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ABSTRACT: R2oDNA Designer is a web application that
stochastically generates orthogonal sets of synthetic DNA
sequences designed to be biologically neutral. Biologically neutral
sequences may be used for directing efficient DNA assembly by
overlap-directed methods, as a negative control for functional DNA,
as barcodes, or potentially as spacer regions to insulate biological
parts from local context. The software creates optimized sequences
using a Monte Carlo simulated annealing approach followed by the
elimination of sequences homologous to host genomes and
commonly used biological parts. An orthogonal set is finally determined by using a network elimination algorithm. Design
constraints can be defined using either a web-based graphical user interface (GUI) or uploading a file containing a set of text
commands.
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A key feature of engineering disciplines is the use of modular,
well-characterized, and composable parts. Coupled with
computer aided design tools and assembly standards, this
enables the automated design and assembly of genetic devices,
ideally using robotics.1 Truly modular features are currently
lacking in the field of synthetic biology, despite considerable
recent effort to address this.2,3 In recent years, overlap-directed
DNA assembly methods such as Gibson Isothermal Assembly
have become widely used, accompanied by a move away from
standards such as BioBricks, toward bespoke ‘one-off’ DNA
assembly approaches.4 To address issues arising from this,
various strategies have been developed to address specific
context dependency issues of small but critical DNA parts,
including (i) the Ribosome Binding Site (RBS) calculator,5

which helps define the RBS-Open Reading Frame (ORF)
junction to regulate protein translation initiation, (ii)
surrounding minimal promoters with insulating sequences,6

and (iii) the use of RNA processing of mRNA sequences to
leave easily accessible RBS regions.7,8 In many instances,
however, there is a requirement for rationally designed generic
nonfunctional DNA that does not lead to unwanted biological
effects, such as genetic instability due to recombination, or
unwanted changes in gene expression due to unintended
incorporation of sequence motifs. Such biologically neutral
DNA could be valuable as inter- or intragenic spacer regions
that insulate parts from one another and can also be used as a
mechanism to direct DNA assembly. Synthetic orthogonal
DNA sequences lacking in function could also find use as
barcode sequences for high-throughput experiments or simply
as negative control DNA, when the function of a natural

sequence needs to be compared to that of a sequence with no
function. Similar approaches have been proposed independently
by other groups9,10 where the synthetic sequences were referred to
as unique nucleotide sequences (UNSs) but their design software
had not been made available for external users. Earlier work on the
design of 12mer structure-free DNA word sets required a large
pre-existing pool of sequences from which to select sequences
(e.g., a pool of all possible 12mers), but this method would be
computationally intractable for longer sequences.11,12

Here, we present a web-based tool to computationally design
orthogonal synthetic DNA sequences. In addition, the algorithm is
optimized to remove sequences that may be biologically active in
an effort to reduce context-dependence. While R2oDNA Designer
is intended to design neutral DNA sequences for a variety of
needs, its use in designing libraries of linker sequences to act as
reliable and efficient adapters for modular overlap-directed DNA
assembly reactions has been recently described.13 The Web tool
can be accessed at www.r2odna.com. The software was
implemented using Java/Apache Tomcat on the server side and
Adobe Flash/Apache Flex on the client side.

■ HOW DOES R2ODNA DESIGNER WORK?
R2oDNA designer is an online software tool that allows the
user to define the parameters and constraints desired for a set
of synthetic DNA sequences (e.g., specific GC-content,
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forbidden restriction enzyme sites, etc.) in a browser-based
GUI. The specifications are then sent to a server, which submits
a job to a queuing system on a cluster. The final results are a set
of orthogonal linker sequences that satisfy the input constraints.
These are emailed to the user in the form of a ZIP archive
containing a FASTA format file with the orthogonal sequences
(sequencesFinalFile.fa), a text file that contains the parameters
(jobSpecifications.txt) used to generate these sequences, and a
text file showing the number of sequences remaining at each
step in the design process (adminStatFile.txt). The parameters
file can be edited by the user, uploaded, and parsed by the web
tool to relieve the user of having to enter long lists of
parameters in the GUI. The adminStatFile.txt file is useful for
users to refine design parameters if too many sequences were
eliminated at any stage in the design process.
Parameters. Design specifications are entered either in a

GUI interface or by uploading a text file containing the
formatted parameters (Figure 1 and Table 1). These allow the
user to specify sequence constraints including overall length,
the bases permitted at each position, GC content, or Tm targets
for all or subsections of the sequence, disallowed sequence
motifs, and the parameters used to produce an orthogonal set.
Initial Sequence Generation Using Monte Carlo

Simulated Annealing. A simple scoring function consisting
of a linear weighted sum of five terms was defined: S = whpShp +
wrSr+ wfSf + wGCSGC + wTm

STm
, where Shp is the sum of the

length of inverted repeats longer than a minimum length 4, Sr is
the sum of the length of repeats over a minimum length 6, Sf is
the sum of the number of matches to a list of forbidden
sequence motifs in the form of Java regular expressions, SGC
penalizes GC-content straying from a specified target value and
is equal to the length of the specified region multiplied by the
square of the difference between the target GC-content and
the actual GC-content. STm

is the same as SGC but for Tm rather
than GC. Tm is calculated using the base stacking algorithm of
SantaLucia14 with 50 mM monovalent salt concentration, 0 mM
divalent salt concentration, and 200 nM primer concentration.
The weights whp, wr, and wf are set to 10.0, and the weights wGC

and wTm
are set to 1.0. This scoring function is minimized using

Monte Carlo simulated annealing (MCSA) starting from initial

random sequences multiple times to generate a pool of initially
optimized sequences. Only sequences that minimize the terms Shp,
Sr, and Sf to zero and keep GC-content and Tm within a certain
tolerance are accepted into this initial pool. The initial pool is then
further culled by eliminating sequences with DNA secondary
structures or self-annealing (including the self-annealing of the
reverse complement) minimum free energies (MFEs) below user
defined cut-offs (Table 1). The MFE values are calculated using
PairFold.15

BLAST and Network Elimination. The initial sequence
pool is further optimized by BLASTing against possible chassis
organism genomes and commonly used biological parts
(Table 1) using the software program BLASTN16 with default
settings but with the word size parameter reduced to 8. Any
linkers with hits below a defined E-value cutoff (default 1.0) are
eliminated. This has the dual aim of reducing the chance of any
undesirable homologous recombination events between de-
signed sequences and host genomes and to help remove
sequences with possible biological function. Finally, in order to
ensure sequences are orthogonal to one another, those with the
potential to mis-anneal to other sequences in the generated
set are removed using a network elimination algorithm.17 This
has the added benefit of reducing downstream evolutionary
instability by minimizing the likelihood of homologous
recombination within the sequences generated within a set,
as well as ensuring orthogonality for other purposes, such as
eliminating cross-annealing of DNA sequences during DNA
assembly or for PCR primer binding sites.
The network elimination algorithm works by creating an

undirected graph based on the results of all-against-all pairwise
alignments and pairwise MFEs of the sequences in the pool.
Edges are drawn between two sequences if (i) there is any exact
subsequence match between the sequences above a defined
length, if (ii) the Smith-Waterman local sequence alignment
score is above a defined value, or if (iii) the pairwise DNA
folding free energy calculated using PairFold is below a defined
value. Alignments and free energy calculations are conducted in
all possible orientations, and all parameters can be user defined
(Table 1). A random sequence is picked, and all connected
sequences were eliminated. This process is iterated until a

Figure 1. R2oDNA Designer graphical user interface. See Table 1 for the key to the number labels.

ACS Synthetic Biology Technical Note

dx.doi.org/10.1021/sb4001323 | ACS Synth. Biol. XXXX, XXX, XXX−XXXB



T
ab
le

1.
R
2o
D
N
A
D
es
ig
ne
r
P
ar
am

et
er
sa

lo
ca
tio

n
on

G
U
I
(F
ig
ur
e
1)

t
e
x
t
c
o
m
m
a
n
d
:
k
e
y
w
o
r
d
<
a
r
g
u
m
e
n
t
1
>
<
a
r
g
u
m
e
n
t
2
>
.
.
.

de
sc
rip

tio
n

1
E
m
a
i
l
<
e
m
a
i
l
a
d
d
r
e
s
s
>

Em
ai
l
ad
dr
es
s
to

se
nd

re
su
lts
.

2
P
r
o
j
e
c
t
N
a
m
e
<
u
s
e
r
p
r
o
j
e
c
t
n
a
m
e
>

A
rb
itr
ar
y
us
er

de
fi
ne
d
na
m
e
fo
r
th
e
se
t
of

lin
ke
rs
.

3
F
o
r
m
a
t
<
I
U
P
A
C
d
e
g
e
n
e
r
a
t
e
s
e
q
u
e
n
c
e
f
o
r
m
a
t
o
f
s
e
q
u
e
n
c
e
s
r
e
q
u
i
r
e
d
>

T
hi
s
al
lo
w
s
th
e
us
er
to

sp
ec
ify

th
e
to
ta
ll
en
gt
h
of
th
e
lin
ke
r
an
d
po
si
tio

ns
th
at
ar
e
al
lo
w
ed

to
va
ry
or

m
us
tb

e
fi
xe
d
in
IU

PA
C

de
ge
ne
ra
te

nu
cl
eo
tid

e
fo
rm

at
.F

or
ex
am

pl
e
th
e
co
m
m
an
d
“F
or
m
at

N
N
N
N
N
N
N
N
N
N
”
w
ou
ld

re
su
lt
in

a
se
t
of

lin
ke
rs

10
bp

lo
ng

w
ith

al
lp

os
iti
on
s
al
lo
w
ed

to
va
ry

fr
ee
ly
.T

he
co
m
m
an
d
“F
or
m
at
N
N
N
N
N
N
N
N
T
S”

w
ou
ld

re
su
lt
in

a
se
t
of

lin
ke
rs
w
he
re
th
e
9t
h
ba
se

po
si
tio

n
is
fi
xe
d
as
T
an
d
th
e
la
st
po
si
tio

n
m
ay

be
a
G
or

a
C
.N

ot
e
th
at
th
is
fe
at
ur
e
ca
n
be

us
ed

to
ad
d
5′

an
d
3′

se
qu
en
ce

co
nt
ex
t
ar
ou
nd

va
ria
bl
e
re
gi
on
s.

4
S
e
q
n
u
m
<
n
u
m
b
e
r
o
f
l
i
n
k
e
r
s
r
e
q
u
i
r
e
d
>

T
he

nu
m
be
r
of

or
th
og
on
al
se
qu
en
ce
s
re
qu
ire
d
by

th
e
us
er
.

5
t
m
<
v
a
l
u
e
>

T
ar
ge
t
T
m
fo
r
w
ho
le
se
qu
en
ce
.T

hi
s
co
m
m
an
d
an
d
th
e
co
m
m
an
ds

tm
_r
an
ge

an
d
gc
_r
an
ge

co
m
m
an
ds

ar
e
m
ut
ua
lly

ex
cl
us
iv
e.

6
g
c
<
v
a
l
u
e
>

T
ar
ge
tG

C
co
nt
en
tf
or

w
ho
le
se
qu
en
ce
.T

hi
s
co
m
m
an
d
an
d
th
e
co
m
m
an
ds

tm
_r
an
ge

an
d
gc
_r
an
ge

co
m
m
an
ds

ar
e
m
ut
ua
lly

ex
cl
us
iv
e.

7
t
m
_
r
a
n
g
e
<
v
a
l
u
e
>
<
s
t
a
r
t
p
o
s
i
t
i
o
n
>
<
e
n
d
p
o
s
i
t
i
o
n
>

T
ar
ge
t
T
m
fo
r
a
sp
ec
ifi
c
ra
ng
e
ov
er

th
e
se
qu
en
ce
.M

or
e
th
an

on
e
of

th
es
e
ra
ng
es

m
ay

be
sp
ec
ifi
ed
.P

os
iti
on
s
ar
e
in
cl
us
iv
e

an
d
in
de
xe
d
fr
om

0.

8
g
c
_
r
a
n
g
e
<
v
a
l
u
e
>
<
s
t
a
r
t
p
o
s
i
t
i
o
n
>
<
e
n
d
p
o
s
i
t
i
o
n
>

T
ar
ge
t
G
C
co
nt
en
t
fo
r
a
sp
ec
ifi
c
ra
ng
e
ov
er

th
e
se
qu
en
ce
.M

or
e
th
an

on
e
of

th
es
e
ra
ng
es

m
ay

be
sp
ec
ifi
ed
.P

os
iti
on
s
ar
e

in
cl
us
iv
e
an
d
in
de
xe
d
fr
om

0.

9
G
e
n
o
m
e
s
<
g
e
n
o
m
e
1
>
<
g
e
n
o
m
e
2
>
.
.
.

N
am

es
of

se
qu
en
ce

da
ta
ba
se
s
to

be
se
ar
ch
ed

us
in
g
B
LA

ST
.C

ur
re
nt
ly
th
es
e
ar
e
lim

ite
d
to

sa
cc
ha
ro
m
yc
es
_c
er
ev
isi
ae
_g
en
om

e,
es
ch
er
ic
ic
hi
a_
co
li_

k1
2_

dh
10
b,
es
ch
er
ic
ic
hi
a_
co
li_

k1
2_

m
g1
65
5,
es
ch
er
ic
ic
hi
a_
co
li_

k1
2_

w
31
10
,b
ac
ill
us
_s
ub
til
is_

16
8
an
d

ig
em

_a
ll_

pa
rt
s_
08
20
13
.T

he
iG
EM

da
ta
ba
se

w
as

bu
ilt

th
e
FA

ST
A
fi
le
ob
ta
in
ed

fr
om

ht
tp
:/
/p
ar
ts
.ig
em

.o
rg
/f
as
ta
/p
ar
ts
/A

ll.
Pa
rt
s
as

do
w
nl
oa
de
d
on

A
ug
.3

0,
20
13
.

10
F
o
r
b
S
e
q
<
J
a
v
a
r
e
g
e
x
p
a
t
t
e
r
n
>
<
d
e
s
c
r
i
p
t
i
o
n
>

Se
qu
en
ce

m
ot
ifs

th
at
ar
e
fo
rb
id
de
n
in

th
e
de
si
gn
ed

se
qu
en
ce
s.
T
he
se

ar
e
sp
ec
ifi
ed

in
th
e
fo
rm

of
Ja
va

re
gu
la
r
ex
pr
es
si
on
s.

IU
PA

C
de
ge
ne
ra
te

co
de
s
ar
e
au
to
m
at
ic
al
ly
tr
an
sl
at
ed

in
to

eq
ui
va
le
nt

re
gu
la
r
ex
pr
es
si
on
s
in
te
rn
al
ly
;
e.
g.
,W

is
tr
an
sl
at
ed

in
to

[A
T
].

11
E
v
a
l
u
e
<
v
a
l
u
e
>

B
LA

ST
N

E-
va
lu
e.
A
ny

lin
ke
r
se
qu
en
ce
s
w
ith

B
LA

ST
hi
ts
be
lo
w
th
is
va
lu
e
ar
e
el
im
in
at
ed
.

12
F
o
l
d
T
e
m
p
<
v
a
l
u
e
>

T
em

pe
ra
tu
re

(°
C
)
at

w
hi
ch

D
N
A
se
co
nd
ar
y
st
ru
ct
ur
e
m
in
im
um

fr
ee

en
er
gi
es

(M
FE

)
ar
e
ca
lc
ul
at
ed

us
in
g
th
e
so
ftw

ar
e

Pa
irF

ol
d.
T
hi
s
aff
ec
ts
th
e
M
in
In
tr
aE
ne
rg
y
an
d
M
in
In
te
rE
ne
rg
y
M
FE

ca
lc
ul
at
io
ns
.A

ll
M
FE

ca
lc
ul
at
io
ns

ar
e
ca
rr
ie
d
ou
t
at

1
M

N
aC

l.

13
M
i
n
I
n
t
r
a
E
n
e
r
g
y
<
v
a
l
u
e
>

M
in
im
um

al
lo
w
ed

in
tr
am

ol
ec
ul
ar

M
FE

al
lo
w
ed

ca
lc
ul
at
ed

us
in
g
Pa
irF

ol
d.

T
hi
s
is
us
ed

to
fi
lte
r
se
qu
en
ce
s
w
ith

re
si
du
al

se
co
nd
ar
y
st
ru
ct
ur
e
ge
ne
ra
te
d
by

M
C
SA

st
ep

an
d
be
fo
re

th
e
B
LA

ST
el
im
in
at
io
n
st
ep
.B

ot
h
fo
rw
ar
d
an
d
re
ve
rs
e
st
ra
nd
s

M
FE

s
ar
e
ca
lc
ul
at
ed
.

14
M
i
n
I
n
t
e
r
E
n
e
r
g
y
<
v
a
l
u
e
>

M
in
im
um

al
lo
w
ed

in
te
rm

ol
ec
ul
ar

M
FE

al
lo
w
ed

ca
lc
ul
at
ed

us
in
g
Pa
irF

ol
d.

T
hi
s
is
us
ed

to
fi
lte
r
se
lf-
an
ne
al
in
g
se
qu
en
ce
s

ge
ne
ra
te
d
by

M
C
SA

st
ep

an
d
be
fo
re

th
e
B
LA

ST
el
im
in
at
io
n
st
ep
.A

dd
iti
on
al
ly
,t
hi
s
is
us
ed

du
rin

g
th
e
ne
tw
or
k

el
im
in
at
io
n
st
ep
.M

FE
s
fo
r
al
l
fo
rw
ar
d
an
d
re
ve
rs
e
st
ra
nd

co
m
bi
na
tio

ns
ar
e
ca
lc
ul
at
ed

at
al
l
st
ag
es
.

15
M
a
x
S
W
S
c
o
r
e
<
v
a
l
u
e
>

M
ax
im
um

Sm
ith

−
W
at
er
m
an

(S
W
)
lo
ca
l
se
qu
en
ce

al
ig
nm

en
t
sc
or
e
al
lo
w
ed
.T

hi
s
is
us
ed

du
rin

g
th
e
ne
tw
or
k
el
im
in
at
io
n

st
ep

to
el
im
in
at
e
ho
m
ol
og
ou
s
se
qu
en
ce
s
fr
om

th
e
fi
na
l
se
t.
SW

sc
or
es

ar
e
ca
lc
ul
at
ed

fo
r
al
l
fo
rw
ar
d
an
d
re
ve
rs
e
st
ra
nd

co
m
bi
na
tio

ns
us
in
g
th
e
ED

N
A
FU

LL
m
at
rix
.

16
M
a
x
S
u
b
M
a
t
c
h
<
v
a
l
u
e
>

M
ax
im
um

le
ng
th

of
an
y
ex
ac
t
su
bs
eq
ue
nc
e
m
at
ch

al
lo
w
ed
.T

hi
s
is
us
ed

du
rin

g
th
e
ne
tw
or
k
el
im
in
at
io
n
st
ep
.T

hi
s
is

ca
lc
ul
at
ed

fo
r
al
l
fo
rw
ar
d
an
d
re
ve
rs
e
st
ra
nd

co
m
bi
na
tio

ns
.

17
N
/
A

U
pl
oa
d
sp
ec
ifi
ca
tio

ns
fi
le
w
ith

te
xt

co
m
m
an
ds

de
sc
rib

ed
in

th
is
ta
bl
e.

18
R
e
v
e
r
s
e
M
o
d
e
<
t
r
u
e
/
f
a
l
s
e
>

En
ab
le
s
re
ve
rs
e
m
od
e.
If
th
is
op
tio

n
is
se
le
ct
ed

th
en

co
m
m
a
se
pa
ra
te
d
se
qu
en
ce
s
m
ay

be
en
te
re
d
in
to

th
e
“s
eq
ue
nc
e
fo
rm

at
”

bo
x
(s
ee

lo
ca
tio

n
3)
.O

n
su
bm

itt
in
g
th
e
jo
b,
th
es
e
se
qu
en
ce
s
ar
e
sc
or
ed

an
d
em

ai
le
d
ba
ck

to
th
e
us
er
.I
U
PA

C
de
ge
ne
ra
te

ba
se
s
ar
e
no
t
pe
rm

itt
ed

in
th
is
m
od
e.

N
/A

J
o
b
I
D
<
u
n
i
q
u
e
I
D
>

N
on
us
er

de
fi
na
bl
e
un
iq
ue

jo
b
ID

.T
he

us
er

ne
ed
s
th
is
to

tr
ac
k
jo
b
pr
og
re
ss
.

N
/A

C
l
u
s
t
e
r
I
D
<
u
n
i
q
u
e
I
D
>

N
on
us
er

de
fi
na
bl
e
un
iq
ue

ID
of

jo
b
on

th
e
cl
us
te
r
qu
eu
in
g
sy
st
em

.F
or

in
te
rn
al
us
e
on
ly
.

a
A
ll
pa
ra
m
et
er
s
ca
n
be

se
t
us
in
g
th
e
G
U
I
or

by
up
lo
ad
in
g
a
te
xt

fi
le
co
nt
ai
ni
ng

th
e
co
rr
es
po
nd
in
g
co
m
m
an
ds
.A

ll
re
su
lts

ar
e
re
tu
rn
ed

w
ith

a
co
rr
es
po
nd
in
g
te
xt

co
m
m
an
d
fi
le
(j
ob
Sp
ec
ifi
ca
tio

ns
.te
xt
).

ACS Synthetic Biology Technical Note

dx.doi.org/10.1021/sb4001323 | ACS Synth. Biol. XXXX, XXX, XXX−XXXC

http://parts.igem.org/fasta/parts/All.Parts


completely disconnected graph is obtained. The remaining
sequences then formed the final set of orthogonal sequences.
Job Progress Tracking. On pressing the ‘Run’ button, a

unique job ID tracking code is displayed on a pop-up window
and also emailed to the user. Clicking on the “Track jobs” tab in
the top right of the GUI allows the user to enter the job ID and
track progress of the job on the queuing system. Results are
emailed to the user on completion.
Reverse Mode. This mode scores existing sequences using

the scoring functions described above rather than design new
sequences. This is a useful functionality for assessing the
biological neutrality of existing sequences, and may be used to
assess their suitability for use in designing biological systems. In
this mode, lists of comma separated sequences are entered by
the user in the sequence format box. Results are emailed to the
user as a ZIP archive containing a comma separated file
containing the scores and BLAST hit counts for each sequence
(AllScores.csv) and a file containing the raw pairwise scores
used in the network elimination step (NetworkScores.csv).

■ FUTURE DEVELOPMENT

Designing nonfunctional synthetic DNA sequences, whether to
act as spacer regions or reliable linker sequences for DNA
assembly, requires removal of DNA sequences known to have
function. As more is understood about sequence-to-function
relationships in different organisms and genetic contexts, the
list of sequences to remove will increase. A future development
for R2oDNA Designer is to crowd-source undesired sequence
motifs by maintaining a registry of those sequences specified by
users of the software as ones to not include. Future users will
therefore be able to learn from one another what sequences to
specify as unwanted.
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