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Introduction

Main

Most genes are synthesized using seamless assembly methods that rely on polymerase chain
reaction (PCR)1‘3. However, PCR of genes encoding repetitive proteins either fail or
generate nonspecific products. Motivated by the need to efficiently generate novel protein
polymers through high-throughput gene synthesis, here we report a codon-scrambling
algorithm that enables the PCR-based gene synthesis of repetitive proteins by exploiting the
codon redundancy of amino acids and finding the least-repetitive synonymous gene
sequence. We also show that the codon-scrambling problem is analogous to the well-known
traveling salesman problem4, and obtain an exact solution to it by using De Bruijn graphs5
and a modern mixed integer linear program (MILP) solver. As experimental proof of the
utility of this approach, we use it to optimize the synthetic genes for 19 repetitive proteins,
and show that the gene fragments are amenable to PCR-based gene assembly and
recombinant expression.

Owing to the exceptional diversity of peptide properties in nature, repetitive proteins have
been designed that exhibit unique structural and biological properties6v7. The majority of
these artificial proteins are bioinspired from fibrous elastomeric animal proteinsg‘15 ranging
from highly elastic proteins —elastin, abductin, and resilin— to the highly tough silk
fibroin. Other repetitive proteins have been designed with a broad array of applications in
mind: peptide drugsm, genome-editing toolsl7, ligand scaffoldsls, purification tags1 ' 0,
protein bindersnvzz, and hydrogel-forming proteins that adopt B-sheet23’24, coiled-coil24, or
random coil®® structures.

The synthesis of genes encoding highly repetitive polypeptides is one of the unsolved
problems in synthetic biology. Fast, scalable, high-throughput methods for the synthesis of
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non-repetitive genes are available to molecular biologists which involve the precise
hybridization of a large number of complementary oligonucleotides, followed by PCR
amplification of the DNA productlvze. However, the highly repetitive DNA sequences that
encode highly repetitive polypeptides are not amenable to efficient gene synthesis by current
methods because the different gene fragments are all highly complementary to each other, so
that precise assembly is not possible. Repetitive genes are also inaccessible to /in vitro
amplification and other manipulations such as sequencing, mutagenesis, cloning, and
enzymatic error correction27. This is because, similar to gene synthesis, these manipulations
include annealing steps in which single stranded DNA would anneal out of register with
each other at multiple sites (Fig. 1a, b)28.

Hence, specialized methods for gene assembly of repetitive proteins have been developed,
. . . ... 162930 L 811253132
including random oligomerization™ """, and recursive ligation methods ™~ """,
However, these methods also have one or more serious limitations: (1) they produce
multimers of heterogeneous size, with a distribution that is dependent on DNA concentration
and other reaction conditions, (2) require many laborious iterations of cloning in order to
generate genes with a desired number of repeats, and (3) do not ensure directional insertion

during cloning.

For these reasons, these specialized methods are far more tedious and require considerable
optimization. They are also throughput-limited by the repeated and intensive steps of cloning
and colony screening. The production scale of repetitive genes hence continues to fall
behind that of non-repetitive genes because they cannot leverage the recent technological
advances in next-generation, automated gene synthesis. In the past 15 years, these advances,
driven by advancements in synthetic biology, have enabled the market cost of commercial
gene synthesis to drop by over 100-fold*. Therefore, the development of PCR-based
repetitive gene synthesis is critical to efficiently synthesize repetitive genes with high
throughputze.

In order to synthesize repetitive proteins via commercially compatible gene assembly
approaches, we have developed a codon scrambling algorithm that identifies the least
repetitive synonymous coding sequence for any protein sequence. Given the exponentially
large number of codon variants, the search for the least repetitive sequence in an immense
sequence space is a computational challenge. Although this discrete optimization problem
belongs to the non-deterministic polynomial-time (NP)-hard complexity class, we found that
developing a modestly sized problem formulation was crucial to solving it without resorting
to metaheuristic algorithms, which are approximate and usually non—deterministic34

The objective of the codon scrambling problem is to minimize potential cross-hybridization
events, or off-target interactions, of a repetitive coding sequence during polymerase
reactions. In this problem, a polymerase reaction is conceptualized as a set of local cross-
hybridization events between repeated subsequences. The tendency of duplex formation is
estimated by the exponential-transformed duplexing energy AG given by the Boltzmann
weight exp(-AG/ RT), where T is the system's absolute temperature and R is the gas
constant. We can then quantify tradeoffs between sequences with a scalarized objective
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function, defined by the linear combination of all subsequence repeats weighted by their
Boltzmann weights.

We utilize the codon De Bruijn subgraph, an adaptation of the De Bruijn subgraph, to
sparsely represent all feasible nucleotide sequences that encode a protein of interest. A k-
mer De Bruijn subgraph of a 64 codon alphabet X~ ~popopis a directed graph in which each
vertex represents a substring consisting of A codons, or 3k nucleotides. Each arc is a
substring consisting of A+ 1 codons, and connects its prefix and suffix vertices; for example,
arcs between vertices corresponding to dicodons can be represented by tricodons, as shown
by the overlapping nucleotide sequences encoding the amino acids GVP below:

GGCGTACCT
_

GGCGTA GTACCT, (1)

where k= 2. In this sense, a path traversal across multiple arcs represents a s/iding window,
where a window of &+ 1 codons incrementally advances across a sequence. We can then
construct a graph such that feasible paths code the protein of interest, provided that the graph
is defined by the order and composition of the amino acid sequence (Fig. 1c). The codon De
Bruijn subgraph is a relaxed version of the De Bruijn subgraph which allows for substrings
that appear more than once if they code for different parts of the amino acid sequence. Arcs
can easily be deleted from the subgraph if they contain forbidden sequences such as
homopolymeric stretches, strong secondary structures, internal ribosome binding sites
(iRBS)35, or restriction enzyme recognition sites of interest.

In this graph, each arc is decomposed into a set of subsequences which is used to calculate
the arc's (non-additive) contribution to the objective function. Therefore, the fixed-length
path with the minimum objective defines the least repetitive codon variant. We have found
that the discrete optimization on the set of all feasible paths is analogous to the classical
traveling salesman problem. This is due to our utilization of subtour elimination consz‘rainz‘s4,
used to eliminate disjoint cycles from the set of feasible solutions, as well as the requirement
of simple, fixed-length paths. We provide a detailed description of the MILP formulation in
the Supplementary Note, in which we utilize the graph's network topology to reduce the size
and difficulty of the problem. In its implementation, we use MATLAB (Mathworks) code to
convert repetitive protein sequences into MILP problem instances, which are then optimized
using the IBM ILOG CPLEX Optimization Studio 12.5.1, a modern state-of-the-art MILP
solver (Supplementary Data).

To test the algorithm, we selected a diverse set of 19 repetitive proteins (Table 1). These
repetitive protein sequences can be completely optimized with CPLEX; computational
experiments show that global optimality is reached within times ranging from 460 ms for
wheat gliadin (SPR16)32 to 2,020 s for elastin like polypeptide (ELP)SG. The optimization
objective eliminates repeats, while favoring shorter repeats with weak hybridization
energies. In contrast, if two or more oligonucleotides are concatemerizeds, the resulting
coding sequence is highly repetitive. This is apparent from the identity dot plot of ELP,
where long intense lines off the main diagonal indicate long repeats (Fig. 1d). After
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optimization, these lines disappear or break into smaller lines with nucleotide lengths of <8
bp.

Computational experiments show how CPLEX timings scale with the number of repeat units
of the ELP motif (Fig. 1e). As expected, computational run times have an exponential
relationship with the increasing maximum repeated nucleotide length. This nucleotide length
determines the De Bruijn window length &, which is exponentially proportional to the
overall size of the graph and MILP problem (Supplementary Note). In contrast, the objective
function increases continuously with the increasing number of motif repeats. For reasonable
values of &, experimentally-useful numbers of repeats can be readily optimized (Table 1).

To illustrate the broad applicability of codon scrambling, we show that optimization enables
gene synthesis of a diverse set of repetitive coding sequences. First, we selected 5 of the
optimized genes because they span a range of objective values: GLP-1, BRT17, ELP[V-30],
AB12, and 35-H-6. Using polymerase cycling assembly (PCA), we assembled their
optimized sequences and their random-codon variants from their corresponding 80-90 nt
oligonucleotide building blocks (Supplementary Table 2). For GLP-1, we additionally
assembled a purely repetitive nucleotide sequence that would otherwise result from
concatemerization of a gene that encodes a monomer of GLP-1. Microfluidic
electropherograms of the resulting PCA products show many nonspecific bands for not only
the purely repetitive codon variant, but also the random-codon variants (Fig. 2a). Due to the
lack of distinct bands, we were unable to sequence or clone these genes. On the other hand,
the optimized codon variants had distinct bands, and could be cloned into the pET-24a(+)
expression vector and sequence verified (Supplementary Figs. 5-9, and Supplementary
Table 3). Gen9 Inc. and Genscript Inc. successfully synthesized the other 14 optimized
sequences (Fig. 2b). In contrast, non-optimized random-codon variants were far too
repetitive to pass their sequence complexity filters.

Additionally, we show that the codon scrambling approach can also be applied to repetitive

proteins with variable regions like transcription activator-like effectors (TALES) and native

semi-repetitive proteins like spider-silk, as their genes are also commonly rejected from gene
. . s . 141517

synthesis vendors and require even more specialized methods of synthesis™ » ™", The

optimized sequences for these genes, N3 and ADF-114, were successfully synthesized

and sequenced (Supplementary Figs. 10-13 and 16, and Supplementary Data).

A rank-order of objective values from Figure 2a suggests that a soft threshold between 106
and 107 exists between success and failure of PCR-based techniques. Longer sequences with
objective values greater than 107 run the risk of PCA failure. This limitation can be
addressed by a wide array of PCR-based manipulations of codon-scrambled genes that
facilitate the assembly of longer multi-kilobase genes from shorter ones in a single cloning
step. To illustrate this, we show that Type I1S restriction sites can be introduced into the 5’
flanking sequence of PCR primers so that they are integrated into PCR products, which are
then assembled together with the Golden Gate assembly method to create even longer
repetitive genes. A Golden Gate reaction can assemble as many as 10 DNA fragments in a
linear order where approximately 90% of recombinant clones contain the desired construct’.
We used this strategy to create 150 repeats of the GVGVP amino acid motif (ELP[V-150]),
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which had a minimum possible objective value of 5.4 x 107, from optimized and PCA-
assembled monomers consisting of 30 repeats (ELP[V-30]) (Supplementary Fig. 1a, b).
After PCR and Golden Gate assembly, DNA restriction analysis confirmed that an estimated
93% of recombinant clones contained the desired construct (Supplementary Figs. 1c, 14, and
15). The benefits of this method over recursive ligation methods™ become greater with
longer target gene lengths (Supplementary Table 6). For example, the synthesis of genes
with lengths of 5 kbp require only two cloning steps by codon scrambling, while recursive
ligation requires six cloning steps.

We further demonstrate that the optimized genes, obtained from PCA or commercial
synthesis, could be PCR-amplified with gene-specific primers for Gibson cloning into new
vectors (Supplementary Table 7)2. Microfluidic electropherograms of the PCR products

(Fig. 2c) show few to no nonspecific bands. We seamlessly cloned these PCR-amplified
genes from their original pET-24a(+) vectors into linearized pMAL-c5X vectors containing a
C-terminal Hisg-tag and an N-terminal Maltose Binding Protein (MBP) tag, for enhanced
soluble expression in Escherichia coll.

We finally show that manipulating codon usage with our method does not stifle heterologous
expression of these repetitive coding sequences in £. coli, as there is a concern that
synonymous codon usage is known to affect protein expression levels™®. Despite the
omission of codon bias rules during the codon scrambling of repetitive proteins, we found
sufficient expression of 18 MBP-tagged genes for downstream characterization experiments
(Fig. 3a). We further confirmed full-length products by the presence of C-terminal Hisg-tags
via western blot analysis (Supplementary Fig. 2) and direct DNA sequencing from E. coli
cultures (Supplementary Fig. 16). We also directly compared the protein yields of
ELP[V-30] with codons optimized for assembly (ELP[V-30] opt) with the same ELP with
highly repetitive codons that were selected based on £. coli codon usage bias (ELP[V-30]
orig) (Supplementary Fig. 4)8’38. Relative quantification by gel densitometry suggests that
the expression of ELP[V-30] opt is at least 80% that of ELP[V-30] orig. These overall
findings for the expression of codon-scrambled genes may presumably be due to balanced
codon usage which do not include many offending codons overall, as well as the presence of
a N-terminal sequence with low mRNA folding energy, which promotes efficient translation
initiationgg. Notably, however, the initial expression of AB12 only produced truncated
proteins. We located a high percentage of ATG and Shine-Dalgarno (SD)-like motifs in the
AB12 gene, which suggested that the poor expression of AB12 was caused by recurrent
internal ribosome binding sites (iRBS) (Supplementary Fig. 3). Recoding the gene to
eliminate the recurrent iRBS restored expression levels likely due to the avoidance of
translational stalling (Supplementary Fig. 16 and Supplementary Data)35. Finally, as a test of
protein functionality, ELP genes produced in this study were expressed and Hisg-tag-
purified, and exhibited the expected thermally responsive phase separation that is
characteristic of this class of protein polymers (Fig. 3b, c).

In conclusion, this study provides a robust and general solution to the long-standing problem
of the scalable synthesis of highly repetitive coding sequences that are amenable to further
oligomerization and manipulation. The open access availability of the gene design and
optimization software that can be implemented on a personal computer will enable

Nat Mater. Author manuscript; available in PMC 2016 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang and Chilkoti

Methods

Page 6

researchers to rapidly design genes for a wide range of repetitive proteins that are easily
amenable to further manipulation owing to their optimized, minimally repetitive sequence
— using powerful gene manipulation techniques such as Golden Gate assembly, Gibson
assembly, and PCR amplification. It also provides the research community with a set of gene
sequences and genes (deposited into Addgene) of a diverse range of repetitive proteins that
are immediately available for protein expression. This design methodology serves to
democratize repetitive protein synthesis, by providing easy access to the design and
synthesis of new structurally and functionally diverse protein-based materials.

Gene design and assembly with PCA

Genes were designed so that the coding region was flanked by two Bsal recognition sites.
Bsal generates 5’ overhangs for the purpose of directional scarless cutting in Golden Gate
cloning. This entire sequence was additionally flanked by forward and reverse universal
primer recognition sequences for the purpose of downstream PCR amplification.
Overlapping oligonucleotides were designed with GeneDesign40 with a target overlap-length
of 40 bp, assembly length of 90 bp, and T, of 70 °C (Supplementary Table 2). 1.25 pmol
each of 8-12 oligonucleotides (Integrated DNA Technologies) of approximately 90 bp
length were assembled into full-length genes in a 50 L reaction containing 250 uM of each
deoxynucleotide triphosphate (dNTP), 1X Herculase Il PCR buffer, and 0.5 uL Herculase 1l
Fusion polymerase (Agilent Technologies). The reaction was incubated at 98 °C for 15 min,
followed by 15 cycles at 98 °C for 20 s, 57-67 °C for 20 s and 72 °C for 30 s, and a final
step at 72 °C for 3 min (Supplementary Table 4). 1 uL of the full-length PCA product was
then amplified by PCR using terminal universal primers (Supplementary Table 2). The 50 uL
PCR reaction contained 250 pM of each dNTP, 1X Herculase Il PCR buffer, 0.25 uM each
of universal forward and reverse primers and 0.5 uL Herculase Il Fusion polymerase. The
reaction was incubated at 98 °C for 15 min, followed by 15 cycles at 98 °C for 20 s, 64 °C
for 20 s and 72 °C for 30 s, and a final step at 72 °C for 3 min. The product was diluted 1:50
and then visualized with microfluidic electrophoresis using the Agilent high sensitivity DNA
kit and the 2100 Bioanalyzer instrument (Agilent Technologies). Bsal recognition sites, 4 bp
overhangs (CGGT/GGCT), and the Hisg-tag coding region were added to a modified
pET-24a(+) vector with primers, pET24a FWD/REV 1, using PCR (Supplementary Table 5).
The construction of this modified vector from pET-24a(+) (Novagen) has been previously
documented®. 2.5 ng of the plasmid was linearized and amplified in a 50 pL PCR reaction
with the same components as previously described. The reaction was incubated at 95 °C for
2 min, followed by 5 cycles at 95 °C for 20 s, 56 °C for 20 s and 72 °C for 2 min 40 s,
followed by 25 cycles at 95 °C for 20 s and 72 °C for 3 min, and a final step at 72 °C for 3
min. The gene assembly product and linearized vector were gel-purified from a 1% and
0.4% low melting point agarose gel respectively using the QlAquick gel extraction kit
(Qiagen). The concentration of the linearized vector was adjusted to 100 ng L=, and gene
assembly products were adjusted to a 1:1 molar ratio to the vector. 1 uL of each purified
product was combined in a 10 pL Golden Gate digestion-ligation reaction containing 0.75
uL Bsal (20 U uL=1; New England Biolabs), 1X NEBuffer 4, 1X bovine serum albumin
(BSA), 0.25 pL T7 Ligase (3000 U pL~1; Enzymatics), and 1 mM adenosine triphosphate
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(ATP). The reaction was incubated for 20 cycles at 37 °C for 5 min and 20 °C for 5 min. The
7 uL of the Golden Gate product was treated with exonuclease to remove incomplete
ligation products in 10 pL reaction consisting of 1 uL PlasmidSafe DNAse (10 U uL™1;
Epicentre), 1X PlasmidSafe Reaction Buffer, and 1 mM ATP. The reaction was incubated at
37 °C for 30 min, followed by inactivation at 70 °C for 30 min. 5 pL of the PlasmidSafe
reaction product was transformed into 50 uL EB5a competent cells (EdgeBio) following the
manufacturer's instructions. Successful clones were screened with direct sequencing from
colonies using standard T7 primers. Plasmids were prepared from sequence-verified
colonies using the QIAprep spin miniprep kit (Qiagen).

PCR and Golden Gate assembly of ELP

Bsal recognition sites, 4 bp overhangs (GGAG/ACCC), and the Hisg-tag coding region were
added to the modified pET-24a(+) vector with primers, pET24a FWD/REV 2, using PCR
(Supplementary Table 5). ELP[V-30] was then gene-assembled with PCA and cloned into
the modified pET-24a(+) vector as described in the previous section. 6 pairs of custom
primers, 1-5 FWD/REV and pET24a FWD/REV 3, were designed to attach Bsal
recognition sites with unique 4 bp overhangs so that all 5 PCR products and a linearized
modified pET-24a(+) vector would ligate together in a single Golden Gate reaction to form
the gene coding ELP[V-150] (Supplementary Table 5). Each 4 bp overhang was designed to
be unique using codon degeneracy and/or 2 bp shifts in either direction (Supplementary Fig.
1a). 2.5 ng of ELP[V-150]-pET24a plasmid was amplified in 50 pL PCR reactions with the
same components as previously described. The reactions were incubated at 98 °C for 3 min,
followed by 30 cycles of 98 °C for 20 s, 61 °C for 20 s and 72 °C for 10 s, and a final step at
72 °C for 3 min. The PCR products were visualized and gel-purified from a 2% low melting
point agarose gel using the QIAquick gel extraction kit. The concentration of each insert was
estimated from the gel using the Image Lab software (BioRad). The inserts were each
adjusted to 2.68 ng L1, or 1:1 molar ratio with 100 ng pL~ linearized vector. 1 pL of each
of the 6 gel-purified PCR products were then assembled in a 10 pL Golden Gate digestion-
ligation reaction, treated with PlasmidSafe exonuclease, and transformed into EB5a
competent cells with components and incubation times as described previously. Plasmids
were prepared from 14 colonies, and were subjected to DNA restriction analysis with Xbal
and BamHl, followed by DNA sequencing.

ELP protein expression and purification

Modified pET-24a(+) plasmids containing ELP[V-30], ELP[V-60], ELP[V-150] and
ELP[AV-60] were each transformed into BL21 Star competent cells (Life Technologies)
following the manufacturer's instructions. Colonies were inoculated in 2 mL of Terrific
Broth (TB) plus 100 pg mL~1 kanamycin in 14 mL round-bottom tubes and grown for 8
hours at 37 °C and 200 rpm. 100 pL of the starter cultures were inoculated in 10 mL of
Overnight Express TB (EMD Millipore) plus 100 pg mL~1 kanamycin in 50 mL Bio-
Reaction tubes (Celltreat) and grown for 24 h at 30 °C and 140 rpm. The cells were pelleted
and lysed with 0.5 mL B-PER complete bacterial protein extraction reagent (Life
Technologies) according to the manufacturer's instructions. 1X Halt protease inhibiter
cocktail (Life Technologies) and 1 mM EDTA was added and the lysates were subject to 4
cycles of freeze-thaw. Lysates were purified using the HisExpress columns (ClaremontBio)
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following the manufacturer's instructions. 10 mL of 1X phosphate buffered saline (PBS) plus
10 mM imidazole was used as the wash buffer and 1 mL of 1X PBS plus 250 mM imidazole
was used as the elution buffer. Protein yields were quantified with the Quant-iT protein
assay kit (Life Technologies) and were diluted with 1X PBS to 20 uM concentrations. 150
pmol of each ELP was also separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a Mini-PROTEAN TGX stain-free precast gel (BioRad).
The gels were exposed to 1 minute of 302 nm UV light to produce fluorescence and imaged
with a Gel Doc XR system (BioRad). To characterize the inverse transition temperature of
ELPs, the 350 nm optical densities of 25 UM ELP solutions were monitored with a Cary 300
UV-Vis spectrophotometer (Agilent Technologies) as a function of solution temperature.

PCR and Gibson assembly

Gene-specific Gibson assembly primers were designed to amplify the coding sequence
(CDS) of each gene and add overhangs containing the vector-overlapping sequences, 5’-
GAAGGTCTTCCGGT-3’ and 5’-GGCTCGGGACATCATC-3’ (Supplementary Table 7).
0.25 ng of pET24a(+) plasmids containing each gene were amplified with their respective
primers in 50 L PCR reactions with the same components as previously described. The
reactions were incubated at 98 °C for 3 min, followed by 30 cycles of 98 °C for 20 s, 47.7-
64.4 °C for 20 s and 72 °C for 30-60 s, and a final step at 72 °C for 3 min (Supplementary
Table 4). The products were diluted 1:50 and then visualized with microfluidic
electrophoresis using the Agilent high sensitivity DNA kit and the 2100 Bioanalyzer
instrument. The pMAL-c5X vector (New England Biolabs) was linearized to contain the
overlap sequences at each end with primers, pMAL-c5X FWD/REYV, using PCR
(Supplementary Table 7). All PCR products were then purified with the AxyPrep Mag PCR
clean-up kit (Axygen) and quantified on a NanoDrop 1000 spectrophotometer (Thermo
Scientific) by the absorbance at 260 nm. 30 ng of linearized pMAL-c5X and 60 fmol of the
insert, at 3.5:1 molar ratio with the vector, were combined in a 10 uL Gibson assembly
reaction containing 1X Gibson assembly master mix (New England Biolabs). The reaction
was incubated at 40 °C for 1 h. 2 puL of a 1:4 dilution of each Gibson product were
transformed into 50 uL EB5a competent cells following the manufacturer's instructions.
Successful clones were screened with direct sequencing from colonies using pMAL
sequencing primers (Supplementary Table 7). Plasmids were prepared from sequence-
verified colonies using the QIAprep spin miniprep kit. All plasmids are available from
Addgene (Plasmids #66996—#67015).

Recombinant protein expression

pMAL-c5X plasmids containing each gene were transformed into NEB Express competent
cells (New England Biolabs) following the manufacturer's instructions. Colonies were
inoculated and grown in 2 mL of TB plus 50 ug mL™1 carbenicillin, then inoculated and
grown in 10 mL of Overnight Express TB plus 50 pg mL ™1 carbenicillin, and finally pelleted
and lysed as described previously for ELP protein expression. Lysates were diluted based on
dry pellet weight to 6.67 pg pL~1 with 1X SDS plus 1X Halt protease inhibiter cocktail and
1 mM EDTA. 50 pg of each lysate was heated to 98 °C for 10 min and then separated by
SDS-PAGE on Mini-PROTEAN TGX stain-free precast gels. The gels were exposed to 1
minute of 302 nm UV light to produce fluorescence and imaged with a Gel Doc XR system.
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The presence of the C-terminal Hisg-tag was verified with Western blot analysis, using a
1:4000 dilution of DyLight 650 conjugated 6x-His epitope tag antibody (Life Technologies,
cat. no. MA1-21315-D650). The resulting western blot was imaged using a Typhoon 9410
(GE Healthcare).

Computation

The minimum hybridization energies for all substrings of each repetitive protein sequence
were calculated with UNAFOLD 3.8 at a temperature of 50 °C and a Na* concentration of
50 mM. The sequences were converted into MILP problem instances with MATLAB
R2012a (Mathworks) (Supplementary Data). These instances were then solved using a
MATLAB interface to CPLEX 12.5.1 (IBM) using a Dell Precision M4700 Laptop with 8
GB RAM and a quad-core i7-3820QM 2.70 GHz processor (Supplementary Table 8). iRBS
were found by calculating the minimum hybridization energies of all arc-sequences with the
E. coli anti-SD sequence, 5’-ACCTCCTTA-3’. AG values were calculated with UNAFOLD
3.8 at a temperature of 37 °C and a Na* concentration of 50 mM. For AB12, arcs with
values lower than —8 kcal mol~1 were deleted from the graph. Other forbidden sequences
included Bsal, Ndel, BseRI, BamHI, and Xbal recognition sites, as well as stretches of 6 Gs,
8 Cs, 8 As, and 8 Ts (Supplementary Data).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Computational analysis of codon scrambling
a, Schematic of possible hybridizations during the annealing step of PCR. The 3’ end of

complete or incompletely extended single stranded fragments can hybridize out of register
with each other, producing longer products. Also, primers can hybridize to non-specific
sites, producing shorter products. b, Schematic of possible hybridizations during the
annealing step of polymerase cycling assembly (PCA). End-complementarity between
different pairs of oligonucleotide building blocks produces out of order assembly products.
¢, Example diagram of a cyclic codon De Bruijn subgraph with a window length k=1 and a
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motif length r=5 (GVGVP amino acid motif). Each arc is decomposed into subsequences
which are used to calculate the objective function. d, Nucleotide sequence dot plot for 10
repeats of the GVGVP motif in ELP compared against itself, with codons that would result
from concatemerization with two oligonucleotide inserts (ELP orig, left) and with optimal
non-repetitive codons (ELP opt, right). Points describe exact sequence identity, including the
reverse complement. e, Timings of CPLEX optimization for ELP with up to 150 motif
repeats, with corresponding objective values and maximum repeated nucleotide lengths.
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Figure 2. Gene assembly of a diver se set of repetitive proteins
a, Microfluidic electropherograms of PCA products, rank-ordered by calculated objective

values. We assembled oligonucleotides into full-length genes with optimal codons (opt),
randomized codons (rand) and original codons that would otherwise result from
concatemerization (orig). The distinct bands marked by arrows represent assembled genes of
correct length and sequence that are subsequently cloned into the pET-24a(+) vector. b,
Rank-ordered objective values of the optimal-codon variant and 100 random-codon variants
of each repetitive gene. Boxes signify the interquartile ranges (IQR) between the 25! and
75! percentiles and the lines signify the medians. ¢, Microfluidic electropherograms of PCR
products of optimized genes. Each PCR reaction successfully amplified the gene with gene-
specific primers for subsequent Gibson cloning. The distinct bands marked by arrows
represent PCR products of correct lengths and sequences.
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Figure 3. Protein expression of a diver se set of repetitive proteins
a, Recombinant expression of MBP-tagged repetitive proteins in £. coli from optimized

gene sequences. 50 pg of total cell lysate for each protein were separated and visualized on
tris-glycine extended (TGX) stain-free gels. The broad bands marked by arrows represent
expressed repetitive proteins. Note that while CLP3.7 produced a relatively weak PCR band
(Fig. 2c), the protein nevertheless expressed well. b, Purification of ELPs. 150 pmol of each
purified ELP were separated on TGX stain-free gels. ¢, Turbidity profiles for purified ELPs
with inverse phase transition behavior. Observed transition temperatures occur at 28.6 °C,
35.2 °C, 50.6 °C, and 55.2 °C for ELP[V-150], ELP[V-60], ELP[V-30], and ELP[AV-60]
respectively. These transition temperatures are within 1 °C of model-predicted temperatures:
28.6 °C, 34.8 °C, 50.4 °C, and 55.8 °C™".
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Table 1
Computational results for the optimization of repetitive proteins

Sequence Objectivevalue Time(s)
Designed ankyrin repeat protein (Darpin DLGKKLLEAARAGQDDEVRILMANGADVNA 1.65 x 103 684
E_01) a DDTWGWTPLHLAAYQGHLEIVEVLLKNGADVNA

- YDYIGWTPLHLAADGHLEIVEVLLKNGADVNA

)YIGDTP LHLAAHNGHLEIVEVLLKHGADVNA

QDKFGKTAFDISIDNGNEDLAEILQ
Glucagon-like peptide (GL P-1) 16 [GAHGEGTFTSDVSSYLEEQAAKEFIAWLVKGR] 4 7.09 x 103 10.9
Adenovirus-ike construct (Ad 1) * [LSVQTSAPLTVSDGK] 14 1.20 x 104 72.2
Mussel adhesive protein (MAP) ° [AKPSYPPTYK] 16 3.41 x 104 133
Repeatsin toxin (BRT17) * [GGAGNDTLY] 1 5.04 x 10* 313
Wheat gliadin (SPR16) ¥ [PQQPY] 16 9.23 x 10 0.460
Cell adhesive substrate (poly-RGD) % [GSGSGSGRGDS] 20 1.05 x 10° 79.5
B-sheet forming polypeptide [AGAGAGPEG] 19 1.22 x 10° 5.06
(poly(alanylglycine)) #
Resilin like polypeptide (Dros 16) *° [GAPGGGNGGRPSDTY] 16 1.74 x 108 603
Abductin (AB12) [FGGMGGGNAGFGGMGGGKAGFGGMGGGNAG] 4 2.00 x 105 24.6
Transglutaminase substrate peptide (BQg) *° [[EQQRQLGGAGTGSA] ; [EGAGQGEA] 5] 6 3.44 x 105 285
Silk-elastin like polypeptide (SELPOK) 2 [[GAGAGS] ; [GVGVP] GKGVP [GVGVP] 5] ¢ [GAGAGS] ;  4.72 x 10° 913
Alanine-rich polypeptides (35-H-6) *° [AAAQAAQAQAAAEAAAQAAQAQ] ¢ 8.11 x 108 67.35
Elastin like polypeptide [[GVGVP] ,GGGVPGAGVP 9.77 x 105 2,020
(ELP[VsA,G3-60]) [GVGVP] ;GGGVPGAGVPGGGVP] ¢
B-sheet forming polypeptide (poly-EAK 9) ¥ [AEAEAKAK] 14 1.16 x 108 2.45
Collagen like protein (CLP3.7) ** [GAPGTPGPQGLPGSP] 24 1.22 x 108 18.0
Elastin like polypeptide (ELP[AV-60]) 1 [GAGVP GVGVP ] 4 1.35 x 108 14.1
Elastin like polypeptide (EL P[V-60]) *° [GVGVP] 6 1.48 x 10° 4.02
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