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1 Introduction

The therapeutic use of genetically engineered recombinases aims at the excision
of a provirus from the host genome. This, however, requires the tissue-specific
delivery of the specific transgene and its nuclear import [Nabel, 1999]. One ap-
proach to deliver a gene is the use of Adeno Associated Viral (AAV) vectors.

Packaging of the therapeutic transgene into the AAV capsid requires the pres-
ence of secondary DNA structures [Yan et al., 2005], known as inverted terminal
repeats (ITRs), which flank the transgene sequence and function as packaging
signals. However, it has been shown that secondary structures inside the trans-
gene sequence similar to the ITRs can interfere with the packaging process
[Cataldi and McCarty, 2013] and lead to aberrant encapsidation of truncated
(and therefore non-functional) vector genomes.

ITR-like structures are also called hairpins or stable secondary structures due
to their shape in 2D folding prediction. We refer to them as secondary struc-
tures in the following. A secondary structure is formed by a substring of a DNA
sequence, composed of the known bases Σ = {A,C,G, T}. For this substring,
it must hold that a reverse-complementary substring exists whose elements pair
with those of the first subsequence. A base pair consists of two bases linked to
each other by hydrogen bonds. These bonds, known as Watson-Crick pairings
[Watson and Crick, 1953], form between adenine and thymine and between gua-
nine and cytosine. We call the two partial sequences of pairing bases stem and
the sequence of non-pairing bases between the original and the reverse comple-
mentary sequence loop. A base sequence is classified as a secondary structure
if the stem length is at least the stem length specified by the user and the loop
length remains below the loop length specified. Thus, the choice of the stem
length and loop length parameters determines the number of structures in a
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sequence that are considered as secondary structures. We call a DNA sequence
optimal (for our purpose) when it is free of secondary structures within the
specified parameter limits.

Transgene sequences designed in a laboratory for a specific purpose often con-
tain unwanted and potentially interfering secondary structures. One way to
solve the issue is to consider one codon sequence of the transgene and construct
an alternative codon sequence by exchanging codon triplets. However, it must
be ensured that the resulting amino acid sequence remains unchanged to main-
tain the functionality of the transgene. In a preliminary work [Kranz, 2021], an
algorithm was developed that first examines an initial sequence for the presence
of secondary structures. Then, one randomly selected triplet involved in the
stem of a secondary structure is replaced one-by-one with the aim to reduce
the number of secondary structures. However, since replacing codons can also
introduce new secondary structures, this is not guaranteed. If no secondary
structure-free sequence is found within a given number of substitutions, the al-
gorithm terminates.

While the resolution of a single, short secondary structure using this method
was feasible, the correction of long open reading frames (ORFs) remained chal-
lenging.

2 Aim

As a prerequisite for the formal definition of the optimization objective we pur-
sue with this work, we define the following terms.

Given an alphabet Σ, a string B is an ordered sequence of elements from Σ. For
DNA strings, the order is defined by the order of bases within the amino acid
sequence, read in 5’ - 3’ direction.

B = (b0, ..., blb−1
)

When we use the term base pair, we are referring to a relation that assigns each
base b to its complementary base.

c(b) =


A if b = T

T if b = A

C if b = G

G if b = C
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We define c(b) to be applicable element-by-element to B, such that the comple-
mentary sequence c(B) of length lB is the reverse ordered sequence of pairing
bases.

B = (b0, b1, ...blB−1
)

c(B) = (c(blB−1
), c(blB−2), ... c(b0))

By B’ we refer to substrings of B of minimal length lmin. The total order of B
is preserved in every substring B’. We say that B contains s secondary structure
if there exists at least one B’ in B for which also its complement c(B’) exists in
B, such B’ and c(B’) do not overlap in B. Any such pair is called a secondary
structure. Intuitively, all secondary structures contained in B can be found by
splitting B into sliding windows of length lmin, for each determining whether a
complementary sequence exists.

S(B) = {B′ ⊆ B | S(B′) (B′ ∧ c(B′))}

Let S(B) be the set of secondary structures in B. The aim of this thesis is to
design and evaluate an efficient algorithm which, given a sequence B, finds a
rewriting r(B) of B such |S(r(B))| is small. We say a rewriting r is optimal for
B if there exists no other rewriting r’ such that S(r′(B)) < S(r(B)).

3 Approach

The solution space of the described problem is large, making an exhaustive
enumeration off all possible rewritings infeasible. We propose to search good
solutions with the help of metaheuristic methods. For the evaluation of a so-
lution candidate, a cost function has already been established [Kranz, 2021].
Further, possible operations for generating solution candidates were defined.
However, the present algorithm chooses operations randomly rather than in a
goal-directed way. Section 3.1 gives an overview of possible starting points for
generating promising solution candidates. Furthermore, a selection of meta-
heuristic approaches will be examined for suitability to solve the problem and
the most appropriate approach will be selected. A subset of eligible metaheuris-
tics is summarized in section 3.2.

3.1 Operations to generate solution candidates

A non-optimized solution contains at least one secondary structure to be re-
solved. With a minimal stem length of six, at least four codon triplets are
involved in the formation of a secondary structure, each of which can be re-
placed by different triplets. This often results in a large number of possible
rewritings to generate a new candidate solution.
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A single triplet rewriting has an individual effect on the secondary structure
under consideration and possibly on adjacent secondary structures. Thus, a
substitution of a triplet may have a weak effect on resolving the secondary
structure due to the location of the exchanged codon. Especially, the exchange
of a triplet located close to non-pairing bases may remain effectless. The same
holds true for triplet substitutions that only change one base. In such cases, the
simultaneous replacement of multiple triplets is essential. Though, if there is a
high density of secondary structure candidates, multiple exchanges may provide
more stability to neighboring secondary structures, giving rise to the formation
of new secondary structures.

When considering secondary structures with a high stem length, it may happen
that a secondary structure is not resolved by the exchange of one triplet but
e.g. split it into two secondary structues. One possible strategy could be to re-
solve all secondary structures in the analysed frame once a secondary structure
has been identified to thereafter consider the next secondary structure. The
other way might be to process alternating single secondary structures to be able
to react to changes of neighboring codon sequences. The different approaches
and their effect on the variance and quality of the candidate solutions will be
investigated and a suitable implementation will be chosen.

3.2 Choosing a suitable metaheuristic approach

From the set of metaheuristic approaches, the following could address the needs
of this project.

� Independent parallel optimization runs
Based on the initial sequence, independent parallel optimization runs that
start with the same input sequence and diverge with each step can be
performed as well as methods using knowledge about already explored
paths. Although independent runs will often get stuck in local optima,
a wide variety of paths will be explored and good approximate solutions
will be found using an appropriate number of runs.

� Metaheuristic Methods
As a more targeted approach, search methods that accept worse neigh-
bours can be used to keep going when stuck in local optima. In partic-
ular, it can be helpful here to choose methods that store the result of
already explored paths and invest the computation time in investigating
unexplored paths. Possible methods include the following.

– Tabu search, designed to avoid cycles by tagging visited solutions
as tabu and storing them in a memory structure, called tabu list
[Glover, 1989], [Glover, 1990]

– Simulated Annealing, designed to avoid getting stuck in local op-
tima by accepting worse neighbours of a current solution while pre-
ferring better neighbours [Kirkpatrick et al., 1983]
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In addition to considering different heuristics, care should also be taken to find
a reasonable tradeoff between reevaluation of existing secondary structures and
replacements, since evaluation is fairly resource-intensive.

If possible, the optimization problem should be extended by a further opti-
mization objective, which has not been modeled so far, to limit the problem in
its complexity. Specifically, a further goal is to orient the percentage distribu-
tion of triplets used to the codon usage of the target organism. This additional
optimization goal contradicts the first one [Liu et al., 2013], because both goals
limit the number of codon triplets to be used. Therefore, it should be examined
to what extent consideration of the organism-specific codon usage is possible.

3.3 Evaluation

Using synthetic codon sequences with adaptable structural characteristics, the
runtime of the existing implementation is to be tested, by changing one pa-
rameter at a time while keeping the others constant. The most influential
parameters should then be selected and solutions developed to address the
problems that cause the greatest effect on runtime. The developed scenarios
will later be applied to implementations of different optimization approaches to
support the process of selecting appropriate optimization methods. The find-
ings collected using synthetic codon sequences will be validated on a selection
of real sequences that fit into the carrying capacity of AAV which is between
4.1 and 4.9 kb [Dong et al., 1996]. Transgenes of practical relevance, suitable
to ensure the algorithms applicability to real data include base editors, e.g.
ABE7.10 [Gaudelli et al., 2020], hemophilia treatments using factor IX trans-
genes [George et al., 2017] and recombinases that recognize virus-specific se-
quences, e.g. Brec-1 [Karpinski et al., 2016].

4 Related Work

Among the DNA optimization algorithms that already exist there are algorithms
that focus on individual optimization goals relevant to this work, which are
namely codon usage optimization [Puigbò et al., 2007], [Chung and Lee, 2012]
and secondary structure avoidance [Gaspar et al., 2013]. As non of these meet
all the requirements of this project, we already implemented a suitable but non-
runtime optimized single-objective secondary structure destruction algorithm
[Kranz, 2021].

Besides the aforementioned single-objective algorithms, there are multi-objective
algorithms, aiming to combine at least two, possibly conflicting, optimization
goals; however, not necessarily the optimization goals relevant to us. For exam-
ple, there is one multi-objective algorithm [Gaeta et al., 2021], which optimizes
codon usage and can prevent clustered occurrence of GC sites but does not
support the destruction of secondary structures. An algorithm that opts for
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codon usage optimization and the destruction of secondary structures is JCat
[Grote et al., 2005]. However, in this work secondary structures are only de-
tected and destroyed if they are followed by a poly-U stretch, because then
a rho independent transcription terminator is formed, which is the actual op-
timization objective. Another multi-objective algorithm that includes codon
usage and the avoidance of secondary structures among its optimization goals
is COStar [Liu et al., 2013]. Here, the problem is decomposed into subproblems
whose possible solutions are modeled as an acyclic graph in a way that the
best solution corresponds to the path following the best partial solutions. This
procedure cannot detect secondary structures that form across windows and its
detection algorithm is based on a free energy approach, which is not detecting
every occurrence of secondary structures.

In addition to concrete implementations, there are also software libraries that
aim to provide a basis for specific implementations in the field of DNA optimiza-
tion. A suitable implementation is DNA-Chisel [Zulkower and Rosser, 2019],
which is a Python framework for multi-objective algorithms. The codebase con-
tains a basic method for dealing with multiple optimization targets as well as
an approach for the detection and destruction of secondary structures.

6



References

[Cataldi and McCarty, 2013] Cataldi, M. P. and McCarty, D. M. (2013). Hair-
pin end conformation of adeno-associated virus (aav) genome determines in-
teractions with dna repair pathways. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC3578132/.

[Chung and Lee, 2012] Chung, B. and Lee, D.-Y. (2012). Computational codon
optimization of synthetic gene for protein expression. BMC Systems Biology,
6:134 – 134.

[Dong et al., 1996] Dong, J.-Y., Fan, P.-D., and Frizzell, R. A. (1996). Quan-
titative analysis of the packaging capacity of recombinant adeno-associated
virus. Human Gene Therapy, 7(17):2101–2112. 10.1089/hum.1996.7.17-2101.

[Gaeta et al., 2021] Gaeta, A., Zulkower, V., and Stracquadanio, G. (2021).
Design and assembly of DNA molecules using multi-objective optimization.
Synthetic Biology, 6(1). https://doi.org/10.1093/synbio/ysab026.

[Gaspar et al., 2013] Gaspar, P., Moura, G., Santos, M. A. S., and Oliveira, J. L.
(2013). mrna secondary structure optimization using a correlated stem–loop
prediction. https://academic.oup.com/nar/article/41/6/e73/2902446.

[Gaudelli et al., 2020] Gaudelli, N. M., Lam, D. K., Rees, H. A., Solá-Esteves,
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