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Abstract

Site-directed construction of chimaeric genes byin vitro recombination “mixes-and-matches” precise
building blocks from multiple parent proteins, generating libraries of hybrids to be tested for structure-
function relationships and/or screened for favorable properties and novel enzymatic activities. A direct
annealing and ligation method can construct chimaeric genes without requiring sequence identity be-
tween parents, except for the short (≈ 3 nt) sequences of the fragment overhangs used for specific
ligation. Careful planning of the assembly process is necessary, though, in order to ensure effective con-
struction of desired fragment assemblies and to avoid undesired assemblies (e.g., repetition of fragments,
fragments out of order).

We develop algorithms for specific planned ligation (SPLISO) that efficiently explore possible as-
sembly plans, varying the fragment overhangs and the order of ligation steps in the assembly pathway.
While there is a combinatorial explosion in the number of possible assembly plans as the number of
breakpoints and parent genes increases, we employ a dynamic programming approach to find globally
optimal ones in low-order polynomial time (in practice, taking only seconds for basic assembly plans).
We demonstrate the effectiveness of our algorithms in planning the assembly of hybrid libraries, under
a variety of experimental options and restrictions, including flexibility in the position and amino acid
sequence of breakpoints. Our method promises to enable more effective application of site-directed
recombination to protein investigation and engineering.
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1 Introduction

Chimaeric genes are valuable for understanding protein structure and function and for creating variants with
improved properties and novel functions. Many methods for making chimaeric genes have been devel-
oped, including DNA shuffling [1], ITCHY [2], SCRATCHY [3], StEP [4], RACHITT [5], SHIPREC [6],
SCOPE [7], and RM-PCR [8], and SISDC [9]. Most of these methods rely on stochastic joining events. Pro-
tein engineering might be improved if the sites of recombination (breakpoints) could be selected to yield the
greatest fraction of stable and active chimaeras [10, 11]. Site-directed recombination would ease subsequent
screening and selection, especially valuable for the large number of protein engineering projects where sim-
ple selections are not available. Experimental testing of specific hypotheses about the modular composition
of proteins [10, 12, 13] also requires making site-directed chimaeras, as do investigations into the intercon-
nections and correlations between structural features that are separated in amino acid sequence [14, 15].

In contrast to site-directed recombinaion, many stochastic methods (including DNA shuffling, StEP,
and RACHITT) rely on annealing of parental DNA sequences, but many protein families useful for the
construction of chimaeric genes are too distantly related for effective and unbiased annealing [16]. While
ITCHY, SCRATCHY, and SHIPREC do not rely on annealing, they also do not allow precise control over
the site of recombination. In addition, the separate steps for each crossover required by these methods and
the generation of only a minority of in-frame combinations at each site make these methods most suitable
for chimaeras having only one or a small number of crossovers.

Several non-stochastic methods for making chimaeric libraries are available, but these also have limi-
tations. Splicing by overlap extension (SOEing) [17] requires substantial regions of identical sequence in
the overlap between the two parents to prime the PCR reactions. The requirement for substantial overlap
limits the experimental possibilities and may require undesired amino acid substitutions to create identical
sequences in diverse proteins. Separate reactions are also required for each pair of parents unless the same
long overlap is to be enforced on all progeny. The SCOPE and RM-PCR methods do allow recombina-
tion at specific sites without enforcing identical sequences between parents. However, separate steps are
required for each crossover and each pair of parents in these methods, either to make a chimaeric fragment
for SCOPE or a dimer template for RM-PCR. The requirements of these methods as originally published
limits the ability to make more diverse libraries with larger numbers of parents and crossovers. These meth-
ods could be extended if it were possible to make chimaeric priming oligos for SCOPE or dimer templates
for RM-PCR that randomly combine all parents. Another non-stochastic method, SISDC [9], does allow
random recombination of all parents, requiring overhangs of identical sequence at the breakpoints. SISDC
and the proposed extensions to SCOPE and RM-PCR are in fact all potential applications for the general
method described here.

We are focused on making practicable an alternative strategy for generating diverse libraries with less ex-
perimental effort. Previously demonstrated in the generation of beta lactamase chimaeras [18], this method
is based on well-studied biochemical principles of DNA annealing and ligation. In the specific ligation
method, synthetic or PCR-generated fragments from diverse parents but bearing the same short specific
overhangs are annealed and ligated. Limitations arise only from the requirements for specific annealing
and ligation during assembly. The short overhangs must be selected so that all parents share the same se-
quence at the overhang for a single breakpoint, thus allowing recombination among all of them in a single
experiment. The directionality of assembly is predominantly determined by the specificity of the overhang
sequences in annealing and ligation. However, the ability of diverse short overhangs to prevent incorrect
assembly is limited, and the fragments may need to be assembled in a specific sequence of ligation steps in
order to generate only the desired products. Thus novel computational methodology is required to identify
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a suitable assembly pathway and set of overhangs and thereby support effective use of this technique. With
its many advantages, site-directed construction via annealing and ligation would be considered more often
with such methodology available to rapidly design experiments that incorporate large numbers of parents
and crossovers.

We present here a generalized method for site-directed combinatorial construction of chimaeric genes. In
the Specific Planned LIgation of Short Overhangs (SPLISO) method, we computationally optimize both the
overhangs and the assembly pathway for a previously defined set of parents and recombination breakpoints
(Fig. 1). Manual determination of overhangs and assembly pathway for such ligations has been conducted
and experimentally verified for recombining fourteen protein fragments from two closely related parents [18]
and for joining up to six genes coding for resistance to different antibiotics [19]. The manual approach
rapidly becomes more difficult, though, with increased experimental complexity. For a typical case that we
will present, the total number of possible combinations of overhangs and assembly pathways is greater than
1016. Our general method for determining overhangs and order of assembly employs dynamic programming
to efficiently determine globally optimal solutions from this combinatorial explosion. In solving this larger
problem, we also solve limitations present in the SCOPE and RM-PCR methods by providing means for
constructing unbiased pools of randomly joined primers and dimer templates.

Combinatorial diversity in a hybrid library results from employing multiple parents and multiple break-
points. Increasing library diversity by employing more breakpoints requires more complex experimental
plans. Our method has no arbitrary limit on complexity; more complex assemblies are readily planned
through an increased number of ligation steps, each one optimizing the number of fragments that are brought
together. Since sequences in a protein family are more variable than structure [20], homologs with diver-
gent sequences are often available to contribute effective diversity to the construction of chimaeric libraries.
However, employing additional parents restricts the use of potential overhangs (which all parents must share)
and thus indirectly the possibilities for assembly, particularly as the parents become more diverse. We also
propose mechanisms for incorporating additional degrees of freedom, in the form of conservative substi-
tutions and small shifts in breakpoint location, in order to overcome the restrictions on overhang choices.
(In contrast, any pair of parents too distantly related will not recombine at all in the stochastic methods.)
Our method promotes diversity through efficient planning of the overhangs and the assembly pathway, and
through the controlled addition of degrees of freedom.

A major factor in the ability to employ greater numbers of breakpoints is the number of fragments
assembled in a single step. This number is limited experimentally by the ability to accurately ligate the
fragments and ensure their non-biased assembly. We study here the case of binary assemblies (two fragments
ligated together at a step) as well as the more general multi-way assemblies (two or more fragments at a step).
The number of fragments ligatable in a single assembly step potentially depends on the success of the present
method; optimal selection of overhangs as described here so that they are maximally non-complementary
(except where complementarity is desired) should generally allow assembling a large number of fragments
in a single step. In a well-designed test case, Tsuge et al. [19] demonstrated efficient ligation of six fragments
into a linear product using three nucleotide 3’ overhangs. Even using more stringent restrictions on overhang
sequences, we show that there are thousands of possible six-fragment assemblies (but none with seven or
more). Employing multi-way ligation, conservative substitutions, and small shifts in breakpoint location,
we demonstrate that efficient assembly of highly diverse libraries (up to nine divergent parents in a protein
family and incorporating thirteen breakpoints, generating> 2 × 1013 precisely directed chimaeras) can be
readily planned.
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Figure 1: Overview of chimaeric gene assembly by specific planned ligation of short overhangs (SPLISO).
(1) Overhangs common to all parent sequences are identified. For three-nucleotide overhangs, a breakpoint
can be defined by a codon from either of the adjacent amino acids, as in (a)/(b), or spanning parts of the two
codons, as in (b)/(c). Two adjacent fragments can be ligated when the second has the overhang nucleotide
triplet at its 5’ end on one strand and the first has the complement on the other strand. (2) An assembly step
ligates fragmentsi andi+1, based on the complementary overhangso rc

i+1 andoi+1 (see sectionAdmissible
Fragment Overhangs for notation). Such a step is evaluated for the likelihood of undesired ligations
(marked with× symbols in the table) between all pairs of overhangs other than the desired one (marked
with a

√
symbol). Note that overhangoi+1 is no longer accessible in the assembled fragment (as shown

with dotted lines), allowing the same or similar overhangs to be used in subsequent assembly steps. (3) An
assembly tree structure and specific overhangs for the fragments are selected so that each assembly step has
the desired ligation as the unique biochemically feasible result. Shown is the case of binary assembly of
a fragment consisting of fragmentsi throughi + 2. Two choices are available for the breakpointk being
ligated in the top node. Whenk = i (dashed lines), fragmenti is combined with the fragment assembled
from i+1 andi+2; whenk = i+1 (solid lines), the fragment assembled fromi andi+1 is combined with
fragmenti+2. The selected assembly pathway must admit choices for the overhangs that satisfy Algorithms
1 (are admissible) and 2 (yield only desired ligations). For example, if this assembly involved fragments
(a), (b), and (c) illustrated above in Algorithm 1, thek = i tree (dashed lines) joining (b) and (c) first would
fail Algorithm 2 when joining (a) to the (b)+(c) product, as the potential downstream overhangs for both (a)
and (b)+(c) are the same at two out of three nucleotides. Thek = i + 1 tree (solid lines) joining (a) and
(b) first, and then (c), avoids such problems by hiding the overhang (stepped solid line) between fragmentsi
andi+1 in the earlier step. Note that substituting Ile for Leu at the start of fragment (d) in the second parent
sequence would allow use of an upstream overhang such as ATC for (d) and a complementary 3’-TAG-5’
downstream for (c). These overhangs would then permit a three-way assembly of (a), (b), and (c) in a single
step. 3



2 Materials and Methods

Computationally, the specific ligation approach to constructing chimaeric genes can be formulated as a
tree-structured set of assembly steps with a fixed ordering of leaves. The leaves of the tree represent the
original fragments, the set of DNA molecules synthesized prior to assembly. They are defined by the
n specified breakpoint locations. Each internal node represents an assembly of two or more fragments,
producing a largerassembled fragment. Assembled fragments are themselves assembled into successively
larger fragments, ultimately producing the completely assembled gene at the root of the tree. In practice,
assembly steps (ligation of fragments) at the same level in the tree would generally be conducted in separate
parallel reactions.

In general, our method (Fig. 1) optimizes an assembly plan for a maximal set of usable parents by
considering choices for the degrees of freedom in the assembly design. These degrees of freedom are the
nucleotide overhangs for the fragments and the tree structure ordering the assembly steps. Given a list
of breakpoint locations for the parent protein sequences, we must first find for each fragment the set of
nucleotide overhangs common to the parents so that all may be ligated without bias and without change
in sequence (Algorithm 1). We will then select a single overhang for each fragment, along with a tree
structure defining the assembly pathway. The selected tree and overhangs must support correct assembly
of the desired fragments at each node while avoiding spurious assembly of other possible combinations
(Algorithm 2). A dynamic programming algorithm determines a globally optimal assembly order, along with
suitable overhangs, by percolating up through successively larger assemblies the effects of local decisions
for individual assembly steps (Algorithm 3).

The following sections deal with each of these three algorithms; a final section discusses the incorpo-
ration of additional degrees of freedom (conservative substitution and small shifts of breakpoint location)
in order to enable assembly of more diverse families. Throughout, algorithms are described for binary
assembly; the generalization to multi-way assembly is straightforward.

2.1 Admissible Fragment Overhangs (Algorithm 1)

Each fragment has a single-stranded overhang to allow for specific ligation. We consider here the case of
three-nucleotide 5’ overhangs, so as to exploit the ability of the SapI restriction enzyme to generate such
overhangs in fragments amplified by PCR with primers containing a suitably located SapI recognition se-
quence (5’-GCTCTTCN/NNNNGAAGAGC-3’). Three nucleotides is generally long enough for specific
ligation, yet short enough that the overhang nucleotides, which must be the same for all parents, can accom-
modate some diversity of protein sequences at the breakpoint (see Results, Fig. 2). The use of a 5’ overhang
allows selection of terminal overhang bases which are on the more discriminatory 3’ side of the ligation
site [21, 22, 23, 24, 25]. Alternatively, 3’ overhangs of three nucleotides or five nucleotides can be gener-
ated by BsaXI or BaeI, respectively, and 3’ overhangs of any length (with some restrictions on sequence)
can be generated from PCR products by incorporating uracil into the primer and digesting the products with
uracil DNA glycosylase [26] and endonuclease VIII [27] (USER friendly cloning, New England Biolabs).
All of these methods provide the option of PCR amplifying intermediate fragments to allow a complete
assembly if yields from earlier ligation steps are low. Overhangs of any length and orientation (5’ or 3’)
can be generated synthetically, although with the loss of the ability to reamplify intermediate fragments.
In any case, the choice of overhang length and orientation is not essential for our algorithms. Future ver-
sions of our program could even allow overhangs of different length and orientation for different fragments,
automatically making the best choices from this enlarged universe.

In the interest of sequence preservation at the chimaeric breakpoints, only a small number of overhangs
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Algorithm 1 : Identifying admissible overhangs.
Input : S: set of multiply-aligned parent sequences;B: sequence of breakpoint positions in the MSA
Output : {O1, O2, . . . , On}: setOi has admissible overhangs for fragmenti
for i (fragment index)from 1 ton do1

Oi ← ∅2

for o ∈ three-nucleotide 5’ overhangsdo3

for f ∈ {0, 1, 2, 3} (frame)do4

for s ∈ S (parent sequence)do5

for l ∈ codons for residue left ofBi in s do6

for r ∈ codons for residue right ofBi in s do7

p← concatenation ofl andr8

if o is f..f + 2 substring ofp then9

note that parents has overhango in framef using codons(l, r)10

if all parents have overhango in framef then11

addo to Oi12

are appropriate for a given fragment. At each breakpoint, an overhang nucleic acid sequence is first sought
that will result in no amino acid sequence alterations. That is, all assembled genes (both recombinant
and not) preserve the complete sequences of parental fragments at and between all breakpoints. As a less
desirable alternative to preserving the original sequence, we can allow amino acids at the breakpoint to
change to that of another parent, or more generally to allow conservative (or increasingly diverse) changes
to the amino acid sequence (see below). We note that codon changes (whether preserving or changing amino
acids) are currently localized to the breakpoints. Future versions of our program will allow the user to either
avoid undesirable codons at the breakpoints or simultaneously optimize overhang selection and codon usage
for protein expression over the entire gene.

Each fragment has an upstream overhang that is an independent factor in the experiment. Since all
parents must have the same overhang at a given breakpoint, we can refer to a fragment and its upstream
overhang without regard to parent, and we denote fragmenti’s upstream overhang byoi. There is also a
downstream overhang, but it is dependent on the upstream fragment of the next fragment; it is the reverse
complement,o rc

i+1. All sequences are written 5’ to 3’, so that, for example, ifoi+1 is GAT, theno rc
i+1 is ATC.

Our description here focuses on the internal fragments; some of the conditions below can be ignored for the
N-terminal and C-terminal fragments which have only one overhang.

As already discussed, the overhangs to be employed in an assembly plan must be capable of reproduc-
ing all parent sequences, as well as generating all possible chimaeric combinations. We call such overhangs
admissible, and determine overhang admissibility as an initial step prior to consideration of any particu-
lar assembly tree structure. We note that overhangs are described by their nucleotide sequences, whereas
parental and chimaeric sequences are described by their amino acids, and we take advantage of redundancy
in the genetic code in computing admissibility. Since parents will generally have residues with similar prop-
erties at each position when aligned, the correlation between residue properties and codons [28, 29] in fact
aids the search for overhangs that preserve the parental fragment sequences.

Algorithm 1 summarizes the process for the determination of the setsOi of admissible overhangs for
each fragmenti, from a given multiple sequence alignment (MSA) and breakpoint positions. A breakpoint
defines a split between a particular pair of amino acids in each parent. All possible codons for those amino
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Algorithm 2 : Calculating legality and overhang score of an assembly step.
Input : oi, oi+1, oi+2: overhangs of consecutive fragments to be assembled
Output : s: overhang score or “illegal”
s← 01

foreachundesired ligationdo2

let a andb stand for the overhangs involved3

m← 0 (number of matches)4

for t from 0 to 2(base-pair index)do5

if a[t] andb[2− t] are complementarythen6

incrementm7

if m > 1 then return “illegal”8

if t = 1 (internal complementarity)then9

increments by 0.1 * (# H-bonds)10

else11

increments by (# H-bonds)12

acids are explored in the search for overhangs (lines 6 and 7). In the nucleic acid sequence surrounding
the breakpoint, an overhang can be defined in one of several possibleoverhang frames(analogous to, but
distinct from reading frame, which is fixed throughout). Overhang frames define the tuple of nucleotides
on the ends of the fragments (Fig. 1, algorithm 1). In the case of three-nucleotide overhangs (line 9), the
overhang can cover exactly the codon of the first amino acid (frame 0), the codon of the second amino acid
(frame 3), or span nucleotides from the first and second codons (frames 1 and 2). An overhang in a particular
frame is admissible if all parents can have the same nucleotide tuple in the same frame (lines 10 and 11).
The identification of codons and frame yielding a particular overhang is maintained in a table so that gene
sequences may be produced for the generation of PCR primers or for complete synthesis.

2.2 Evaluating an Assembly Step (Algorithm 2)

Suppose we are given the overhangs for fragments to be assembled in some step in an assembly plan. How
can we evaluate the feasibility and quality of the specified assembly? With a pair of fragmentsi andi + 1,
there are four overhangs involved and a total of ten possible ligations (Fig. 1, algorithm 2). We must guard
against the possibility of ligation between all pairs except the desiredo rc

i+1 andoi+1. For example, we must
make sure that one molecule of fragmenti cannot ligate with another by either theoi or o rc

i+1 overhang (as
would result from their being palindromes or approximate palindromes), and similarly for fragmenti + 1.
Furthermore we must ensure that fragmenti cannot ligate on the downstream side of fragmenti + 1 or in
the wrong orientation with it. Although not independent, we “double count” the cases ofo rc

i+1 with itself,
andoi+1 with itself, even though they reflect the same sequence choices, in order to capture the increased
likelihood of undesirable ligations that arise independently from each case. As assembly proceeds, an
overhang may also appear in more than one ligation step. Each ligation step is counted independently,
consistent with an overhang’s appearance in separate ligation reactions.

Algorithm 2 calculates theoverhang scoreof a binary assembly step involving four total (three inde-
pendent) overhangs on both ends of the two fragments (Fig. 1, algorithm 2). The overhang score for an
individual assembly step is the sum of the pairwise scores for unwanted ligations at that step; it reflects
the total likelihood of incorrect assembly at that step. For each unwanted pairwise ligation, we sum up a
complementarity score between nucleotide partners. Here,0 is best, indicating totally different overhangs.
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Algorithm 3 : Optimizing a binary assembly plan, selecting tree structure and associated overhangs.
Input : {O1, O2, . . . , On}: setOi has admissible overhangs for original fragmenti (from Algorithm 1)
Output : Matrix m: entrymi,j has a mapOi ×Oj+1 → (N, N, [0,∞)) giving score (height, # ligations,

overhang) for assembling fragmenti..j with specified external overhangs
createm with all entriesmi,j(oi, oj+1) =∞1

(fill m for leaves)
for i (original fragment)from 0 ton do2

for oi ∈ Oi do3

for oi+1 ∈ Oi+1 do4

mi,i(oi, oi+1)← (0, 0, 0)5

(fill m for successively longer assembled fragments)
for b (# breakpoints in assembled fragment)from 1 ton− 1 do6

for i (start of assembled fragment)from 0 ton− b− 1 do7

j ← i + b (end of assembled fragment)8

for oi ∈ Oi do9

for oj+1 ∈ Oj+1 do10

for k (end of left subfrag)from i to j − 1 do11

for ok+1 ∈ Ok+1 do12

(compute heighth, # ligationsl, and overhang scorev from values for subfragments)
(h1, l1, v1)← mi,k(oi, ok+1)13

(h2, l2, v2)← mk+1,j(ok+1, oj+1)14

h← max {h1, h2}+ 115

l← l1 + l2 + 116

v ← v1 + v2 + Algo2 (oi, ok+1, oj+1)17

if (h, l, v) < mi,j(oi, oj+1) then18

mi,j(oi, oj+1)← (h, l, v)19

There are many ways of evaluating the likelihood of annealing and subsequent ligation and thus assigning
scores [21, 22, 23, 24, 25]. In practice, we disallow any assembly step in which there is Watson-Crick base
complementarity at more than one position for any undesired ligation (line 8); we call other stepslegal. In
the interest of conservative planning, we have made these criteria more stringent than those described by
Tsugeet al. [19] in their six-way ligation to form linear concatemers.

Whenever there is single position complementarity, we employ a simple H-bond counting approach for
the Watson-Crick base pairs, so that G–C pairs contribute3 and A–T pairs contribute2. DNA ligase is
much more likely to be inhibited by mismatches on the 3’ side of the ligation site than at the penultimate 3’
position. Depending on the ligase chosen, initial rates of ligation range from three- to twenty-fold lower for
mismatches at the 3’ end [25]. Since both ends of the overhang are on the 3’ side of the ligation site for one
of the strands, complementarity on either end is more to be avoided than internal complementarity, and we
downweight internal complementarity 10-fold (lines 9–12).

2.3 Optimizing Assembly Tree Structure and Overhang Selection (Algorithm 3)

Given a set of admissible overhangs at breakpoints (Algorithm 1), the experiment planning algorithm must
determine an optimal order (tree structure) of ligations and optimal overhang choices that yield legal assem-
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bly steps (Algorithm 2). In an ideal binary assembly, chimaeric proteins can be constructed using a complete
binary tree. A complete tree assures the fewest levels (parallel ligations), thereby minimizing experimental
effort. However, as the diversity of sequences and number of parents increases, the number of admissi-
ble overhangs decreases, and it becomes less likely that a complete tree can be developed. Furthermore,
complete trees become even less likely in the expansion to multi-way assemblies.

The optimization target includes the height of the tree, the number of internal nodes, and the overhang
score. All three factors could be optimized simultaneously, with decisions made by a weighting scheme
indicating the relative importance of the different factors. However, we find it useful practically to optimize
primarily for tree height, with number of internal nodes and overhang score providing additional guidance
in the case of ties. We consider tree height (number of sequential ligations) to be most important, because
tree height determines the time required to complete assembly. In addition, each successive ligation at less
than 100 percent yield reduces the experimental material and increases the likelihood that extra effort will
be required for reamplification. The total number of internal nodes (total number of ligation reactions)
is next most important to us, as it represents the experimental effort. For strictly binary assemblies, the
total number of nodes is fixed (n − 1 assembly steps forn fragments), but when multi-way assemblies
are considered, optimizing both height and number of ligations produces more efficient experimental plans.
Finally, overhang score is important in evaluating the relative quality of ligation efficiency in different plans.
By enforcing a baseline standard, as we do in disallowing overhangs with more than one complementary
base, we avoid assemblies for which the risk of an unwanted ligation is too great and ensure that each
ligation is likely to succeed. Optimizing primarily for overhang score, however, yields unbalanced trees
where typically only one fragment is added per node and whose height then approaches the number of
fragments.

Rather than enumerating the entire combinatorial set of possibilities for overhang choices and tree struc-
tures, the experimental procedure allows us to adopt a dynamic programming algorithm that focuses on only
a small part of the entire problem context at each assembly step (Fig. 1, algorithm 3). Each assembly step is
conducted in a separate ligation reaction, so the only possible interface between the assembled fragment and
others in the tree is at the external overhangs. That is, the overhangs that were used for ligation of previously
assembled fragments are now internal and no longer matter. Consequently, we can make a local decision
about an assembly step without considering all the combinatorial possibilities for the subassemblies. As
illustrated in Fig. 1, the tree structure at a single assembly step is defined by which breakpoint is being
ligated. We score the assembled fragment using each possible pair of external overhangs, so that we will
later be able to consider further assembly with any choices of overhangs for the neighboring fragments.

More precisely (Algorithm 3), consider an assembled fragment that is composed of original fragmentsi
throughj (we write thisi..j). The assembly of this fragment ligates two fragments that, for some breakpoint
k (i ≤ k < j), are composed respectively of fragmentsi throughk andk + 1 throughj (defining the left
child and right child, respectively). Optimal substructure for dynamic programming holds, since the best
assembly fori..j must build from the best assemblies fori..k andk +1..j (else we would constructi..k and
k + 1..j by following some other, more efficient plan). For each pair of external overhangs (lines 9 and 10)
for fragmenti..j, we determine the breakpointk and internal overhangok+1 (lines 11 and 12) that provide
the best score. We calculate the scores for these choices bottom-up in a dynamic programming style (lines
6–8), considering increasingly larger assemblies. We compute the score for an assembled fragment, for a
particular pair of external overhangs and any available choice for the internal overhang, from the score for
the assembly step and the previously-computed scores for the sub-fragments (lines 13–17). We fill in matrix
m, indexed by initial and final fragment numbersi andj, to map a pair of external overhangsoi andoj+1 to
the best possible score for assembling that fragment using those overhangs (lines 18 and 19).
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As discussed above, the score consists of terms for height, number of ligations, and overhang score. We
compare scores lexicographically (line 18), so our algorithm can only guarantee optimality of the overall
assembly’s height. However, our results (see below) show that the “advice” provided by the other terms
tends to push them toward optimal as well. In the Discussion we mention the trade-offs vs. optimizing all
terms simultaneously.

We note that in the final assembly step, there are no external overhangs at the N and C termini, so
we simply determine the best internal overhang. In practice, back-pointers are preserved to enable recon-
struction of the assembly. Through the course of the algorithm, each assembled fragment is tested with all
possible internal divisions, and each division uses loops over the three overhang sets, so each assembled
fragment requires timeO(no3). Since we consider allO(n2) possible assembled fragments, the total time
complexity isO(n3o3).

2.4 Enabling Planning for More Diverse Libraries: Incorporating Additional Degrees of
Freedom

Given the most expansive set of parent sequences and breakpoints, it is not always possible to find a set
of admissible overhangs or a valid assembly for them. In such a case, we must adjust the desired goals by
either changing the parent sequences or the breakpoints. Failure to find a set of admissible overhangs can
be fixed by reducing the set of parent sequences or changing the breakpoints, while failure to find a valid
assembly can be fixed in the same way. Rather than complicating the selection of the best experimental
plan with an additional set of factors that must be weighed and combined, we handle these adjustments with
“outer loops.” The outer loops enable the user to run Algorithm 3 with increasingly drastic changes until the
best compromise is achieved between eliminating parents and altering the preferred breakpoints.

Since we always search first for admissible overhangs, some multiple sequence alignment and break-
point combinations fail at this step. In this case, the program selects subsets of parent sequences that yield
admissible overhangs. Reducing the number of parents will yield more overhang possibilities at each po-
sition, but naturally this will also reduce the diversity of the chimaeric library, so we seek to identify the
maximal workable subset. The outer loop algorithm for selecting subsets starts with the entire set of parent
sequences; upon failure, it runs separately with each subset leaving out one parent; in subsequent iterations,
it takes increasingly smaller subsets. It eventually reports those maximal parent subsets that yield admissible
overhangs at all breakpoints. As an option, the user can specify particularly desirable parents that must be
included in a useful subset. Wherever this method does not yield a sufficient number of parents, our program
identifies additional parents that can be added to the finished plan. These additional parents skip one or more
of the lowest level ligations for which they cannot use the overhang employed by the other parents.

A possible additional or alternative approach to the goal of including more parents is to shift breakpoints
and/or make amino acid substitutions. These degrees of freedom are controlled by user-defined absolute
restrictions. Breakpoint shifting restricts the breakpoints to moving only over a range defined by the user for
each breakpoint. Although small shifts in breakpoint location are not predicted to make large differences in
the ability of recombinants to make functional chimaeras [10, 18], the user can still minimize this effect by
allowing small shifts at first followed by larger ones in succeeding iterations. Amino acid substitution first
restricts substitutions only to residues at the same position in another parent. It should be noted that changes
of this kind result in absolutely no change in SCHEMA score [10]. More broadly, general conservative
substitutions, applied uniformly to all breakpoints, can be chosen. General substitutions are subject to a
maximum on the allowed drasticness, with increasingly drastic substitutions potentially allowed by the user
in successive iterations. Since the effects of mutation are hard to determine however, we expect that users
will allow changes only to other parental sequences or to the most conservative general substitutions.
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Figure 2: Analysis of the availability of admissible three-nucleotide overhangs. All possible pairs of dipep-
tides spanning breakpoints for two parents were examined for admissible overhangs (as defined in Materials
and Methods) that would allow for recombination. In (a) admissible overhangs were determined using only
frame 0 (the frame of the first amino acid) and frame 3 (the frame of the second amino acid). In all, 8,000
dipeptide pairs out of 80,200 can be used for recombination in either frame. These 8,000 occur when both
parents share either the first or second amino acid. Panel (b) shows the expansion in both dipeptide pairs
with possible recombination breakpoints and the overhangs admissible for them when frames 1 and 2 (mix-
ing nucleotides from both amino acids) are included. Here, a total of 13,250 dipeptide pairs can be used
for recombination in at least one of the four possible frames. Panel (c) shows that conservative substitution
further expands the set of recombinable dipeptide pairs. Now 47,908 dipeptide pairs have admissible over-
hangs in one of the frames. The triangles indicate the maximum number of admissible overhangs for any
dipeptide pair: 12 for (a), 29 for (b), and 64 for (c).

Choices of breakpoint and substitution satisfying those restrictions are also penalized according to dras-
ticness in the scoring function. Penalties are summed over subassemblies as with overhang score, and are
considered secondarily to the height, number of ligations, and overhang score. A shift penalty is assigned to
each shift, based on the user’s estimation of anticipated structural disruption. A substitution penalty is eval-
uated by the difference in score between retaining the wild-type (parent) sequence and making the mutation,
according to a user-defined substitution matrix.

3 Results

The incorporation of diverse sequences into libraries of chimaeric genes requires that all parents share over-
hang sequences long enough to ensure efficient ligation of the intended fragments and that the set of over-
hangs be sufficiently diverse in sequence to prevent coupling in undesirable combinations. To investigate
the first requirement of sharing potential sequences for ligation we conducted a survey of possible overhangs
among all pairs of amino acids that might span a breakpoint. For simplicity, we assumed a recombination
experiment of just two parents, and considered all possible overhangs including those that are approximate
palindromes. For each parent there are 400 possible amino acid pairs (dipeptides) that could span a break-
point. For two parents, there are then 160,000 pairs of dipeptides, although some of these represent the
same amino acid combinations. While four hundred of the pairs have the same dipeptide in both parents and
have to be retained, half of the 159,600 remaining pairs of dipeptides are redundant (e.g., YK in parent one
with FR in parent two, and FR in parent one with YK in parent two). Of the 80,200 unique dipeptide pairs
we first determined how many could be ligated with admissible three-nucleotide overhangs in frame 0 (the
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frame covering the first amino acid codon) or frame 3 (the frame covering the second amino acid codon).
Fig. 2(a) shows a histogram of the number of dipeptide pairs that could be recombined using one or more
overhang sequences. Eight thousand or 10% of the unique dipeptide pairs could be recombined using three
nucleotide overhangs consisting of frame 0 or 3.

Of course, it also possible to use overhangs that mix nucleotides from the two codons. Using these two
frames, we can cover an additional 5,250 dipeptide pairs. A histogram of admissible overhangs using all
four frames is shown in Fig. 2(b). In total, 13,250 dipeptide pairs or approximately 16.5% of the unique
dipeptide pairs can be recombined with three nucleotide overhangs in all possible frames. In practice the
likelihood that a breakpoint can be recombined will be much higher than this in the formation of libraries
using families of related sequences. Using related sequences, amino acids on either side of the breakpoint
will be more likely to be shared among parents, and the conservative changes found within families are
likely to have codons that are more similar than the random combination assumed here. Nonetheless, the
relatively small fraction of admissible overhangs points out the possible need for additional mechanisms for
generating useful overhangs by conservative substitution and small shifts to the breakpoint position.

Because of the correlation between amino acid properties and codons [28, 29], it might be thought that
not much could be gained by conservative substitution. To evaluate the utility of conservative substitution,
we allowed the amino acids of the 80,200 unique pairs to be substituted according to a conservative rule for
general substitutions (BLOSUM-62 score change at most 4). As Fig. 2(c) illustrates, conservative substitu-
tion nearly quadruples the number of recombinable dipeptide pairs, to 47,908 (about 59.7% of the unique
pairs). This greatly increases the number of overhangs potentially usable for constructing assembly plans.
Note that by employing conservative subsitution and using overhangs spanning codons, the dipeptide pair
Val-Ser / Val-Ser potentially admits all 64 possible 3-nucleotide overhangs.

The second requirement in the selection of overhangs is sufficient sequence diversity between overhangs
for different fragments to ensure only the correct assembly without undesirable cross-ligation. To investi-
gate this requirement we evaluated the possible combinations of three-nucleotide overhangs in ligations of
varying order. Using our criteria stated in Materials and Methods for avoiding incorrect ligation, we first
note that of the 64 possible nucleotide triplets, 16 are partially palindromic (e.g., ACT) and thus not suit-
able for use in ligation. Working with the remaining 48, we found that 67% of all the overhang pairs are
sufficiently diverse to satisfy our criteria and avoid incorrect ligation of two fragments in a single step. As
the number of overhangs ligated in a single step increases, the number of legal ordered combinations also
increases to a maximum at a six-way assembly, but their fraction of the total combinations simultaneously
decreases (Fig. 3). No combinations of three-nucleotide overhangs were judged to allow accurate assembly
using more than six overhangs. Our example assemblies below employ steps (nodes) that use from three
to six overhangs to ligate up to six fragments, while the biochemical feasibility of efficiently ligating six
fragments into a linear product has been demonstrated [19].

In a test of their profile SCHEMA theory, Meyeret al. [18] constructed a chimaeric library with 13
breakpoints and two parents from the beta-lactamase family and tested lactamase activity in the chimaeras.
Their breakpoints and assembly tree were described, but not their overhangs. A straightforward variant of
Algorithm 3 follows a fixed tree structure and propagates, bottom-up, scores for feasible overhang choices
at the assembly nodes. This method reveals optimal overhang choices for the published tree and breakpoints
(Fig. 4). Our dynamic programming planning algorithm further optimizes overhangs and paths to permit
multi-way ligations. This optimization allows an alternative assembly (Fig. 5) with a tree height of two (our
primary optimization target) using only four ligations total (our secondary target). This plan is substantially
more efficient than that previously described, which required a tree height of three and nine ligations.

PurE, an essential enzyme in purine biosynthesis, presents a planning target with a large number of
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Figure 3: Single-step assembly possibilities employing the sequence diversity in three-nucleotide overhangs.
There are 48 overhangs that are legal on their own (not partially palindromic). Fork overhangs to be
employed in ligation at a single step, the number of legally ligatable ordered (from upstream to downstream)
combinations of overhangs was computed. So that the number of overhangs and the number of fragments is
the same, we have assumed that the final fragment is at the C terminus. The percentage of the total number
of possible ordered sets (48k) is shown above the bar.

bacterial homologs. To test the ability of our program to extract maximal sets of parents for recombination,
we performed a SCHEMA analysis [10] with the available webserver, using PurE sequences fromSulfolobus
solfataricusandMethanobrevibacter smithiiand the structure ofE. coli PurE (PDB id 1QCZ). Based upon
the SCHEMA minima, we chose breakpoints in the multiple sequence alignment corresponding to residues
Glu40, His75, Met110, and Gln135 in theE. coli sequence numbering. These breakpoints yield a similar
breakpoint density in the 169-residue PurE to that of the thirteen breakpoints in the 263-residue lactamase.
Our program first evaluates which family members can be used, selecting either the maximal subsets or those
maximal subsets that use certain required parents. In the case of PurE, our planning mechanism identified
several maximal subsets, the largest of which allowed 9 parents to be recombined in a single-step assembly
(Fig. 6). Note that even in the strictly conserved second breakpoint, it selects an overhang that spans the two
codons, in order to achieve a legal assembly with an optimal overhang score for the five-way ligation.

To test the application of our method to including more diverse parents than in either case thus far, we
first constructed an intentionally diverse MSA of beta-lactamase genes for organisms listed in Fig. 7(a). A
phylogenetic tree of that alignment is shown in Fig. 7(b). To provide a stringent test of our algorithm’s
ability to plan the recombination of diverse parents we established a minimal difference criterion, indicated
by the vertical line in Fig. 7(b). To eliminate potential parents that are too close in sequence, we chose only
one representative from each subfamily whose lineage crosses the vertical line. This selected subset was
aligned (see Supplementary Material), a tree constructed (Fig. 7(c)), and analyzed for pairwise sequence
identity, as shown. In our planning tests below, we use the same breakpoints as previously, except for the
possibility of shifting.

More extensive plans, using additional diverse parents from the lactamase MSA, result in significantly
more restrictions on trees and overhangs. Our program’s ability to first evaluate parental subsets allows the
user to balance the desired number and range of parents versus controlled alteration of breakpoint location
and sequence. In the lactamases, our method shows that no assembly is possible for sets of parents including
TEM-1, PSE-4, and any additional diverse lactamase, when using fixed sequences and breakpoints.

In many cases the exact location of the breakpoint is not critical and could be shifted by a small num-
ber of amino acids, presumably without harm to the experiment (for example, see the broad minima in the
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Figure 4: Potential overhangs optimized by our program for beta-lactamase parents TEM-1 (D) and PSE-4
(Y), with breakpoints and assembly fixed as published by Meyeret al. [18] (overhangs were not originally
described therein). Our selected overhang and the corresponding frame is indicated below each breakpoint.
Note that the residue numbers in our figure differ from theirs due to the use of a different sequence alignment.
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Figure 5: An alternative multi-way experimental plan for TEM-1(D)/PSE-4(Y) selected by our program
when optimizing overhangs and assembly, scoring for tree height, number of ligations, and assembly score,
as described in Materials and Methods. This plan requires fewer ligations (nodes) and parallel sets of
ligations (levels) than the original plan (Fig. 4).

SCHEMA profiles for TEM-1 and PSE-4 [10]). Since the protein families involved in recombination often
employ different residues at a breakpoint position, conservative substitution of these residues provides addi-
tional degrees of freedom for experiment planning. Conservative sequence changes may be useful either as
an alternative to breakpoint shifting or in combination with it. Users can set restrictions for both degrees of
freedom, allowing the program to report back larger maximal subsets of parents with admissible overhangs
for recombination. Within these restrictions scoring terms reflecting the total extent of change further limit
subsequent asembly planning in keeping with the primary criteria (see Materials and Methods).

Our analysis above demonstrated that breakpoint shifting and/or sequence substitution would be required
to add additional parents beyond TEM-1 and PSE-4. Restricting breakpoint shifting to plus or minus three
residues, only one additional parent (Rhodobacter capsulatus) could be incorporated in the plan. Likewise,
when allowing changes in BLOSUM-62 score up to 4, the same additional parent could be incorporated.

Using both shifts and substitutions enables planning for a much larger, diverse family. Several maximal
subfamilies that include TEM-1 and PSE-4 and up to seven other parents were identified by combining these
same shift and substitution limits:{D, T, Q, R, X, G, C, Y, A}; {D, T, Q, R, X, G, M, C, Y}; {D, Q, R, T, M,
C, Y, A}; {D, W, T, Q, R, X, M, Y}; {D, U, W, Q, C, Y, A}; {D, U, Q, R, C, Y, A}; {D, W, Q, R, C, Y, A};
{D, U, W, T, Q, Y}; {D, U, Q, R, M, Y}. Fig. 8 shows an assembly and overhangs for the first subfamily.
The optimal tree employs 12 shifted breakpoints and 20 substitutions in one or more parents. This extensive
combination of substitution and breakpoint shifting allows the assembly of chimaeras from a much larger
number of diverse parents.

Our algorithm employs dynamic programming to select optimal solutions from an enormous number
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Materials and Methods.

A * Rhodobacter capsulatus
B Pseudomonas aeruginosa
C * Proteus mirabilis
D * Escherichia coli (TEM-1)
E Klebsiella pneumoniae
F Streptomyces cellulosae
G * Streptomyces aureofaciens
H Streptomyces lavendulae
I Streptomyces fradiae
J Streptomyces albus
K Yersinia enterocolitica
L Proteus vulgaris
M * Escherichia coli
N Klebsiella oxytoca
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P Bacillus subtilis
Q * Bacillus cereus
R * Bacillus licheniformis
S Bacillus cereus
T * Nocardia lactamdurans
U * Streptomyces badius
V Streptomyces cacaoi
W * Streptomyces cacaoi
X * Haemophilus influenzae
Y * Pseudomonas aeruginosa (PSE-4)
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Figure 7: Sequence relationships among members of the beta-lactamase family. (a) Species of beta-
lactamase family homologs employed in the multiple sequence alignment and assemblies, and their letter
codes. (b) Phylogenetic tree for selected members of the beta-lactamase family. Vertical line indicates sim-
ilarity threshold. (c) Phylogenetic tree for diverse subset of (b). The range of pairwise sequence identity for
all members branching from a node is indicated.
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Figure 8: Experimental plan for recombining the maximal subset of beta-lactamase genes that includes
TEM-1 and PSE-4, under both conservative amino acid substitutions and shifting the breakpoint location.
To increase diversity by incorporating additional parents beyond TEM-1 and PSE-4, both general amino acid
substitution up to a difference of four in the BLOSUM-62 table and shifting each breakpoint location up to
three positions were allowed. A maximal subset of nine parents was identified during the search for sets
of mutually consistent, admissible overhangs. A multi-way assembly tree was then constructed, selecting
among the possible overhangs and minimizing tree height, number of ligations, and assembly overhang,
substitution and shift scores as described in Materials and Methods.

of possible assembly plans. The number of possible assembly plans (considering choices of overhangs and
tree structures) grows very quickly with the number of breakpoints. Let numberKi represent the number of
three-nucleotide overhangs admissible at fragmenti, typically substantially fewer than the absolute bound of
43 = 64. For example in the two-parent TEM-1/PSE-4 beta-lactamase case (Fig. 5), there are 13 breakpoints
with respectively〈6, 1, 5, 4, 4, 3, 9, 6, 2, 8, 9, 2, 6〉 admissible overhangs to be considered. There are a total
of

∏
i Ki combinations ofn overhangs; for TEM-1/PSE-4 there are134, 369, 280 combinations. The num-

ber of tree structures also grows very quickly. Establishing a tree structure essentially amounts to inserting
balanced parentheses in a list, and in fact our algorithm is similar to that for computing optimal parenthe-
sizations [30]. The number of binary tree structures (binary parenthesizations) withn leaves is given by the
Catalan numberCn−1, whereCn = (2n)!

(n+1)!n! . There are14 possible binary trees for5 leaves,4862 for 10
leaves, and742, 900 for the14-fragment (13-breakpoint) TEM-1/PSE-4 case. If we allow multi-way assem-
blies, the count follows the “super-Catalan” numbers, with45 possibilities for5 leaves, more than103, 000
for 10, and more than71 million for 14 [31, 32]. The total number of assembly plans to be considered is thus
the product of the number of overhang combinations and the number of tree structures; for TEM-1/PSE-4
the total is about1014 for binary assemblies and1016 for multi-way assemblies. Thus the plan shown in
Fig. 5 represents one optimal solution out of1016 possibilities. Thus automated selection of assembly paths
and overhangs provides substantial advantages in evaluating the combinatorial possibilities of the problem.

While the number of trees is thus clearly too large to consider exhaustively, good plans might still be
frequent enough to be identified without recourse to our algorithm. (The usefulness of our algorithms would
not be so great if it were possible to find a good enough plan without them.) To test this possibility, we
exhaustively enumerated all binary assembly plans for the first eight TEM-1/PSE-4 breakpoints (as many
as was feasible in a reasonable time). There are a total of (6×1×5×4×4×3×9×6)×1430 = 111,196,800
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Figure 9: Histogram of height and overhang scores of legal binary assembly plans for assembling the first
eight TEM-1/PSE-4 breakpoints. No plan is better in height, and the vast majority of plans are significantly
worse in overhang score than the one identified by our algorithm (not shown, height of 4, overhang score of
13.8). Note that the legal plans shown here represent only 0.4% of the total combinations of tree structures
and overhang selections.

possible assembly plans, of which only 447,928 (0.4%) are legal. Fig. 9 shows the distribution of scores of
the legal plans. Of these, only 47,428 (11%) achieve the optimal height of 4. The majority require more
levels — 137,688 require 5 levels, 142,088 require 6 levels, 89,300 require 7 levels, and 31,424 require
8 levels. Thus a person is unlikely to randomly find a legal plan, and even less likely to find an optimal
one, without applying these (or similar) algorithms. In addition to guaranteeing optimality of height, our
mechanism also does quite well in finding a plan with a small overhang score. The overhang score of our
selected binary plan (not shown) is 13.8, close to the best (9.6) and better than all but 94 (0.2%) of the 4-level
plans. Thus even a legal, height-optimal experiment discovered without our planner is likely to have poorer
specificity of ligations, and consequently greater potential for experimental difficulties.

Our dynamic programming algorithm requires time polynomial in the number of breakpoints and their
admissible overhangs (O(n3o3) for n fragments ando overhangs). The effect of number of overhang
choices on the computational complexity is apparent in the increasingly complex planning problems studied
here. Our program required less than a second for the no-shifting/no-substitution plan with the two beta-
lactamases in Fig. 5 (a total of108 admissible overhang combinations), but 20 hours for substitution and
shifting with the larger family in Fig. 8 (1017 combinations). (All runs were performed on a Linux box with
a 3.2 GHz Pentium 4 processor, with Java code compiled by the Sun standard edition software development
kit.)

4 Discussion

Protein engineering has evolved in several distinct directions. One approach seeksde novodesign of pro-
teins by optimizing sequence for a given structure [33], sampling structures for a given sequence [34], or
both [35, 36]. Another approach focuses on structure-based design or redesign of particular regions, em-
ploying various methods, notably variations on dead-end elimination [37, 38, 39]. This method has also
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achieved good results in splicing functions onto previously known cores [40, 41]. Protein engineering based
on the generation of combinatorial libraries using stochastic or site-directed breakpoints followed by screen-
ing has also proven an effective method for the generation of novel activities [1, 2, 3, 4, 5, 6, 7, 8, 10, 17, 18].
Combinatorial libraries have previously been limited by lack of diversity in the parents, inability to direct
the sites of recombination towards the greatest effect, and computational difficulties in planning for large
numbers of breakpoints. Our algorithms address these limitations by providing a mechanism for planning
site-directed combinatorial construction using short overhangs for annealing and ligation. By incorporating
suitable degrees of freedom, these assemblies can be used to build complete combinatorial libraries from
diverse parents, recombined at user-selected breakpoints. While we focus on the generation of large combi-
natorial libraries with multiple breakpoints by SPLISO, running our algorithm with just a single breakpoint
allows the generation of oligos for SCOPE and dimer templates for RM-PCR.

At the present state of the art, construction of chimaeric genes by any method may involve ten or more
recombination breakpoints from as many parents, yielding potential libraries with on the order of1011

members. The libraries designed here have more than1013 members arising from parents that have no
more than 55% pairwise sequence identity. Engineering of novel properties and activities may require the
generation of still greater diversity, though. Incorporation of additional parents can aid in achieving such
diversity. Our program can also insert additional diverse parents into an existing plan, allowing them to
skip breakpoints for which they do not support the corresponding overhang. More generally, the supported
parents could be considered throughout experiment planning in future implementations; e.g., the dynamic
programming algorithm could be extended to propagate the set of supported parents, and a scoring function
could evaluate the size of the supported set (and consider the number of skipped breakpoints) when selecting
among alternative tree structures and overhangs.

As an additional source of diversity, multiple rounds of recombination and selection [1, 42, 43] can
also be accomplished in our method. Using PCR and either restriction enzymes or the USER friendly
method, fragments with either the original breakpoints or new ones can be recovered in their approximate
relative amounts in the selected pool. These fragments can be generated with suitably designed ends and
reassembled as our planning algorithm directs. Using a nested set of PCR primers or synthetic fragments,
our method also allows the addition or deletion of codons at the breakpoints, generating variable linkage
diversity which proved valuable in the generation of chimaeras from the X-family of DNA polymerases [7].

Although the ligation steps in our assembly pathways may involve up to six fragments and appear quite
complex, the work of Tsugeet al. [19] demonstrates the viability of such multi-way ligations for generating
linear products. In ligating five fragments, each containing a resistance gene, plus a sixth vector fragment,
Tsugeet al. found that 98 percent of cells transformed from the ligation mix possess the five resistances
that would arise from accurately ligated products. The biochemical efficiency of such ligation was also
demonstrated by the production of linear concatemers as much as five-fold longer than a single set of six
fragments. We note that Tsugeet al. conducted their six-way ligation with several overhangs that would not
pass our criteria of having only one Watson-Crick base pair per overhang. Assuming that all their overhangs
were legal by our definition, the total hydrogen bond-based overhang score for their six-way assembly step
according to our metric would be 81.0. By way of comparison, our computer planned six-way assembly
step in Fig. 5 has a better score of only 41.8.

Different efficiencies of ligation with different overhangs may bias the ligation process. Under their
ligation conditions, Tsugeet al. found that overhangs employing two AT and one GC base pair were de-
sirable. Our method could readily incorporate such additional restrictions, while still optimizing overhangs
under these restrictions. Finally, it is worth noting that avoiding bias in ligation may also require employing
precisely equimolar amounts of all fragments [19].
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We have decided to optimize primarily on tree height, as it represents the experimental time. Secondary
factors consisting of number of ligations and overhang score are used locally (i.e., at individual nodes) to
break ties. Certainly other methods of scoring are possible and may prove advantageous as experience
develops. For example, our method could employ as its scoring term a weighted combination of criteria,
but this requires a more sophisticated understanding of the experimental cost and alterations in efficacy
due to these factors. A variation on the dynamic programming algorithm could guarantee optimality of
all three terms, by extending the matrix to include indices for the height and number of ligations. Thus
we would compute the optimal overhang score for each fragment, using each pair of external overhangs,
and assembled for each height and number of ligations. This would scale up the computational complexity
by two additional factors, and we expect it to be practically unsuitable for complex plans testing many
overhangs. Our results (Fig. 9) show that we can avoid this expense and still do very well at reducing the
number of ligations and the overhang score. To reduce the “brittleness” of identifying a single optimum with
respect to the current (or any) scoring model, the algorithm could readily be extended to compute a set of
alternative trees with optimal or near-optimal score. At each step, it would keep a list of choices that yield a
number of the best scores; at the end, it would back-chain through these best choices. The user would then
be able to choose among the output trees.

Various refinements to the individual scoring components might also be advantageous. A more refined
substitution score might model all the amino acid changes that would occur in the library as a result of the
substitution within the context of the known structural environment of that residue. We can also refine the
breakpoint shift penalty with criteria reflecting expected reductions in the resulting modularity. Finally, the
overhang score was developed from a general knowledge of ligation efficiencies and fidelity [21, 22, 23, 24,
25]. Nonetheless, any overhang score is only an attempt to predict an actual ligation efficiency, which may
vary for reasons that are not yet obvious. As experience develops, the overhang score could be improved to
assure efficiency, fidelity, and lack of bias in the ligation process.

We have developed a method that allows planning of site-directed recombination experiments under
varying degrees of freedom in the choice of parent genes, breakpoint locations, amino acid substitutions,
and assembly pathway. Our dynamic programming approach is computationally efficient and yields globally
optimal plans. We have demonstrated that even diverse members of a protein family can be recombined un-
der suitable combinations of substitution and shifting of the breakpoint positions. By enabling site-directed
recombination from diverse families, the SPLISO method extends the repertoire and specificity of protein
engineering beyond that available to stochastic methods. It should be a boon for investigating the modular
nature of proteins and for protein engineering based upon rational selection of modular units.

5 Supporting Materials

Our algorithm has been implemented in platform-independent Java code. The software can be freely ob-
tained for academic use by request from the authors.
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