GenoCAD.org: a web site to design and verify synthetic genetic

constructs derived from standard biological parts

Yizhi Cail, Brian Hartnett, Claes Gustafsson? and Jean Peccoud
1. Virginia Bioinformatics Institute, Virginia Tech, Blacksburg VA, USA
2. DNA2.0, Inc. Menlo Park CA, USA
*email: peccoud@vt.edu

The sequence of artificial genetic constructs is composed of multiple functional
fragments, or genetic parts. Biologists have deciphered structural rules that the design
of genetic constructs needs to follow in order to ensure a successful completion of the
gene expression process, but these rules have not been formalized, making it
challenging for non-specialists to benefit from the recent progress in gene synthesis. We
show that context-free grammars (CFG) can formalize these design principles. This
approach provides a path to organizing libraries of genetic parts according to their
biological functions, which correspond to the syntactic categories of the CFG. It also
provides a framework for the systematic design and verification of new genetic
constructs consistent with the design principles expressed in the CFG.

Gene synthesis technology now enables moleculéodigis to assemble long DNA molecules
that may include multiple genes and their regulasequences. We will refer to these molecules
as “genetic constructs” or just “constructs”. Ae throughput of construct manufacturing
increases, thdesign of complex genetic constructs becomes the bottlenéthe process. It
becomes easier to assemble complex DNA molecudestthdesign them. A natural way of
designing complex constructs involves combiningdbsilding blocks also known as
“biological parts” or “genetic parts” [1-3]. Theparts are small DNA fragments implementing
specific biological functions. The mechanisms aigexpression require that certain structural
constraints are met in order for a construct téuinetional. Parts of different types need to be
placed in a particular order and next to each dtherder to ensure that coding sequences are
properly transcribed and translated. Certain maggunctional only in a specific context
whereas other parts have proved functional in asgasother than the one from which they
originate. For instance promoters are often rastlito specific organisms or even cell types [4-
6] whereas genes coding for proteins can ofterxpeessed in multiple species[7]. The design of
complex genetic constructs such as artificial gegtevorks [2, 8-13] therefore requires an
intimate knowledge of gene expression mechanisgnsirteresting to observe that more than
six years after the description of the first actdl gene networks [9, 10], this technology has yet
to find biomedical applications. It is likely thatost biologists who could use sophisticated
genetic constructs to control the expression df tiene of interest do not have the expertise to
design the construct they need.

One way to lower the barrier to entry into synthéiiblogy is to formalize the structural
constraints associated with the use of standardiz#dgical parts in a construct. We have used
a class of formal languages called context-freengnars to represent the structure of previously
published artificial gene networks. We have embddtes formalism into GenoCAD.org, a web



site that includes a wizard guiding users in thagteof their constructs by combining standard
biological parts. In addition, GenoCAD includesaager capable of verifying the structural
validity of synthetic DNA sequences that have baesigned outside of GenoCAD.

PO1 S— SOS Start symbol (S), linker (O), start symbol (S)

P02 S— AMG Promoter (A), transcript (M), terminator (G)

P03 S— HNB Terminator rev (H), transcript rev (N), proraotev(B)

P04 S— PMR T7 promoter (P), transcript (M), T7 terminaBy)

P05 S— TNQ T7 terminator rev (T), transcript rev (N), piomoter rev (Q)
P06 M— MM Transcript (M), transcript (M)

PO7 N— NN Transcript rev (N), transcript rev (N)

P08 M— CE Ribosome binding site (C), gene (E)

P09 M— KIK Hammerhead (K), riboregulator (I), hammerhd&d(

P10 N— FD Gene rev (F), ribosome binding site rev (D)

P11 N— LJL Hammerhead rev (L), riboregulator rev (J), In@enhead rev (L)
P12 E— WUY Start codon (W), protein domain (U), stop coo)

P13 F— ZVX Stop codon rev (Z), protein domain rev (Viastcodon rev (X)
P14 G— GG Terminator (G), terminator (G)

P15 H— HH Terminator rev (H), terminator rev (H),

P16 O— 00 Linker (O), linker (O),

P17 Y—YY Stop codon(Y), stop codon(Y)

P18 72— 77 Stop codon rev (Z), stop codon rev (Z)

P19 U— Uu Protein domain (U), protein domain (U)

P20 V— VWV Protein domain rev (V), protein domain rev (V)

P21 A— OA

P22 B— OB Linkers can be added next to some parts

E E

P0100, PO101IE A-all|a2|E
P0200, PO201E B»bl|b2|E
E E

P2400, P2401E Z>z1|z2|E

All variables can be transformed into terminals.

Table 1 A CFG generating the most common architestaf artificial gene networks.
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Step Production String
1 P01 SS
2 P03 HNBS
P02 HNBAMG
3 P06 HNBAMMG
P10 HFDBAMMG
4 P08 HFDBACEMG
P08 HFDBACECEG
5 P15 HHFDBACECEG
P14 HHFDBACECEGG
6 P21 HHFDBOACECEGG

7

h02h01f01d04b02001208c08e15c05e149g01g02

B

[tataaacgcagaaaggcccacccgaaggtgagecagtgtgalgagageg
taaaacgaaaggcccagtctttcgactgagcectttegtittatttgatgee
tgctgatgtgctcattat
cgcagatqgttatctgtgcatgce

rrrrrrrrrrrrrr

EALAA. .ot e gegtttata

ttcaccgacaaacaacaga
tgg][ttaagc. ..cacca][
aaccgccagtggtatttat
][ttatcaaaaaccatggt

tittgataa][ccatcgaatggctgaaatgagctgtigacaattaatcatc
aattgtgagcggataacaatttcacacaggal[aggaaaccggttatg]a
atttaaatg][atgcgt. ..aaataa][ccaggcatc gaaagqgc
titcgttttatctgttgtttgtcggtgaacgctctc][tcacactggetca
gcgtttata]

10.

11.

12.

13.

cggctcgtataatgtgtgg
tgagca...ttacaajlagga

tcagtcgaaagactgggec

ccttcgggtgggcctttct

b 3
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Figure 1. The successive applications of
productions starting from S provide a
framework to guide the design of
genetic constructs (B). The verification
of an existing DNA sequence requires
the use of a lexical analyzer to identify
the parts composing the sequence. The
symbolic description of the sequence
provided by the lexical analyzer can be
parsed using an LR algorithm.
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