentration.
The fact that the hyperchromism in the junction is twice as great
as in the same concentration of pairs strongly suggests that the
complex is closed, with four arms nearly intact. The increase in
Jjunction stability (seen in the higher melting temperature, T}
further strengthens this argument.

The present level of characterization does not allow us to
conclude that the junction is completely immobile, despite the
presence of nan-compl tary seq es flanking the junc-
tion. Further experimentation is needed to establish that a
limited amount of non-Watson—Crick mobility is not occurring
in the vicinity of the junction.

The above experiments clearly show that it is possible to
design and synthesize immobile nucleic acid junctions by using
optimization procedures'*'?. We have a second synthetic junc-
tion, composed of dodecameric fragments (N.-R.K., R.-LM.,
A. J. Wand, G. H. Veeneman, J. H. van Boom and N.CS.. in
preparation), which we have compared with the hexadecameric
junction reporied here. Gel clectrophoresis analysis indicates
that while this material also forms a function, alternative pairings
may occur unless optimization statistics are as favourable as
those of the hexadecamers discussed here'™'”,

This work was supported by NIH grants GM 29554, ES-
00117 and CA-31027. N.C.S. is the recipient of s NIH Research
Career Development Award. We thank Dr P, Lu for his 36-bp
restriction fragment,

Received & june; acccpted 11 August 1983,

Biomalecular Stereodynamics. Yol 1 1ed. Surma, R. H.} 1-343( Adenine, New York. 1981).

Dressler. . & Potier. H. A. Rev. Bicchem, 81, 727-761 (19821

Hulliday, R Genet. Res. S, 202-34 (1964).

Sigal, N. & Alberts. B. 1 molec. Biof. T1, 789-741 (1972,

Nash. H. A Rrs Gener 18, 143-167 11981}

PIRIL D R Prixc naen Acud, Sei, ULS.A. 42, 481-183 (1958

Gicrer, A Natre 2L, 14601461 (1966)

Maeih. T & Wang. | (. Biochemustrp 1, $27-535 11975}

Geller, M., Mizuuchn, K., O'Dean. M. H.. Okmon. H. & Tomizawa. J. Coid Spring Harb.
Symip. quant. Biol 43, 13-40 (1979

T Liley, DM ) Proc aam. Acad. Sei. U5 A 77, 646K-6a72 {1980),

VI Panayotatin. N & Wells. R D Narure 189, $60-370 (1981)

12 Thompson. B, 1. Carmien. M. N. & Warner, R, C. Proc. nae Acod. Sei (754 T3,

224-230 11976
13 Warner, R.C.. Fihel. R & Wheeler, k. Cold Sprang Harb Symp. quant. Biot 43, $57-96%
YT

EER AT E W

T T —
-03f 36
Fa
5 -04}

o
E %

a J
- 05 .
£

06 72
16 8 20
Totol gel concentration (%)
025 I
124304
ie2

045

H
-
<

cos} *

o L s A
20 40 60 B8O 100
nao
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lowest molecular weight duplex from a Hief digest of X174 RF
DNA. b, Thermal transition profiles of the quaternary complex
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(49 uM total strands) and individual strand 3 (98 1M total strand)
at 26(nm. The UV absorbance of the samples was measured at
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molecular weight DNA duplexes approach 30% (ref. 24); aciual
values depend on base compoesition. length and solvent. Fragment
3 alone exhibits a typical non-cooperative teansition characteristic
of nucleic acids in the absence of base pairing™. Note that the
concentration of 4-fold complex is 6.25 puM, while that of the
paired arm is 24.5 uM. Hence, the hyperchromicity in the junction
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