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Abstract 
 

 The technologies that enable writing and editing of DNA form the foundation of 

modern molecular biology and biotechnology. However, a number of methodological 

barriers have limited the widespread adoption of both high-throughput de novo gene 

synthesis and large-scale genome alteration. Increasingly, work in the fields of synthetic 

biology, protein design, and gene therapy has been hindered by shortcomings in current 

DNA writing and editing technologies. The goal of this dissertation has been to improve 

both the throughput of chemical gene synthesis and the accuracy of genome editing tools.  

 The scale of gene synthesis is most acutely limited by the high cost of using 

column-synthesized oligonucleotides as the base material. It has been clear for some time 

that using the much cheaper microarray-synthesized DNA instead would significantly 

decrease costs of making long, double-stranded DNA. Unfortunately, microarrays’ high 

chemical complexity, high error rates, and low synthesis yield has prevented their 

adoption into gene synthesis workflows. We have used selective nucleotide pool 

amplification and enzymatic error removal to develop a synthesis pipeline that uses 

Agilent’s Oligonucleotide Library Synthesis microarrays to build 500-850 base pair-long 

double-stranded constructs. At the time of initial publication the size of the total pool 

(13,000 oligonucleotides encoded ~2.5 megabases of DNA) was at least one order of 

magnitude larger than previously reported attempts. 
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 Following our initial progress on increasing the throughput of gene synthesis, it 

became apparent that using applying synthetic DNA in vivo is bottlenecked by the low 

efficiencies and unpredictable accuracies of existing genome engineering techniques. In 

an effort to build tools that can be used in a large variety of organisms we focused our 

efforts on engineering site-specific recombinases, many of which can function without 

using host-encoded proteins. Unfortunately, many groups have reported that site-specific 

recombinases can cause toxicity possibly due to off-target binding and recombination 

activities. To address this problem, we proposed that the accuracy of DNA-binding 

proteins can be altered through mutations in the of protein-protein interaction domains. 

To test this idea we obtained single-residue mutants of Cre recombinases that exhibited 

improved site discrimination in in vivo and in vitro recombination experiments. We have 

also been interested in developing rapid and reproducible assay of protein binding assays. 

Towards this goal, we conducted proof-of-concepts experiments that demonstrated that 

gel shift assays could be used to generate binding curves in a multiplexed fashion. We 

propose that the slope of the information content as a function of binding affinity can be 

used to compare binding accuracy of dissimilar proteins. 
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Chapter 1: Introduction 

1.1 Summary and structure of thesis 

The focus of this work is on developing new technologies for cheaper and more accurate 

DNA synthesis and genome engineering. The thesis consist of the following chapters: 

Ch. 1, Introduction This chapter motivates the work and provides background information on 

oligonucleotide synthesis chemistry and genome editing. 

Ch. 2, Scalable gene synthesis from high-fidelity microchips This chapter describes a gene 

synthesis pipeline that significantly reduces costs by using oligonucleotides synthesized on 

microarrays. 

Ch. 3, Mutants of Cre recombinase with improved accuracy This chapter deals with 

optimizing the recombination accuracy of a commonly used site-specific recombinase. 

Ch. 4, Systematic evaluation of protein-DNA binding accuracies Here I describe some 

preliminary data on developing an in vitro assay for comparing the accuracies of DNA-binding 

proteins. 

Ch. 5, Discussion This chapter provides a summary of  

Appendix, Protocols for gene assembly from microarray oligonucleotides The appendix 

includes detailed protocols and troubleshooting information for performing the gene synthesis 

procedures described in Ch. 2. 

1.2 Motivation 

It has been widely pointed out that molecular biology may be evolving from being more 

of a basic science to becoming a new engineering discipline (Cameron et al., 2014; Chuang et al., 

2010). When engineering disciplines develop they often take on a new set of metaphors and 
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abstractions than those used by their parent disciplines, and it has been interesting to watch this 

process occurring in the fields of molecular bioengineering and synthetic biology. Some have 

drawn the analogy between biology and electrical engineering, with the idea that biological 

systems can be broken down into modular components, such as proteins, genetic circuits, or 

organisms in a community (Church et al., 2014; Endy, 2005). If we fully characterize all of the 

relevant properties of the components, then it should be possible to use them to design and build 

novel systems, with the systems’ behaviors predictable a priori. Unfortunately, in practice 

biological systems are more difficult to engineer than electrical systems. First, the biochemical 

characterization of the components is usually more difficult and labor-intensive than the 

characterization of electrical devices. Second, components often have context-dependent 

behaviors that arise from unexpected interactions among components. And third, both the 

components and whole system can rapidly evolve away from the initial design. Biological 

engineering may therefore face fundamentally different challenges than faced by other 

engineering disciplines. 

One aspect of biological engineering that is unique among the engineering sciences is the 

capacity for rapid prototyping. With DNA acting as the “blueprint”, it is often possible to make 

libraries with more than 106 unique elements, and to then use high-throughput screens and 

selections to identify the functional components of the libraries. At its extreme, this approach 

differs fundamentally from the approach of using modular components in that it is not necessary 

to know how or why the successful systems function in order to achieve the design objectives. 

To fully take advantage of such high-throughput approaches we need to be able to generate large 

and diverse libraries of DNA molecules. There are many random mutagenesis techniques that 

can create diversity from an initial molecule or small set of molecules. Unfortunately, random 
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approaches usually creates variants that are close in genotype to the starting molecule(s), such 

that usually only a small phenotypic space is explored. Given that every screen and selection has 

a finite throughput, the ideal DNA library should be both large and fully programmable. The aim 

of my thesis was to address a number of technological bottlenecks that exist in writing with 

DNA. Specifically, I worked on improving both our throughput in synthesizing gene-length, 

double-stranded DNA fragments; and our capacity to accurately deliver synthetic DNA 

fragments into genomes. 

1.3 Chemical DNA synthesis 

The development of oligo synthesis began soon after the discovery of the structure of 

DNA, with Michelson and Todd achieving the first chemical synthesis of an oligonucleotide in 

1955 (Michelson and Todd, 1955). At around the same time a series of seminal publications by 

Khorana and co-workers established the phosphodiester method of synthesis, which, among 

other innovations, introduced using dimethoxytrityl (DMT) as nucleoside protecting groups 

(Khorana et al., 1957; Schaller et al., 1963; Smith et al., 1962). The synthesis process was 

eventually moved to a solid phase (Letsinger and Mahadevan, 1966), while phosphodiester 

chemistry soon got supplanted by a phosphotriester approach that did not suffered from 

branching at the unprotected phosphate (Letsinger et al., 1969).  

The modern phosphoramidite approach emerged in the early 1980s (Beaucage and 

Caruthers, 1981; McBride and Caruthers, 1983). In the most widely-used implementation, the 

first step is to use a mild acid solution (typically dichloracetic acid) to remove DMT from a 

nucleoside attached to a controlled pore glass (CPG) bead (Kosuri and Church, 2014). Next, the 

addition of tetrazole activates the incoming phosphoramidite, leading to coupling of the 5’ 

hydroxyl to the immobilized nucleoside. Unreacted nucleosides are capped via treatment with N-
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methyl imidazole. Next, aqueous I2 is used to oxidize the backbone phosphite triester to a 

phosphate. To complete the cycle, chains that have failed to couple to the added nucleoside are 

blocked from further growth with capping of their free hydroxyls via treatment with N-

methylimidazole and anhydride. 

The physphoramidite synthesis cycle was automated and commercialized (as Applied 

Biosystems) through a collaboration between Marvin Caruthers and Leroy Hood. While more 

than 30 years of subsequent process engineering has led to yield, quality, and price 

improvements, key aspects of the process have remained largely unchanged. The first attempts to 

miniaturize the synthesis process began humbly with millimeter-scale masks being used to 

spatially control nucleoside addition (which requires 4 masks per cycle) (Southern et al., 1992). 

The masks were soon miniaturized using photolithography, although blocking liquid reagents 

was no longer practical. Instead, the chemistry was altered to allow photo-deprotection of the 

growing oligo (Affymetrix), or light-induced deprotection with photogenerated acid (Atactic 

Technologies and Invitrogen.) Unfortunately, custom (as opposed to mass-manufactured) arrays 

remained expensive due to the cost of producing masks. In recent years, however, two maskless 

approaches have emerged. One has been to use digital micromirror arrays to control the light-

induced deprotection (NimbleGen), while the second uses inkjet printers to control the 

localization of nucleoside deposition (Agilent Technologies.) 

1.4 Genome editing 

Homology-based recombination was first developed and used in bacteria and yeast (Jasin 

and Schimmel, 1984; Marinus et al., 1983; Murphy, 1998; Orr-Weaver et al., 1983; Zhang et al., 

1998). Outside a few notable exceptions such as Physcomitrella patens (Schaefer and Zrÿd, 

1997), genome editing in higher eukaryotes is limited by the inefficiency of homologous 
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recombination. Mammalian cells have gene targeting efficiencies of approximately 10-3 – 10-7 

(Bollag et al., 1989), which is high enough to allow purification of recombinant cells with the 

use of selectable markers (Doetschman et al., 1987; Thomas and Capecchi, 1987).  

Unfortunately, the efficiencies established by the endogenous molecular machinery of mammals 

preclude most therapeutic applications. 

The most popular way of increasing homologous recombination efficiencies in 

mammalian cells is via the induction of double-stranded breaks (DSB) at or near the crossover 

site (Jasin and Berg, 1988). A menagerie of programmable nucleases has been developed for the 

purposes of stimulating DSB at arbitrary loci – including meganucleases (Rouet et al., 1994), 

zinc finger nucleases (Kim et al., 1996), TALE nucleases (Li et al., 2010), and, most recently, the 

CRISPR/Cas9 system (Cong et al., 2013; Mali et al., 2013). Unfortunately, the mutagenic non-

template based non-homologous end-joining pathway is more efficient in mammals than the 

homologous recombination pathways (Hartlerode and Scully, 2009; Mao et al., 2008). Therefore, 

despite the successful use of DSB in a wide range of animal and plans for generating knockout 

mutants, high-efficiency recombination remains an elusive goal.  

In an attempt to get around the limitations of the mammalian error repair machinery there 

have been a number of efforts aimed at modulating the expression levels of repair proteins in 

order to create a cellular state more conducive to recombination. Unfortunately, none of the 

efforts have yielded a reproducible method that works in a variety of cell types. This has led to a 

growing interest in gene delivery methods that do not rely on endogenous pathways. One such 

approach has focused on retroviral and lentiviral integrases, which integrate their payload in 

semi-random fashion. The efficiency of integrases has been high enough to yield positive 

outcomes in the clinic, but there have also been reports of cancers caused by random integration 
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events (Hacein-Bey-Abina et al., 2003; Stocking et al., 1993). A more recently emerging line of 

research has focused on using site-specific recombinases, which are enzymes that can recombine 

at specific DNA sequences without any host-encoded cofactors (Grindley et al., 2006). There 

have been some limited successes with reprogramming recombinases though directed evolution 

of fusion to modular DNA binding domains (Akopian et al., 2003; Buchholz and Stewart, 2001; 

Sclimenti et al., 2001). 
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Chapter 2: Scalable gene synthesis from high-fidelity 

microchips 

2.1 Abstract 

 Development of cheap, high-throughput and reliable gene synthesis methods will broadly 

stimulate progress in biology and biotechnology (Carr and Church, 2009). Currently, the reliance 

on column-synthesized oligonucleotides as a source of DNA limits further cost reductions in 

gene synthesis (Tian et al., 2009). Oligonucleotides from DNA microchips can reduce costs by at 

least an order of magnitude (Richmond, 2004; Tian et al., 2004; Zhou et al., 2004), yet efforts to 

scale their use have been largely unsuccessful owing to the high error rates and complexity of the 

oligonucleotide mixtures. Here we use high-fidelity DNA microchips, selective oligonucleotide 

pool amplification, optimized gene assembly protocols and enzymatic error correction to develop 

a method for highly parallel gene synthesis. We tested our approach by assembling 47 genes, 

including 42 challenging therapeutic antibody sequences, encoding a total of ~35 kilobase pairs 

of DNA. These assemblies were performed from a complex background containing 13,000 

oligonucleotides encoding ~2.5 megabases of DNA, which is at least 50 times larger than in 

previously published attempts. 

2.2 Introduction 

 The synthesis of DNA encoding regulatory elements, genes, pathways and entire 

genomes provides powerful ways to both test biological hypotheses and harness biology for our 

use. For example, from the use of oligonucleotides in deciphering the genetic code (Nirenberg 

and Matthaei, 1961; Söll et al., 1965) to the recent complete synthesis of a viable bacterial 
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genome (Gibson et al., 2010), DNA synthesis has engendered tremendous progress in biology. 

Currently, almost all DNA synthesis relies on the use of phosphoramidite chemistry on 

controlled-pore glass (CPG) substrates. The synthesis of gene-sized fragments (500–5,000 base 

pairs (bp)) relies on assembling many CPG oligonucleotides together using a variety of gene 

synthesis techniques (Tian et al., 2009). Technologies to assemble verified gene-sized fragments 

into much larger synthetic constructs are now fairly mature (Bang and Church, 2007; Gibson, 

2009; Gibson et al., 2010; Li and Elledge, 2007; Shao and Zhao, 2009). 

 The price of gene synthesis has fallen drastically over the last decade. However, the 

current commercial price of gene synthesis, ~$0.40– 1.00/bp, has begun to approach the 

relatively stable cost of the CPG oligonucleotide precursors (~$0.10–0.20/bp) (Carr and Church, 

2009), suggesting that oligonucleotide cost is limiting. At these prices, the construction of large 

gene libraries and synthetic genomes is out of reach to most. There are many ongoing efforts to 

lower the cost of gene synthesis that focus on reducing the cost of the oligonucleotide precursors. 

For example, microfluidic oligonucleotide synthesis can reduce reagent cost by an order of 

magnitude and has been used for proof-of-concept gene synthesis (Lee et al., 2010). 

 Another promising route is to harness existing DNA microchips, which can produce up to 

a million different oligonucleotides on a single chip, as a source of DNA. Previous efforts have 

demonstrated that genes can be synthesized from DNA microchips (Kim et al., 2006; Richmond, 

2004; Tian et al., 2004; Zhou et al., 2004). Thus far it has not been possible to scale up these 

approaches for at least three reasons. First, the error rates of oligonucleotides from DNA 

microchips are higher than traditional column-synthesized oligonucleotides. Second, the 

assembly of gene fragments becomes increasingly difficult as the diversity of the oligonucleotide 

mixture becomes larger. Finally, the potential for cross-hybridization between individual 
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assemblies imposes strong constraints on the sequences that can be constructed on an individual 

microchip. 

 Recently, the quality of microchip-synthesized oligonucleotides was improved by 

controlling depurination during the synthesis process (Leproust et al., 2010). These arrays 

produce up to 55,000 200-mer oligonucleotides on a single chip and are sold as a ~1–10 

picomole pools of oligonucleotides, termed OLS pools (oligo library synthesis). Several groups 

have used OLS pools in DNA capture technologies, promoter analysis and DNA barcode 

development (Li et al., 2009a, 2009b; Patwardhan et al., 2009; Porreca et al., 2007; Schlabach et 

al., 2010). Our group has previously shown that individual oligonucleotides in a 55,000 150-mer 

OLS pool were evenly distributed (Li et al., 2009a). We reanalyzed this data set to provide an 

estimate of the frequency of transitions, transversions, insertions and deletions in this OLS pool 

and found the overall error rate to be ~1/500 bp both before and after PCR amplification, 

suggesting that OLS pools can be used for accurate large-scale gene synthesis (Table 2.1). 
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Table 2.1 Reanalysis of Agilent OLS libraries for quantitation of error rates. We reanalyzed 
a previously published Illumina data set for determining sequencing error rates of 53,777 
oligonucleotides produced on the OLS platform both before and after two rounds of PCR 
amplification23.  Total Reads refer to the number of reads from a single lane of Illumina 
sequencing.  Mapped reads refer to the total number of reads that mapped to one of the designed 
oligonucleotides.  Mapped reads <34bp refer to reads that were only partial matches to the 
designed oligonucleotides, and are probably due to misalignment. Imperfect oligos are the 
number of oligos that are not perfect matches to the mapped sequence.  The Avg Error of 
Imperfect Oligo are the average number of errors in an oligonucleotide given that it is not perfect 
(this is to check if there were a clustering of errors).  The Phred30 versions of Imperfect oligos 
and Avg Error of Imperfect Oligo are the same counts, but only counting errors that pass the 
Phred30 quality scores for base calls.  The next two sets of data give information on the types of 
errors detected in the oligos either filtered by quality scores of the base calls (Phred30) or not.  
Matches refer to bases that are equivalent to the designed sequences. Transitions and 
Transversions refer to types of mismatches from the designed sequenced.  Insertions and 
Deletions refer to the number of single base insertions or deletions present in the sequenced oligo 
as compared to the designed.   

55K SLXA 
Pre-PCR OLS 

Pool 
Post-PCR OLS 

Pool 
Total Reads 757126 830659 
Mapped reads 530616 616713 
Mapped reads <34bp 14426 20982 
Imperfect Oligos 67050 78769 
Avg Error of Imperfect Oligo 1.67 1.69 
Phred30 Imperfect Oligos 28812 29033 
Phred30 Average Error of 
Imperfect Oligo 1.286 1.305 
   
Matches 18466976 21454745 
Transitions 24569 56377 
Transversions 66905 81820 
Deletions 19761 24016 
Insertions 839 935 
Match % 99.40% 99.25% 
Transition % 0.13% 0.26% 
Transversion % 0.36% 0.38% 
Deletion % 0.11% 0.11% 
Insertion % 0.00% 0.00% 
   
Phred30 Matches 17443050 20217413 
Phred30 Transitions 10914 8908 
Phred30 Transversions 10743 10369 
Phred30 Deletions 14795 17965 
Phred30 Insertions 600 659 
Phred30 Match % 99.79% 99.81% 
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Table 2.1 (continued) 
 
Phred30 Transition % 0.06% 0.04% 
Phred30 Transversion % 0.06% 0.05% 
Phred30 Deletion % 0.08% 0.09% 
Phred30 Insertion % 0.00% 0.00% 
 

2.3 Results 

2.3.1 Description of approach 

 To test whether OLS pools could be used for DNA microchip-based gene synthesis, we 

designed two pools (OLS pools 1 and 2) of different lengths, each containing ~13,000 130-mer 

or 200-mer oligonucleotides, respectively. Figure 2.1 is a general schematic of our methods for 

using OLS pools to perform gene synthesis. Briefly, we designed oligonucleotides that were then 

printed on DNA microchips and recovered as a mixed pool of oligonucleotides (OLS pool). 

Next, we took advantage of the long oligonucleotide lengths to independently PCR amplify and 

process only those oligonucleotides required for a given gene assembly. For the 200-mer OLS 

pool 2, we first amplified a ‘plate subpool’ that contained DNA to construct up to 96 genes, and 

then amplified individual ‘assembly subpools’ to separate the oligonucleotides for an individual 

gene. For the 130-mer OLS pool 1, we directly amplified assembly subpools, foregoing the plate 

subpool step. Next, the primers used for these amplification steps were removed by either type 

IIS restriction endonu- cleases to form double-stranded DNA (dsDNA) fragments (OLS pool 2), 

or a combination of enzymatic steps to form single-stranded DNA (ssDNA) fragments (OLS 

pool 1). Finally, we constructed full-length genes using PCR assembly, performed enzymatic 

error correction to improve error rates if necessary, and, finally, cloned and characterized the 

constructs. 
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Figure 2.1 Schematic for scalable gene synthesis from OLS pool 2. (a,b) Pre-designed 
oligonucleotides (no distinction is made between dsDNA and ssDNA in the figure) are 
synthesized on a DNA microchip (a) and then cleaved to make a pool of oligonucleotides (b). (c) 
Plate-specific primer sequences (yellow or brown) are used to amplify separate plate subpools 
(only two are shown), which contain DNA to assemble different genes (only three are shown for 
each plate subpool). (d) Assembly-specific sequences (shades of blue) are used to amplify 
assembly subpools that contain only the DNA required to make a single gene. (e) The primer 
sequences are cleaved using either type IIS restriction enzymes (resulting in dsDNA) or by 
DpnII/USER/λ exonuclease processing (producing ssDNA). (f) Construction primers (shown as 
white and black sites flanking the full assembly) are then used in an assembly PCR reaction to 
build a gene from each assembly subpool. Depending on the downstream application, the 
assembled products are then cloned either before or after an enzymatic error correction step. 
  

1296 VOLUME 28 NUMBER 12 DECEMBER 2010 NATURE BIOTECHNOLOGY

L E T T E R S

 independently PCR amplify and process only those oligonucleotides 
required for a given gene assembly. For the 200-mer OLS pool 2, we 
first amplified a ‘plate subpool’ that contained DNA to construct 
up to 96 genes, and then amplified individual ‘assembly subpools’  
to separate the oligonucleotides for an individual gene. For the  
130-mer OLS pool 1, we directly amplified assembly subpools, 
 foregoing the plate subpool step. Next, the primers used for these  
amplification steps were removed by either type IIS restriction endonu-
cleases to form double-stranded DNA (dsDNA) fragments (OLS pool 2),  
or a combination of enzymatic steps to form single-stranded DNA  
(ssDNA) fragments (OLS pool 1). Finally, we constructed full-length 
genes using PCR assembly, performed enzymatic error correction to 
improve error rates if necessary, and, finally, cloned and character-
ized the constructs.

Obtaining subpools of only those DNA fragments required for any 
particular assembly is crucial for robust gene synthesis in very complex 
DNA backgrounds. In addition, isolating subpools relieves constraints 
on sequence similarity inherent in past approaches. To facilitate the 
partitioning of OLS pools into smaller subpools, we designed 20-mer 
PCR primer sets with low potential cross-hybridization (‘orthogonal’ 
primers) derived from a set of 244,000 25-mer orthogonal sequences 
developed for barcoding purposes21. Two separate orthogonal primer 
sets were constructed for the different OLS pools because of their 
varying requirements for downstream processing. Both sets were 
screened for potential cross-hybridization, low secondary structure 
and matched melting temperatures to construct large sets of ortho-
gonal PCR primer pairs.

To construct genes from the OLS pools, we developed algorithms to 
split the sequence into overlapping segments with matching melting 
temperatures such that they could be later assembled by PCR. Genes 
on OLS pool 1 and 2 were designed differently to test the effect of 
different overlap lengths. We designed genes on OLS pool 1 such 
that the processed ssDNA pools fully overlapped to form a complete 
dsDNA sequence. In OLS pool 2, the processed dsDNA fragments 
partially overlapped by ~20 bp and could be assembled into a con-
tiguous gene sequence using PCR. We initially constructed a set of 
fluorescent proteins to test the efficacy of the gene synthesis methods  
on both OLS pools (Fig. 2).

For OLS pool 1, we designed two independent ‘assembly subpools’ 
that encoded GFPmut3b plus flanking orthogonal primer sequences 
that were later used for PCR assembly (construction primers). The 
two assembly subpools, GFP43 and GFP35, differed in the average 
overlap length (43 and 35 bp, respectively), total length (82–90 and 
64–78 bases, respectively) and number of oligonucleotides (18 and 
22, respectively). We also designed two subpools, control subpools 1 
and 2, containing ten and five 130-mer oligonucleotides, respectively, 
to test amplification efficacy. The other eight subpools, containing a 
total of 12,945 130-mer sequences, were constructed on the same chip 
but were not used in this study except to provide potential sources 
of cross-hybridization. Each of these 12 subpools was flanked with 
independent orthogonal primer pairs (assembly-specific primers). 
As a control, we used these same algorithms to design a set of shorter 
column-synthesized oligonucleotides (20 bp average overlap; 35–45 
bases in length; and 39 total oligonucleotides) encoding GFPmut3b 
and obtained them from a commercial provider (IDT). These oligo-
nucleotides were combined to form a third pool (GFP20) that was 
also tested. (All synthesized oligonucleotides used in the study can 
be found in Supplementary Sequences).

Each of the four subpools (GFP43, GFP35, control 1 and control 2)  
were PCR amplified from the synthesized OLS pool using modified 
primers that facilitated downstream processing (Supplementary 
Figs. 1 and 2a)18. The oligonucleotides were then processed to remove 
primer sequences (Supplementary Figs. 2b and 3). Briefly, lambda 
exonuclease was used to make the PCR products single stranded, and 
then uracil DNA glycosylase, endonuclease VIII and DpnII restric-
tion endonuclease were used to cleave off the assembly-specific prim-
ers. The resultant gel shows that although the reaction was efficient, 
unprocessed oligonucleotide still remained. In addition, we observed 
spurious cleavage by DpnII that was likely due to the extensive over-
lap within the subpool that is inherent in the gene synthesis process. 
We assembled the GFP43, GFP35 and GFP20 subpools using PCR, 
which resulted in GFP-sized products as well as many incorrect low 
molecular weight products (Fig. 2a).

DNA microchip

OLS pool

Assembly subpools

Plate subpools

Processed subpools

Assembled genes

a

b

c

e

f

d

Figure 1 Schematic for scalable gene synthesis from OLS pool 2.  
(a,b) Pre-designed oligonucleotides (no distinction is made between 
dsDNA and ssDNA in the figure) are synthesized on a DNA microchip (a) 
and then cleaved to make a pool of oligonucleotides (b). (c) Plate-specific 
primer sequences (yellow or brown) are used to amplify separate plate 
subpools (only two are shown), which contain DNA to assemble different 
genes (only three are shown for each plate subpool). (d) Assembly-specific 
sequences (shades of blue) are used to amplify assembly subpools that 
contain only the DNA required to make a single gene. (e) The primer 
sequences are cleaved using either type IIS restriction enzymes (resulting 
in dsDNA) or by DpnII/USER/  exonuclease processing (producing 
ssDNA). (f) Construction primers (shown as white and black sites flanking 
the full assembly) are then used in an assembly PCR reaction to build 
a gene from each assembly subpool. Depending on the downstream 
application, the assembled products are then cloned either before or after 
an enzymatic error correction step.
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 Obtaining subpools of only those DNA fragments required for any particular assembly is 

crucial for robust gene synthesis in very complex DNA backgrounds. In addition, isolating 

subpools relieves constraints on sequence similarity inherent in past approaches. To facilitate the 

partitioning of OLS pools into smaller subpools, we designed 20-mer PCR primer sets with low 

potential cross-hybridization (‘orthogonal’ primers) derived from a set of 244,000 25-mer 

orthogonal sequences developed for barcoding purposes (Xu et al., 2009). Two separate 

orthogonal primer sets were constructed for the different OLS pools because of their varying 

requirements for downstream processing. Both sets were screened for potential cross-

hybridization, low secondary structure and matched melting temperatures to construct large sets 

of orthogonal PCR primer pairs. 

 To construct genes from the OLS pools, we developed algorithms to split the sequence 

into overlapping segments with matching melting temperatures such that they could be later 

assembled by PCR. Genes on OLS pool 1 and 2 were designed differently to test the effect of 

different overlap lengths. We designed genes on OLS pool 1 such that the processed ssDNA 

pools fully overlapped to form a complete dsDNA sequence. In OLS pool 2, the processed 

dsDNA fragments partially overlapped by ~20 bp and could be assembled into a con- tiguous 

gene sequence using PCR. We initially constructed a set of fluorescent proteins to test the 

efficacy of the gene synthesis methods on both OLS pools (Figure 2.2). 
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Figure 2.2 Gene synthesis products. (a) Results of PCR assembly of GFPmut3 from two 
different assembly subpools (GFP43 and GFP35) that were amplified from OLS pool 1. Full-
length GFPmut3 is expected to be 779 bp and is indicated with an asterisk (*). Other bands show 
lower molecular weight misassembled products. (b) Gel purification and re-amplification of the 
full-length assembled GFPmut3. (c) Results of assembling three fluorescent proteins using the 
longer oligonucleotides in OLS pool 2 and a PCR assembly protocol that did not require gel 
isolation. (d) Results of assembling 42 variable regions of single- chain antibody fragments that 
contained challenging GC-rich linkers. Of the 42 assemblies, all but two (7 and 24) resulted in 
strong bands of the correct size. We gel isolated and re-amplified these two, resulting in bands of 
the correct size (Supplementary Fig. 10b). The antibody that corresponds to each number is 
given in Supplementary Table 3 and the amino acid sequence of the linker region used is given 
above each gel with differing amino acids in red. 
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We gel isolated, digested and then cloned the assembly products 
into an expression vector (Fig. 2b and Supplementary Fig. 4). We 
used flow cytometry tests, manual colony counts and sequencing 
of individual clones to measure the error rates (Supplementary 
Fig. 5a,b). All three of the assays correlated well, and the error rates 
determined through sequencing were 1/1,500 bp, 1/1,130 bp and 
1/1,350 bp for the GFP43, GFP35 and GFP20 synthesis reactions, 
respectively (Fig. 3 and Supplementary Table 2).

These results illustrate a number of important points. First, our 
subpool assembly primers were sufficiently well-designed to pro-
vide stringent subpool amplification of as few as 5 oligonucleotides 

out of a 12,995 oligonucleotide background. Second, the relative 
 quantities of the oligonucleotides in the assembly subpools were suf-
ficient to allow PCR assembly. Third, the error rates from 130-mer 
OLS pools were sufficiently low to construct gene-sized fragments  
(717 bp) such that >50% of the sequences were perfect. In fact, the 
error rates from both the GFP43 and GFP35 assemblies were indis-
tinguishable from the column-synthesized GFP20 assemblies. Fourth, 
our data show that the level of fluorescence of our gene assemblies 
correlated with the number of constructs with perfect sequence, pro-
viding a useful screen to test fluorescent gene assemblies in OLS pool 2  
(Supplementary Fig. 6). Finally, although PCR assembly was able 
to generate full-length product, many smaller misassembled prod-
ucts were also formed, requiring the use of difficult-to-automate gel 
isolation steps.

In OLS pool 2, we designed 836 assembly subpools split into  
11 plate subpools, encoding 2,456,706 bases of oligonucleotides that 
could potentially result in 869,125 bp of final assembled sequence. 
We first constructed three fluorescent proteins to test assembly pro-
tocols in OLS pool 2: mTFP1, mCitrine and mApple. We found that 
the PCR assembly protocols developed for ssDNA subpools in OLS 
pool 1 only produced short (<200 bp) misassemblies when applied 
to the dsDNA subpools in OLS pool 2. We tested over 1,000 assem-
bly PCR conditions by varying parameters such as DNA concen-
tration, annealing temperatures, cycle numbers, polymerase choice 
and buffer conditions. Using the best protocol (Supplementary  
Note), we assembled the genes encoding the three proteins with 
no detectable misassemblies, thereby removing the need for gel 

Figure 2 Gene synthesis products.  
(a) Results of PCR assembly of GFPmut3  
from two different assembly subpools  
(GFP43 and GFP35) that were amplified  
from OLS pool 1. Full-length GFPmut3 is 
expected to be 779 bp and is indicated 
with an asterisk (*). Other bands show lower 
molecular weight misassembled products.  
(b) Gel purification and re-amplification  
of the full-length assembled GFPmut3.  
(c) Results of assembling three fluorescent 
proteins using the longer oligonucleotides in 
OLS pool 2 and a PCR assembly protocol  
that did not require gel isolation. (d) Results 
of assembling 42 variable regions of single-
chain antibody fragments that contained 
challenging GC-rich linkers. Of the  
42 assemblies, all but two (7 and 24)  
resulted in strong bands of the correct size. 
We gel isolated and re-amplified these two, 
resulting in bands of the correct size (Supplementary Fig. 10b). The antibody that corresponds to each number is given in Supplementary Table 3 
and the amino acid sequence of the linker region used is given above each gel with differing amino acids in red.
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Figure 3 Characterization of products from OLS pools 1 and 2.  
(a) Percentage of fluorescent cells resulting from synthesis products 
derived from column-synthesized oligonucleotides (black), OLS Chip 1 
subpools GFP43 and GFP35 (green) and the three fluorescent proteins 
produced on OLS Chip 2 with and without ErrASE treatment (blue, yellow 
and orange). Error bars correspond to the range of replicates from 3 
(GFP20, GFP43, GFP35), 2 (GFP43 ErrASE, GFP35 ErrASE), 4 (mTFP1, 
mCitrine, mApple, mCitrine ErrASE) and 1 (mTFP1 ErrASE, mApple 
ErrASE) separate electroporations. (b) Error rates (average bp of correct 
sequence per error) from various synthesis products. Error bars show 
the expected Poisson error based on the number of errors found ( n). 
Deletions of more than two consecutive bases are counted as a single error 
(no such errors were found in OLS pool 1).
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2.3.2 First set of gene assemblies 

 For OLS pool 1, we designed two independent ‘assembly subpools’ that encoded 

GFPmut3b plus flanking orthogonal primer sequences that were later used for PCR assembly 

(construction primers). The two assembly subpools, GFP43 and GFP35, differed in the average 

overlap length (43 and 35 bp, respectively), total length (82–90 and 64–78 bases, respectively) 

and number of oligonucleotides (18 and 22, respectively). We also designed two subpools, 

control subpools 1 and 2, containing ten and five 130-mer oligonucleotides, respectively, to test 

amplification efficacy. The other eight subpools, containing a total of 12,945 130-mer sequences, 

were constructed on the same chip but were not used in this study except to provide potential 

sources of cross-hybridization. Each of these 12 subpools was flanked with independent 

orthogonal primer pairs (assembly-specific primers). As a control, we used these same 

algorithms to design a set of shorter column-synthesized oligonucleotides (20 bp average 

overlap; 35–45 bases in length; and 39 total oligonucleotides) encoding GFPmut3b and obtained 

them from a commercial provider (IDT). These oligonucleotides were combined to form a third 

pool (GFP20) that was also tested.  
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Figure 2.3 Workflow for gene synthesis from high-fidelity DNA microchips. Shown here are 
the major steps and approximate timings of the entire gene synthesis process.  The branch point 
reflects the choice of whether USER/DpnII processing (left branch after oligo synthesis) or type 
IIS enzymatic processing (right branch) are used for removing the amplification sites. The 
process outlines the final optimized form of the optimized protocols. The times given in 
parentheses are estimates that account for the time involved in both setting up and running the 
reactions. 
 

 Each of the four subpools (GFP43, GFP35, control 1 and control 2) were PCR amplified 

from the synthesized OLS pool using modified primers that facilitated downstream processing 

(Figures 1.3 and 1.4a) (Li et al., 2009a). The oligonucleotides were then processed to remove 

primer sequences (Figures 1.4b and 1.5). Briefly, lambda exonuclease was used to make the PCR 

products single stranded, and then uracil DNA glycosylase, endonuclease VIII and DpnII restric- 

tion endonuclease were used to cleave off the assembly-specific primers. The resultant gel shows 

that although the reaction was efficient, unprocessed oligonucleotide still remained. In addition, 

we observed spurious cleavage by DpnII that was likely due to the extensive over- lap within the 

subpool that is inherent in the gene synthesis process. We assembled the GFP43, GFP35 and 
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GFP20 subpools using PCR, which resulted in GFP-sized products as well as many incorrect low 

molecular weight products (Figure 2.2a). 

 

 

Figure 2.4 Amplification and processing of OLS Pool 1 oligonucleotides. Two assembly 
subpools and two control subpools were amplified from OLS Pool 1, which contained a total of 
13,000 oligonucleotides (a).  Because the oligonucleotides in the two GFP subpools had sizes 
distinct from all other oligonucletides on the chip, and since no oligonucleotides of the wrong 
size were detected, these data suggest that the oligonucleotides from other subpools did not 
amplify. The dsDNA subpools were then processed using DpnII/USER/lambda exonuclease (b). 
After processing there were three types of products. First, there were the products of the 
expected size. Second, there were the high molecular weight products that correspond to 
oligonucleotides that retain one or both of the assembly-specific primer sites. Last, there were the 
low molecular weight products that were likely produced by DpnII cleavage at double-stranded 
recognition sites formed by the overlapping regions of the oligonucleotides. The same dsDNA 
ladder (Low Molecular Weight, NEB) is used in both the non-denaturing (a) and the denaturing 
(b) 10% PAGE gels, where the denaturing agent produced the extra bands in the ladder in (b). 
 



20"

 

Figure 2.5 OLS Pool 1 assembly subpool amplification and USER/DpnII processing. 
Assembly subpools were amplified from OLS Pool 1 using 20 bp priming sites that were shared 
by all primers in any particular assembly. A PCR reaction resulted in a pool of dsDNA with the 
oligos from other assemblies still in ssDNA form and at trace concentrations. The forward 
subpool amplification primers incorporates two sequential phosphorothioate linkages on the 5’ 
end, and a deoxyuridine its 3’ end, while the reverse primer had a phosphate at its 5’ end. 
Lambda exonuclease is a 5’ -> 3’ exonuclease that degrades 5’ phosphorylated DNA and is 
blocked by phoshporothioate. This property was used to selectively degrade the remove strand of 
the amplified products. USER (Uracil-Specific Excision Reagent) Enzyme (NEB) removed the 
5’ priming site by excising the uracil and cutting 3’ and 5’ of the resulting apyrimidinic site. 
Next, the 3’ end was annealed to the reverse amplification primer, forming a double-stranded 
DpnII recognition site (5’GATC). The 3’ priming site was then removed with a DpnII digest. 
 

 We gel isolated, digested and then cloned the assembly products into an expression 

vector (Figures 1.2b and 1.6). We used flow cytometry tests, manual colony counts and 

sequencing of individual clones to measure the error rates (Figure 2.7a,b). All three of the assays 

correlated well, and the error rates determined through sequencing were 1/1,500 bp, 1/1,130 bp 

and 1/1,350 bp for the GFP43, GFP35 and GFP20 synthesis reactions, respectively (Figure 2.8 

and Table 2.2). 
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Figure 2.6. First GFP assembly from OLS Pool 1. The two OLS Pool 1 GFP assembly 
subpools were amplified, processed, and PCR assembled (see Figure 2.8a). The bands 
corresponding to full-length assembly products were then gel-isolated and re-amplified. The re-
amplification products shown above contained low molecular weight products that likely 
remained in trace amounts after gel isolation. These significantly increased the number of clones 
that needed to be sequenced in order to find a perfect GFPmut3 construct. The control GFP was 
amplified from a cloned GFP. GFP20 was an assembly made from a hand-mixed pool of 
oligonucleotides synthesized using a column-based method. GFP20 was not gel isolated or re-
amplified. 
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Figure 2.7  Screening error rates of GFP assemblies. Error rates from the first set (gel-isolated 
and re-amplified) (a), the second set (gel-isolated without re-amplification) (b), and the error-
corrected second set of GFP assemblies from OLS Pool 1 were determined using flow 
cytometry, by counting colonies on agar plates, and by sequencing individual clones. Error bars 
give the range of the observed values. n corresponds to the number of electroporated cultures 
from one or more ligation reactions performed on a single assembly reaction, with n = 3-4 in (a) 
n = 3 in (b), and n = 2 in (c). 
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Figure 2.8 Characterization of products from OLS pools 1 and 2. (a) Percentage of 
fluorescent cells resulting from synthesis products derived from column-synthesized 
oligonucleotides (black), OLS Chip 1 subpools GFP43 and GFP35 (green) and the three 
fluorescent proteins produced on OLS Chip 2 with and without ErrASE treatment (blue, yellow 
and orange). Error bars correspond to the range of replicates from 3 (GFP20, GFP43, GFP35), 2 
(GFP43 ErrASE, GFP35 ErrASE), 4 (mTFP1, mCitrine, mApple, mCitrine ErrASE) and 1 
(mTFP1 ErrASE, mApple ErrASE) separate electroporations. (b) Error rates (average bp of 
correct sequence per error) from various synthesis products. Error bars show the expected 
Poisson error based on the number of errors found (±√n). Deletions of more than two 
consecutive bases are counted as a single error (no such errors were found in OLS pool 1). 
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We gel isolated, digested and then cloned the assembly products 
into an expression vector (Fig. 2b and Supplementary Fig. 4). We 
used flow cytometry tests, manual colony counts and sequencing 
of individual clones to measure the error rates (Supplementary 
Fig. 5a,b). All three of the assays correlated well, and the error rates 
determined through sequencing were 1/1,500 bp, 1/1,130 bp and 
1/1,350 bp for the GFP43, GFP35 and GFP20 synthesis reactions, 
respectively (Fig. 3 and Supplementary Table 2).

These results illustrate a number of important points. First, our 
subpool assembly primers were sufficiently well-designed to pro-
vide stringent subpool amplification of as few as 5 oligonucleotides 

out of a 12,995 oligonucleotide background. Second, the relative 
 quantities of the oligonucleotides in the assembly subpools were suf-
ficient to allow PCR assembly. Third, the error rates from 130-mer 
OLS pools were sufficiently low to construct gene-sized fragments  
(717 bp) such that >50% of the sequences were perfect. In fact, the 
error rates from both the GFP43 and GFP35 assemblies were indis-
tinguishable from the column-synthesized GFP20 assemblies. Fourth, 
our data show that the level of fluorescence of our gene assemblies 
correlated with the number of constructs with perfect sequence, pro-
viding a useful screen to test fluorescent gene assemblies in OLS pool 2  
(Supplementary Fig. 6). Finally, although PCR assembly was able 
to generate full-length product, many smaller misassembled prod-
ucts were also formed, requiring the use of difficult-to-automate gel 
isolation steps.

In OLS pool 2, we designed 836 assembly subpools split into  
11 plate subpools, encoding 2,456,706 bases of oligonucleotides that 
could potentially result in 869,125 bp of final assembled sequence. 
We first constructed three fluorescent proteins to test assembly pro-
tocols in OLS pool 2: mTFP1, mCitrine and mApple. We found that 
the PCR assembly protocols developed for ssDNA subpools in OLS 
pool 1 only produced short (<200 bp) misassemblies when applied 
to the dsDNA subpools in OLS pool 2. We tested over 1,000 assem-
bly PCR conditions by varying parameters such as DNA concen-
tration, annealing temperatures, cycle numbers, polymerase choice 
and buffer conditions. Using the best protocol (Supplementary  
Note), we assembled the genes encoding the three proteins with 
no detectable misassemblies, thereby removing the need for gel 

Figure 2 Gene synthesis products.  
(a) Results of PCR assembly of GFPmut3  
from two different assembly subpools  
(GFP43 and GFP35) that were amplified  
from OLS pool 1. Full-length GFPmut3 is 
expected to be 779 bp and is indicated 
with an asterisk (*). Other bands show lower 
molecular weight misassembled products.  
(b) Gel purification and re-amplification  
of the full-length assembled GFPmut3.  
(c) Results of assembling three fluorescent 
proteins using the longer oligonucleotides in 
OLS pool 2 and a PCR assembly protocol  
that did not require gel isolation. (d) Results 
of assembling 42 variable regions of single-
chain antibody fragments that contained 
challenging GC-rich linkers. Of the  
42 assemblies, all but two (7 and 24)  
resulted in strong bands of the correct size. 
We gel isolated and re-amplified these two, 
resulting in bands of the correct size (Supplementary Fig. 10b). The antibody that corresponds to each number is given in Supplementary Table 3 
and the amino acid sequence of the linker region used is given above each gel with differing amino acids in red.
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Figure 3 Characterization of products from OLS pools 1 and 2.  
(a) Percentage of fluorescent cells resulting from synthesis products 
derived from column-synthesized oligonucleotides (black), OLS Chip 1 
subpools GFP43 and GFP35 (green) and the three fluorescent proteins 
produced on OLS Chip 2 with and without ErrASE treatment (blue, yellow 
and orange). Error bars correspond to the range of replicates from 3 
(GFP20, GFP43, GFP35), 2 (GFP43 ErrASE, GFP35 ErrASE), 4 (mTFP1, 
mCitrine, mApple, mCitrine ErrASE) and 1 (mTFP1 ErrASE, mApple 
ErrASE) separate electroporations. (b) Error rates (average bp of correct 
sequence per error) from various synthesis products. Error bars show 
the expected Poisson error based on the number of errors found ( n). 
Deletions of more than two consecutive bases are counted as a single error 
(no such errors were found in OLS pool 1).
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Constr
uct)

Good)
Reads)

Missasse
mblies)

Perfec
t)

Seque
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Bases)

Misma
tches)

Small)
Deleti
ons)

Large)
Deleti
ons)
(>2bp
))

Large)
Deleti
on)
Size)

Inserti
ons)

Bp)/)
Error)

GFP20" 49" 4" 28" 35133" 0" 3" 0" 0" 6" 1351"
GFP43" 63" 1" 44" 45171" 5" 17" 0" 0" 8" 1506"
GFP43"
(ErrASE
)"

30" 0" 27" 21510" 3" 0" 0" 0" 0" 7170"

GFP35" 60" 0" 36" 43020" 5" 29" 0" 0" 4" 1132"
GFP35"
(ErrASE
)"

28" 0" 24" 20076" 1" 3" 0" 0" 0" 5019"

abagov
omab"

15" 0" 1" 11175" 20" 12" 0" 0" 1" 339"

afutuzu
mab"

15" 1" 2" 11580" 24" 7" 0" 0" 0" 374"

alemtuz
umab"

12" 0" 0" 8913" 22" 19" 9" 99" 0" 178"

cetuxim
ab"

8" 0" 2" 5960" 6" 3" 0" 0" 0" 662"

efungu
mab"

16" 0" 2" 11945" 27" 8" 1" 23" 0" 332"

ibalizu
mab"

8" 0" 0" 6224" 11" 2" 0" 0" 0" 479"

panoba
cumab"

22" 1" 3" 16707" 38" 23" 3" 13" 0" 261"

pertuzu
mab"

8" 0" 3" 5959" 10" 4" 2" 25" 1" 351"

ranibiz
umab"

4" 2" 0" 2948" 7" 11" 7" 80" 0" 118"

robatu
mumab"

21" 0" 0" 14860" 36" 20" 24" 911" 2" 181"

tadociz
umab"

7" 8" 0" 5200" 43" 18" 1" 15" 13" 69"

trastuz
umab"

16" 0" 1" 11772" 24" 25" 10" 196" 1" 196"

ustekin
umab"

23" 0" 6" 17336" 32" 11" 1" 6" 0" 394"

vedoliz
umab"

33" 0" 6" 25571" 43" 9" 1" 4" 0" 482"

"
Table 2.2 Sequencing results for cloned assemblies.  The results from sequencing of constructs 
made from IDT oligonucleotides (GFP20), OLS Pool 1 (GFP43 & GFP35), and OLS Pool 2 
(antibodies). The data for each antibody were taken from the cloning experiment that had the 
lowest error rate. Good reads are the number of clones that returned sequence information. 
Misassemblies are the number sequences that had less than 50% of the correct sequence. Perfect 
reads are the number of clones that had the exact sequence expected. Sequenced bases are the 
total number of sequenced bases homologous to the designed sequence and mismatches to the 
number of mismatches from the designed sequences.  Small and large indels are the number of 
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deletions <3 or >2 bp consecutively, respectively.  Large Deletion Size is the sum of to the 
cumulative number of bases deleted in the large indels.  Insertions refer to the number of 
incorrectly inserted bases in the sequence.  Bp/error refers to the average error rate, with each 
long deletion counted as a single error.  
 
 
 

 

Figure 2.9 The dynamic range of the flow cytometry screen. The relationship between the 
fluorescent fraction observed with flow cytometry is shown as a function of the fraction of 
perfect assemblies predicted from the sequencing data, with each data point corresponding to 
individual samples constructs built from the OLS Pool 1 (the same data are shown in Figure 2.7). 
The black line indicates the result expected if the sequencing and fluorescent data predicted each 
other perfectly. 
 
 
2.3.3 Second set of gene assemblies and error depletion 

 In OLS pool 2, we designed 836 assembly subpools split into 11 plate subpools, encoding 

2,456,706 bases of oligonucleotides that could potentially result in 869,125 bp of final assembled 

sequence. We first constructed three fluorescent proteins to test assembly protocols in OLS pool 

2: mTFP1, mCitrine and mApple. We found that the PCR assembly protocols developed for 

ssDNA subpools in OLS pool 1 only produced short (<200 bp) misassemblies when applied to 

the dsDNA subpools in OLS pool 2. We tested over 1,000 assembly PCR conditions by varying 
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parameters such as DNA concentration, annealing temperatures, cycle numbers, polymerase 

choice and buffer conditions.  

 We found that three factors were critical for the robust assembly of OLS Pool 2 subpools 

into full-length products (data not shown).  First, using a pre-assembly step of 15-20 thermal 

cycles performed in the absence of construction primers followed by 20-30 cycles of assembly 

PCR with the construction primer reduced formation of incorrect products.  Second, using low 

annealing temperatures (50-55 °C) during the pre-assembly and more stringent annealing 

temperatures during the assembly PCR (60-72 °C) also helped reduce the formation of secondary 

bands.  Third, using an increased DNA concentration (5-20 ng/µL) in the pre-assembly step (2-3 

orders of magnitude greater than for OLS Pool 1) was the most important factor in improving the 

reliability between different synthesis products. 

 Using the best protocol, we assembled the genes encoding the three proteins with no 

detectable misassemblies, thereby removing the need for gel isolation (Figures 1.2c and 1.10a,b). 

Cloning followed by flow cytometry screening showed that 6.8%, 7.5% and 6.8% of the cells 

were fluorescent for mTFP1, mCitrine and mApple assemblies, respectively (Figure 2.8a). 

 

 

 

 



27"

 

Figure 2.10 Processing OLS Pool 2 assembly subpools. Assembly-specific primers were used 
to amplify the subpools that were designed to build three different fluorescent proteins (a). A 
BtsI restriction enzyme removed the priming sites (b). The same protocol was followed in 
processing the antibody assembly subpools, with (c) showing the subpools after the BtsI digest. 
The gel in (c) shows only 38 subpools because other 4 antibody subpools evaporated from the 
reaction tubes during PCR and had to be re-amplified in a separate experiment. 
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 Assuming 6% correct sequence per construct and no selection against errors in the 

assembly process, the error rate was ~1/250 bp for 200-mer OLS pool 2, significantly above that 

of the estimates for 130-mer OLS pool 1 (~1/1,000 bp) and the sequenced 55,000 150-mer OLS 

pool (~1/500 bp). This is not completely unexpected, as the amount of depurination is dependent 

upon the number of deprotection steps during synthesis and thus the oligonucleotide length. 

Despite the higher error rate, there were several advantages to the 200-mer OLS pool 2. First, the 

extensive overlaps designed in OLS pool 1 caused spurious processing of the primers from the 

assembly subpools. The use of type IIs restriction endonucleases to process primers to form 

dsDNA resulted in more robust processing. Second, the use of two amplification steps conserves 

chip-eluted DNA to allow for future scaling of the gene synthesis process. Third, the assemblies 

of OLS pool 1 produced many smaller bands and required lower-throughput gel isolation 

procedures. This could be due to mispriming during PCR assembly because of the long overlap 

lengths used in the design process. The assemblies in OLS pool 2 used much shorter overlap 

lengths and resulted in no smaller molecular weight misassembled products. 

 With regards to the differences in quantity of OLS material between the two pools, while 

the 13,000 features in OLS Pool 1 can be used to construct >700 genes, each subpool 

amplification used 1/500th of the total chip-eluted DNA. While it maybe possible to run this 

process with 1/1000th the total material, we were concerned that the use of larger OLS Pools 

would be difficult (e.g., a 55,000 feature OLS pool would require 1/3,000th of the total material).  

The longer 200mers of OLS Pool 2 allowed for a first plate amplification before the assembly 

amplification reducing the OLS Pool 2 usage by two orders of magnitude, which facilitates 

process scaling to larger OLS Pools. 

 These results illustrate a number of important points. First, our subpool assembly primers 
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were sufficiently well-designed to provide stringent subpool amplification of as few as 5 

oligonucleotides out of a 12,995 oligonucleotide background. Second, the relative quantities of 

the oligonucleotides in the assembly subpools were sufficient to allow PCR assembly. Third, the 

error rates from 130-mer OLS pools were sufficiently low to construct gene-sized fragments 

(717 bp) such that >50% of the sequences were perfect. In fact, the error rates from both the 

GFP43 and GFP35 assemblies were indistinguishable from the column-synthesized GFP20 

assemblies. Fourth, our data show that the level of fluorescence of our gene assemblies 

correlated with the number of constructs with perfect sequence, providing a useful screen to test 

fluorescent gene assemblies in OLS pool 2 (Figure 2.9). Finally, although PCR assembly was 

able to generate full-length product, many smaller misassembled products were also formed, 

requiring the use of difficult-to-automate gel isolation steps. 

To improve the error rates of the genes assembled from OLS pool 2, we used ErrASE, a 

commercially available enzyme cocktail that detects and corrects mismatched base pairs, to 

remove errors in the assembled fluorescent proteins. For each gene, we applied ErrASE at six 

different stringencies, reamplified the constructs, cloned the PCR products and rescreened the 

cloned genes using flow cytometry. Improvement of the level of fluorescence progressively 

increased with greater ErrASE stringency. At the highest levels of error cor- rection, the 

fluorescence levels were 31%, 49% and 26% for mTFP1, mCitrine and mApple respectively 

(Figures 1.8a and 1.11). We also performed the ErrASE procedure on our GFP43 and GFP35 

pools from OLS pool 1, resulting in fluorescence levels of 89% and 92%, respectively (Figurues 

1.7c and 1.8a). We sequenced clones of GFP43 and GFP35 and found three errors in 21,510 

(1/7,170 bp) and four errors in 20,076 (1/5,019 bp) sequenced bases, respectively. 
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Figure 2.11 Optimization of enzymatic synthesis error removal with ErrASE. mCitrine 
synthesized from OLS Pool 2 was treated with ErrASE and the fluorescent fraction was 
quantified with flow cytometry (a). The different ErrASE reactions correspond to decreasing 
stringency of ErrASE that were provided by the manufacturer, with ErrASE 1 having the most 
stringency and ErrASE 6 having the least. Error bars give the range of the data points, with n = 2 
or 4 for the control and the mCitrine constructs, respectively. Increasing the length of ErrASE 
treatment from 1 to 2 h did not lead to a major decrease in error rates (b). “NO PRODUCT” 
indicates that the post-ErrASE amplification did not product a product of the right size, most 
likely because the ErrASE error removing enzymes have over-digested the assembly. Each value 
is an average of independent flow cytometry runs performed on 5 (a) or 3 (b) aliquots of the 
cloned assemblies. 
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As a more challenging test for our DNA synthesis technology, we designed and 

synthesized oligonucleotides in OLS pool 2 for 42 genes encoding the variable regions of single-

chain antibody fragments (scFv) regions corresponding to a number of well-known antibodies. 

We have previously had trouble synthesizing these genes using commercial gene synthesis 

companies. This might be partly due to the prototype (Gly4Ser)3 linker, which is designed to 

maximize flexibility and allow the heavy and light V regions to assemble (Huston et al., 1993). 

The repetitive nature and high GC content of the linker-encoding sequences often represents a 

challenge for accurate DNA synthesis. We therefore tested three different linker sequences that 

varied in GC content and repetitive character of the linker encoding sequence. In addition, the 

presence of high sequence homology in the antibody backbones and linkers represented a 

potential source of cross-hybridization that could interfere with assembly (61% average sequence 

identity). 

As expected, the antibody sequences did not assemble as robustly as the fluorescent 

proteins, and thus we further optimized the conditions during pre- and post-assembly (Figures 

2.10c, 2.12 and 2.13a). Under the best protocol, 40 of the 42 constructs assembled to the correct 

size (Figure 2.2d and Table 2.3). The two misassembled genes displayed faint bands at the 

correct size, which were gel isolated and reamplified to produce strong bands of the correct size. 

We sequenced 15 antibodies including representatives from all three linker types. We performed 

enzymatic error correction using ErrASE, gel isolated the product and finally cloned the 

constructs into an expression vector. One of the 15 antibodies did not clone, and another had a 

deleted linker region in all 21 sequenced clones. Both of these antibodies were encoded with the 

highest GC content linker. The average error rate of the 14 antibodies that did clone was 1/315 

bp (Figure 2.8b and Table 2.2); this was considerably higher than the GFP assemblies, but still 
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sufficient for construction of genes of this size (~10% of clones should be perfect, on average). 

In addition, the high levels of sequence similarity between the anti- bodies, combined with the 

successful assembly and sequencing (which showed no instances of cross-contamination) further 

validates that the selective amplification is at least stringent enough to make highly related 

protein sequences. 

2.4 Conclusion 

 Our results show the assembly of gene-sized DNA fragments totaling ~35,000 bp from 

oligonucleotide pools of more than 50 kilobases. A number of key features are important to make 

the process work, including the use of low-error starting material, well-chosen orthogonal 

primers, subpool amplification of individual assemblies, optimized assembly methods and 

enzymatic error correction. Together, these features enabled gene assembly from oligonucleotide 

pools containing at least 50 times more sequences than previously reported. 

 Previous efforts have demonstrated the ability to synthesize genes from DNA microchips, 

though in limited pool complexities. Tian et al. described the assembly of 14.6 kilo-basepairs of 

novel DNA from 292 oligonucleotides synthesized on an Atactic/Xeotron chip (Tian et al., 

2004). The process involved using 584 shorter oligonucleotides synthesized on the same chip for 

hybridization-based error correction.  Even with the 584 shorter oligonucleotides, the total 

background oligonucleotide size was less than 50 kilobases. The resulting error rates were 

~1/160 bp before error correction and ~1/1400 bp after.  Using similar chips, Zhou et al. 

constructed ~12 genes with an error rate as low as 1/625 bp (Zhou et al., 2004). Richardson et al. 

showed the assembly of an 180 bp construct from 8 oligonucleotides synthesized on a microarray 

using maskless photolithographic deprotection (Nimblegen) (Richmond, 2004). The error rates 

were not determined, though a follow-up construction of a 742 bp GFP sequence using the same 
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process showed an error rate of 1/20 bp – 1/70 bp  (Kim et al., 2006). The background 

oligonucleotide complexity of this last study was not published.  The oligonucleotide pool 

complexity for OLS Pool 2 was a total of ~2.5 megabases of DNA.   

 We describe two separate OLS pool lengths and assembly methods, which have their own 

advantages and disadvantages (Figure 2.3). The shorter, 130-mer OLS pool 1 assemblies have 

lower error rates, but because there are no plate amplifications, will be harder to scale as we 

begin to utilize larger OLS pools. The longer 200-mer OLS pool 2 is easier to scale, but 

contained higher error rates. The costs of oligonucleotides in both processes are <$0.01/bp of 

final synthesized sequence, and thus the dominant costs are enzymatic processing, cloning and 

sequence verification. Future work on reducing the cost of perfect sequence will focus on the 

ability to lower sequencing costs by using cheaper next-generation sequencing technologies, or 

by incorporating other error-correction techniques such as PAGE selection of oligonucleotide 

pools or mutS-based error filtration (Carr et al., 2004; Tian et al., 2004). 

2.5 Methods 

2.5.1 Reanalysis of OLS pool error rates 

 We reanalyzed a previously published data set for determining sequencing error rates (Li 

et al., 2009a). Briefly, the data set was derived from high-throughput sequencing using the 

Illumina Genome Analyzer platform of a 53,777 150-mer OLS pool. Two sequencing runs were 

performed, the first before any amplification, and the second after two rounds of ten cycles of 

PCR (20 cycles total). As our previous analyses were mostly looking for distribution effects, we 

reanalyzed these existing data to get an estimate of error rates before and after PCR 

amplification. We realigned the data set using Exonerate to allow for gapped alignments and 

analysis of indels (Slater and Birney, 2005).  
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Figure 2.12 Optimizing the antibody assembly protocol. First, each antibody assembly 
subpool was subjected to 15 PCR cycles in the presence of KOD DNA polymerase but in the 
absence of the construction primers. Next, the construction primers, and each assembly was 
diluted in another PCR mix. Show are the 2% agarose gels of the following assembly protocols 
(as described in the Supp. Methods of Kosuri et al. 2010): (a) KOD-low, (b) KOD-high, (c) 
KODXL60, (d) KODXL65, (e) Phusion62, (f) Phusion67, (g) Phusion 72, (h) Phusion 62B, (i) 
Phusion67B. The lane order in each lane is identical to that in Figure 2.13. Invitrogen’s 1 Kb 
Plus DNA Ladder was used as a size marker in all experiments.  
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Figure 2.13 Initial antibody assemblies. (a) The initial assembly reaction resulted in 29 out of 
42 antibody assembly reactions yielding products of the correct size (rather than 40/42 in the 
final optimized assembly reactions). The antibody that corresponds to each number is listed in 
Table 2.3.  Increasing the assembly subpool concentration used in the assembly reaction 
increased the number of successful assemblies to 40 (see Figure 2.2d). The two failures from the 
final optimized assembly reactions were gel-isolated and re-amplified, yielding products of the 
correct size (b). 
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name) ID)#) ) linker) band)
from)
assembl
y?)

reactions)
cloned)

perfrect)
clone)
found?)

efungumab) 4" 309/10
9"

GGSGGSGGASGAGS
GGG"

yes" 1"and"2" yes"

bavituxima
b)

5" 312/11
2"

GGSGGSGGASGAGS
GGG"

yes" "" ""

tenatumom
ab)

6" 315/11
5"

GGSGGSGGASGAGS
GGG"

yes" "" ""

otelixizuma
b)

7" 318/11
8"

GGSGGSGGASGAGS
GGG"

no"(very"
faint)"

"" ""

gantenerum
ab)

8" 320/12
0"

GGSGGSGGASGAGS
GGG"

yes" "" ""

tanezumab) 9" 323/12
3"

GGSGGSGGASGAGS
GGG"

yes" "" ""

dacetuzum
ab)

10" 326/12
6"

GGSGGSGGASGAGS
GGG"

yes" "" ""

racotumom
ab)

11" 329/12
9"

GGSGGSGGASGAGS
GGG"

yes" "" ""

oportuzum
ab)

12" 332/13
2"

GGSGGSGGASGAGS
GGG"

yes" 1"(none"
sequenced)"

""

rafivirumab) 13" 335/13
5"

GGSGGSGGASGAGS
GGG"

yes" "" ""

elotuzumab) 14" 338/13
8"

GGSGGSGGASGAGS
GGG"

yes" "" ""

robatumum
ab)

15" 341/14
1"

GGSGGSGGASGAGS
GGG"

yes" 1" no"

cetuximab) 16" 302/10
2"

GGSAGSGSSGGASG
SGG"

yes" 2" yes"

ranibizuma
b)

17" 305/10
5"

GGSAGSGSSGGASG
SGG"

yes" 2" no"

naptumoma
b)

18" 307/10
7"

GGSAGSGSSGGASG
SGG"

yes" "" ""

abagovoma
b)

19" 310/11
0"

GGSAGSGSSGGASG
SGG"

yes" 2" yes"

lexatumum
ab)

20" 313/11
3"

GGSAGSGSSGGASG
SGG"

yes" "" ""

canakinum
ab)

21" 316/11
6"

GGSAGSGSSGGASG
SGG"

yes" "" ""

milatuzuma
b)

22" 321/12
1"

GGSAGSGSSGGASG
SGG"

yes" "" ""

anrukinzum
ab)

23" 324/12
4"

GGSAGSGSSGGASG
SGG"

yes" "" ""

alacizumab) 24" 327/12 GGSAGSGSSGGASG no" "" ""
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7" SGG"
conatumum
ab)

25" 330/13
0"

GGSAGSGSSGGASG
SGG"

yes" "" ""

citatuzuma
b)

26" 333/13
3"

GGSAGSGSSGGASG
SGG"

yes" "" ""

foraviruma
b)

27" 336/13
6"

GGSAGSGSSGGASG
SGG"

yes" "" ""

necitumum
ab)

28" 339/13
9"

GGSAGSGSSGGASG
SGG"

yes" "" ""

vedolizuma
b)

29" 342/14
2"

GGSAGSGSSGGASG
SGG"

yes" 1" yes"

veltuzumab) 30" 322/12
2"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

panobacum
ab)

31" 319/11
9"

GGAGSGAGSGSSGA
GSG"

yes" 1" yes"

etaracizum
ab)

32" 317/11
7"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

ibalizumab) 33" 314/11
4"

GGAGSGAGSGSSGA
GSG"

yes" 1" no"

motavizum
ab)

34" 311/11
1"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

tadocizuma
b)

35" 308/10
8"

GGAGSGAGSGSSGA
GSG"

yes" 2" no"

alemtuzum
ab)

36" 303/10
3"

GGAGSGAGSGSSGA
GSG"

yes" 2" no"

figitumuma
b)

37" 340/14
0"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

farletuzum
ab)

38" 337/13
7"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

siltuximab) 39" 334/13
4"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

afutuzumab) 40" 331/13
1"

GGAGSGAGSGSSGA
GSG"

yes" 1" yes"

tigatuzuma
b)

41" 328/12
8"

GGAGSGAGSGSSGA
GSG"

yes" "" ""

ustekinuma
b)

42" 325/12
5"

GGAGSGAGSGSSGA
GSG"

yes" 1" yes"

)
Table 2.3.  Assembly results from 42 attempted antibody constructions. The ID # refers to 
the number used throughout the paper to identify the antibody. Linker refers to the amino acid 
sequence used to link the heavy and the light chain.  Band from assembly? refers to presence of a 
band of the correct size refers to the gel in Figure 2.2d. The Reaction cloned column indicates 
whether the antibody was cloned from either of two assembly reactions (assembly 1 shown in 
Figure 2.13a, assembly 2 shown in Figure 2.2d). Oportuzumab was cloned, but no assembly 
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products were found among the sequenced clones. Perfect clone found? Indicates whether or not 
at least one of the cloned assemblies sequenced contained no errors. 
 
 
 
 
Specifically, we used an affine local alignment model that is equivalent to the classic Smith-

Waterman-Gotoh alignment, a gap extension penalty of −5, and used the full refine option to 

allow for dynamic programming–based optimization of the alignment. These reads were solely 

mapped on base calls by the Illumina platform. We used these alignments to count mismatches, 

deletions and insertions as compared to the designed sequences. However, as base-calling can be 

more error prone on next-generation platforms than traditional Sanger-based approaches, we 

filtered the results based only on high-quality base-calls (Phred scores of ≥30 or >99.9% 

accuracy). This was accomplished by converting Illumina quality scores to Phred values using 

the Maq utility sol2sanger and only using statistics from base calls of Phred 30 or higher. All 

error rate analysis scripts were implemented in Python and are available upon request. Although 

this method provides an estimate for error rates, unmapped reads may have higher error rates, 

thus underestimating the total average error rate. In addition, base-calling errors might still 

overestimate the error rate. Finally, using only high-quality base calls, which usually occur only 

in the first ten bases of a read, might only reflect error rates on the 5′ end of the synthesized 

oligonucleotide. 

2.5.2 Design and synthesis of OLS pools 

 The 13,000 oligos in the first OLS library (OLS pool 1) were broken up into 12 

separately amplifiable subpools (assembly subpools). Each assembly subpool was defined by 

unique 20 bp priming sites that flanked each of the oligos in the pool. The priming sites were 

designed to minimize amplification of oligos not in the particular assembly subpool. This was 
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done by designing set of orthogonal 20-mers (assembly-specific primers) using a set of 240,000 

orthogonal 25-mers (Xu et al., 2009) as a seed. From these sequences we selected 20-mers with 

3′ sequence ending in thymidine or GATC for the forward and reverse primers, respectively. We 

screened for melting temperatures of 62–64°C and low primer secondary structure. After the 

additional filtering, 12 pairs of forward and reverse primers were chosen to be the assembly-

specific primers. The 13,000 oligos in the second OLS library (OLS pool 2) were broken up into 

11 subpools corresponding to 11 sets of up to 96 assemblies (plate subpools), which were further 

divided into a total of 836 assembly subpools. A new set of orthogonal primers were designed 

similarly to the previous set (without the GATC and thymidine constraints) but further filtered to 

remove type IIS restriction sites, secondary structure, primer dimers and self-dimers. The final 

set of primer pairs was distributed among the plate-specific primers, assembly-specific primers 

and construction primers. 

 OLS pools were synthesized by Agilent Technologies and are available upon signing a 

Collaborative Technology Development agreement with Agilent. Costs of OLS pools are a 

function of the number of unique oligos synthesized and of the length of the oligos (<$0.01 per 

final assembled base-pair for all scales used in this study). OLS pools 1 and 2 were 

independently synthesized, cleaved and delivered as lyophilized ~1–10 picomole pools. 

2.5.3 Amplification and processing of OLS subpools 

 Lyophilized DNA from OLS pools 1 and 2 were resuspended in 500 µl TE. Assembly 

subpools were amplified from 1 µl of OLS pool 1 in a 50 µl qPCR reaction using the KAPA 

SYBR FAST qPCR kit (Kapa Biosystems). A secondary 20 ml PCR amplification using Taq 

polymerase was performed from the primary amplification product. The barcode primer sites 

were removed using a technique previously described (Porreca et al., 2007). In brief, the forward 
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primers contained a phospho- rothioate bond at the 5′ end and the last nucleotide on the 3′ end 

was a deoxyuridine; the reverse primers contained a DpnII recognition site (GATC) at the 3′ end 

and a phosphorylated 5′ end. PCR amplification was followed by λ-exonuclease digestion of 5′ 

phosphorylated strands, hybridization of the 3′ primer site to its complement, and cleavage of the 

5′ and 3′ primer sites using USER enzyme mix and DpnII (New England Biolabs), respectively. 

Plate subpools were amplified from 1 µl of OLS pool 2 in 50 µl Phusion polymerase PCR 

reactions. Assembly subpools were amplified from the plate subpools by 100 µl Phusion 

polymerase PCR reactions. A BtsI digest removed the forward and reverse primer sites. 

2.5.4 Assembly of fluorescent proteins 

 GFPmut3 (Cormack et al., 1996) was assembled from OLS pool 1 assembly subpools by 

PCR. The GFP43 and GFP35 subpools were designed such that there was full overlap between 

neighboring oligos during assembly, with average overlaps of 43 bp and 35 bp for GFP43 and 

GFP35, respectively. For the first set of assemblies, 330 pg of the GF43 sub- pool or 40 pg of the 

GFP35 subpool was used per 20 µl Phusion polymerase PCR assembly. The full-length product 

was gel-isolated, amplified using Phusion polymerase and cloned into pZE21 after a 

HindIII/KpnI digest. The second set of assemblies was built using a similar procedure, except 

that the assembly PCR used 170 pg or 190 pg of GFP43 and GFP35 subpools, respectively; and 

the gel-isolated product was not re-amplified before cloning. 

 Oligonucleotides for mTFP1, mCitrine and mApple were designed such that there was on 

average a 20 bp overlap between adjacent oligonucleotides. The proteins were built from OLS 

pool 2 assembly subpools by first performing a KOD polymerase pre-assembly reaction that was 

done in the absence of construction primers followed by a KOD polymerase assembly PCR in 

which the construction primers were included. ErrASE error correction was then performed on 
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aliquots of the synthesis products following the manu- facturer’s instructions. The assembled 

product was digested with HindIII and KpnI and cloned into pZE21. Sequencing of clones was 

performed by Beckman Coulter Genomics. 

2.5.5 ErrASE 

 ErrASE is an enzyme cocktail designed to remove errors in synthetically assembled 

genes (Novici Biotech). Assembled genes are denatured and re-annealed to allow for the 

formation of hetero-duplexes. A resolvase enzyme in ErrASE then recognizes and cuts at 

mismatched positions. Other enzymes in the cocktail remove these cut mismatched positions. 

The products could then be reamplified by PCR to reassemble the full-length gene. 

 Specifically, six aliquots of 10–50 ng of each assembled gene was added to 10 µl of PCR 

buffer (we have also tested the effects of including betaine in the buffer). Hetero-duplexes were 

formed by denaturing at 95 °C and slowly cooling to 0 °C. Each aliquot was then used to 

resuspend six different lyophilized ErrASE mixtures of increasing stringency provided by the 

manufacturer. After a 1–2 h at incubation 25 °C, the assemblies were re-amplified and visualized 

on an agarose gel. Of the reactions that resulted in a correctly sized band, the one that used the 

most stringent ErrASE protocol was selected for cloning. 

2.5.6 Flow cytometry 

 Fluorescent cell fractions of the cloned libraries of assembly products were quantified 

using a BD LSR Fortessa flow cytometer either a 488 nm laser with a 530 nm filter (30 nm 

bandpass) or a 561 nm laser with a 610 nm filter (20 nm bandpass). 
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2.5.7 Synthesis of antibodies 

 125 ng of each antibody assembly pool was pre- assembled in 20 µl KOD pre-assembly 

reactions. We then tested nine amplification protocols for the ability to amplify the 42 antibody 

pre-assemblies into full-length genes. We attempted to clone eight constructs from the best 

assembly protocol (afutuzumab, efungumab, ibalizumab, oportuzumab, panobacumab, 

robatumumab, ustekinumab and vedolizumab; see Figure 2.13a). The eight assemblies were 

error-corrected using ErrASE, gel-isolated, re-amplified using Phusion polymerase, gel-isolated 

again, and cloned into pSecTag2A after an ApaI/SfiI digest. Sequencing was performed by 

Genewiz. All but oportuzumab cloned successfully. We then repeated the experiment, increasing 

the amount of assembly pool DNA in the pre-assembly reaction to 400 ng. We selected a 

different set of eight constructs from this second set of assemblies for cloning (abagovomab, 

alemtuzumab, ranibizumab, cetuximab, efungumab, pertuzumab, tadocizumab and trastuzumab; 

see Figure 2.2d). Using the same methods as with the first set of cloned antibodies, this second 

set was error-corrected, gel-isolated, cloned and sequenced. 
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Chapter 3: Mutants of Cre recombinase with 

improved accuracy 

3.1 Abstract 

 Despite rapid advances in genome engineering technologies, inserting genes into precise 

locations in the human genome remains an outstanding problem. It has been suggested that site-

specific recombinases can be adapted towards use as transgene delivery vectors. The specificity 

of recombinases can be altered either with directed evolution or via fusions to modular DNA-

binding domains. Unfortunately, both wild-type and altered variants often have detectable 

activities at off-target sites. Here we use bacterial selections to identify mutations in the 

dimerization surface of Cre recombinase (R32V, R32M and 303GVSdup) that improve the 

accuracy of recombination. The mutants are functional in bacteria, in human cells and in vitro 

(except for 303GVSdup, which we did not purify), and have improved selectivity against both 

model off-target sites and the entire E. coli genome. We propose that destabilizing binding 

cooperativity may be a general strategy for improving the accuracy of dimeric DNA-binding 

proteins. 

3.2 Introduction 

 Safe delivery of transgenes into the human genome remains an open problem of critical 

importance to clinical genetics. Many existing technologies have major limitations. For instance, 

retroviruses, lentiviruses and transposons integrate non-specifically and can therefore cause 

cancer by mutagenesis (Hacein-Bey-Abina et al., 2003; Stocking et al., 1993). Transgenes can 

also be integrated using the endogenous homologous repair pathways, although this process must 
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be stimulated by generating double-stranded breaks at the target site using programmable 

nuclease technologies, such as meganucleases (Rouet et al., 1994), zinc finger nucleases (Kim et 

al., 1996), TALE nucleases (Christian et al., 2010; Li et al., 2010) or the RNA-guided Cas9 

protein (Cong et al., 2013; Mali et al., 2013). This technique is limited by the fact that 

homologous recombination in humans is less efficient than the competing mutagenic non-

homologous end-joining pathway (Hartlerode and Scully, 2009; Mao et al., 2008). 

 Site-specific recombinases, which catalyse recombination at precise sites, have properties 

that make them promising candidates for use as safe gene-delivery vectors. For instance, many 

do not require host-encoded factors (Grindley et al., 2006). In addition, the size of the integrated 

cassette is less restricted than for other methods. Recombinases’ specificities can be altered 

either by direction evolution or by fusion to modular DNA-binding domains (Abi-Ghanem et al., 

2013; Akopian et al., 2003; Buchholz and Stewart, 2001; Gersbach et al., 2010; Gordley et al., 

2007; Keravala et al., 2008; Santoro and Schultz, 2002; Sarkar et al., 2007; Sclimenti et al., 

2001). Unfortunately, many reprogrammed variants are promiscuous in their activity. This 

problem is not restricted to artificial variants, as activity at off-target human genomic loci has 

been reported for some wild-type (WT) recombinases (Keravala et al., 2006; Semprini et al., 

2007; Thyagarajan et al., 2001, 2000). If recombinases are to be used as gene-delivery vectors, it 

is imperative to identify ways to enhance their accuracy. 

 The accuracy of DNA-binding proteins can be altered by varying the ratio of specific to 

non-specific DNA–protein interactions (Nelson and Sauer, 1986). Although powerful, this 

approach can be inconvenient if the goal is to generate variants of a protein with different 

specificities: a specificity change alters the DNA–protein interaction, requiring re-optimization 
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of accuracy. Therefore, there is a need for methods to systematically enhance accuracy without 

changing the DNA–protein interface. 

 In this work, we attempt to discern such principles using Cre recombinase of the phage 

P1 as a model system. Cre catalyses a reversible, directional recombination between two 34 bp 

loxP sites that consist of a pair of 13 bp inverted repeats flanking an 8 bp asymmetrical spacer 

(Hoess et al., 1982; Sternberg and Hamilton, 1981; Van Duyne, 2001). Mutagenic studies of 

loxP have shown that many mutations have non-catastrophic effects on recombination efficiency 

(Hartung and Kisters-Woike, 1998; Missirlis et al., 2006; Sheren et al., 2007). Using a theoretical 

model, we predict that reducing the cooperativity of binding should increase accuracy. We 

mutagenize a region involved in the formation of Cre dimers and perform bacterial selections for 

functional and accurate mutants. We isolate three mutants, all of which were able to recombine 

loxP sites with high efficiency and exhibited improved accuracy with respect to both model off-

target sites and the entire Escherichia coli genome. 

3.3 Results 

3.3.1 A theoretical model of DNA-binding accuracy 

 Under the currently accepted mechanism of Cre recombination, the binding of a Cre 

monomer to one half of a loxP site is followed by the formation of an asymmetrical homodimer 

when a second Cre molecule binds to the other half of loxP. Next, the two loxP-bound dimers 

associate to form a tetramer, and recombination proceeds via a Holiday Junction intermediate . 

We reasoned that the formation of the dimer of dimers is not site specific in the sense that it 

involves no new DNA-binding events, leading us to conclude that the precision of dimer 

formation determines the accuracy of recombination. Assuming that the protein–protein affinity 

is negligible in the absence of DNA, dimer formation on target sites is described with: 
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(1) ! + ! !! ! ∙ ! 

(2) ! + ! ∙ ! !!"# 2! ∙ ! 

where P is the unbound protein monomer, D is the full DNA-binding site, K is the affinity of 

each monomer for half of the binding site and Kdim is the affinity of the protein dimer for the full 

binding site. If it is assumed that the cooperative energy is sequence-independent then 

Kdim=KKcoop, where Kcoop is the protein–protein affinity. A competing set of binding events 

occurs between off-target DNA and the protein: 

(3) ! + D!"
!!!" P ∙ D!"!

(4) ! + ! ∙ !!"
!!"!!""# 2! ∙ !!! !

where DOT is the off-target DNA concentration and KOT is the affinity of the protein for off-

target DNA. Accuracy can be defined as the ratio of on-target protein dimers to off-target protein 

dimers: 

(5) ! ≜ ! !!∙!
!!∙!!"

= !
!!"

! !
!!"

!

The free DNA concentration [D] is related to the total DNA concentrations [Dtotal] via: 

(6) !!"!#$ = ! + ! ∙ ! + 2! ∙ ! = ! 2!!""#!! ! ! + 2! ! + 1 !

An analogous expression relates [DOT] and [DOT,total]. Equation (5) can be expressed in terms of 

total DNA concentrations: 

(7) ! = !
!!"

! !!"!#$
!!",!"!#$

!!!""#!!"! ! !!!!!" ! !!
!!!""#!! ! !!!! ! !! !

 To model accuracy of Cre in E. coli, we used the in vitro affinity coefficients K of 

1.5x108 M-1 and a Kcoop of 1.7x103, with both values obtained from previous in vitro 

measurements (Rüfer et al., 2002). We assumed that K/KOT of 104, which is in the same order of 
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magnitude as the experimentally determined K/KOT of EcoRV and BamHI (Jen-Jacobson, 1997). 

Assuming a single target site in an E. coli cell of a 0.5 mm radius gives a [Dtotal] of 3.2x109 M. If 

off-target sites exist at 1 bp windows along both strands of the 4.6 Mbp E. coli genome, then 

[DOT,total] is ~3.2x109 M bp-1 x 9.2x106 bp = 2.9x10-2 M. This value of [DOT,total] may be an 

overestimate owing to competitive binding of other DNA- associated proteins to the genome. 

 We plotted the predicted accuracy of dimer formation as a function of total protein 

concentration for both WT Cre and for mutants with reduced cooperativity (Figure 3.1). The 

model predicts that accuracy increases with both a reduction in cooperativity and a decrease in 

protein expression levels. This is an intuitive result, because accuracy should increase as the two 

monomer binding events become more independent from each other. We conclude that although 

a reduction in cooperative binding will affect both target and off-target binding, off-target 

binding will be destabilized to a greater degree. 

 

 

Figure 3.1 Model predicting an increase in Cre recombinase dimer binding accuracy as 
cooperativity decreases. The solid line indicates the accuracy predicted for WT Cre, whereas 
the dashed lines correspond to the expected accuracy of mutants in which the cooperativity has 
been reduced by the indicated amount. 

An out-of-frame toxic ccdB was used to apply a selective pressure
against inaccurate recombination reactions that produced
frameshifts (Fig. 2a). To minimize false negatives due to rever-
sal of the inversion, we placed the selection cassette on a high
copy plasmid. The selection resulted in the recovery of 1,690
library-transformed colonies, which corresponds to 38% of
the total transformation efficiency. The library produced fewer

clones than the positive WT control, suggesting that the selection
is functional (Fig. 2b).

To identify accurate constructs, we first found an off-target site
to serve as bait in the negative selection. To achieve a high
selective pressure, we wanted a bait sequence that would be
recombined with a high efficiency. At the same time, we wanted
to select for improved accuracy across the entire protein–DNA
interaction and, therefore, we wanted a bait sequence with little
similarity to loxP. We found such a site by performing a selection
for pseudo-loxP sites and characterizing their in vitro recombina-
tion efficiency. The site, which we named loxBait, is recombined
with 37% the efficiency of loxP, despite differences in 9 out of 13
bases within a single inverted repeat (Fig. 3a,b).

We performed the counterselection by flanking an in-frame
antibiotic resistance marker with loxBait and loxP oriented in the
same direction. The toxic ccdB gene was placed at the 30-end of
loxP. Cre-mediated excision would result in both loss of the
resistance marker and expression of the toxic gene (Fig. 2c). We
subjected the expression plasmids recovered from the positive
selection to one round of counterselection. In this case, the
catalytically inactive mutant, Y324F, served as the control for
growth without selection (Fig. 2d).

We randomly isolated two of the recovered mutants, R32V and
R32M, for further characterization. R32 is involved in an inter-
monomer salt bridge with E69; thus, its disruption in the two
mutants can be expected to reduce the protein–protein affinity
(Fig. 4a). Two WT colonies survived the counterselection, one of
which contained a clone with a de novo duplication of residues
303–305 (303GVSdup). This region is a loop that makes close
contact to the other monomer in the dimer structure (Fig. 4b).

Mutants better discriminate a model off-target site. We
measured the activity of Cre and the isolated mutants on loxP
and cLox h7q21, a known human off-target site21, using a
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3.3.2 Identifying candidate mutations using bacterial selections 

 Our theoretical model predicted that accuracy could be improved by decreasing the 

cooperative binding moment. We therefore targeted our mutagenesis towards a domain directly 

involved in the dimer interaction but distant from the Cre–DNA interaction: the a-helix closest to 

the amino terminus (Guo et al., 1997). To find mutations that improve accuracy while 

maintaining proper function with respect to loxP, we performed two rounds of bacterial 

selection. The first round was designed to identify functional mutants, whereas the second round 

selected accurate mutants. To select functional mutants, we used a resistance marker flanked by 

loxP sites in an inverted orientation relative to each other. The reading frame was inverted with 

respect to the promoter, such that Cre-mediated inversion would result in gain of antibiotic 

resistance. An out-of-frame toxic ccdB was used to apply a selective pressure against inaccurate 

recombination reactions that produced frameshifts (Figure 3.2a). To minimize false negatives 

due to reversal of the inversion, we placed the selection cassette on a high copy plasmid. The 

selection resulted in the recovery of 1,690 library-transformed colonies, which corresponds to 

38% of the total transformation efficiency. The library produced fewer clones than the positive 

WT control, suggesting that the selection is functional (Figure 3.2b). 

 To identify accurate constructs, we first found an off-target site to serve as bait in the 

negative selection. To achieve a high selective pressure, we wanted a bait sequence that would 

be recombined with a high efficiency. At the same time, we wanted to select for improved 

accuracy across the entire protein–DNA interaction and, therefore, we wanted a bait sequence 

with little similarity to loxP. We found such a site by performing a selection for pseudo-loxP 

sites and characterizing their in vitro recombination efficiency. The site, which we named 

loxBait, is recombined with 37% the efficiency of loxP, despite differences in 9 out of 13 bases   
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Figure 3.2 Selecting functional and accurate Cre variants. (a) The substrate used to select for 
functional variants; proper recombination would place the ampicillin resistance gene (ampR) 
under the lac promoter (Plac) conferring resistance. The ccdB gene is crossed out to indicate that 
it’s out of frame with respect to the ampR start codon. (b) Ratio of ampicillin-resistant colonies 
to total colonies isolated following the positive selection. (c) The substrate used to select for 
accurate variants—recombination of loxP and loxBait sites would result in loss of ampicillin 
resistance and would place the toxic ccdB gene in frame with the promoter. (d) Number of 
ampicillin-resistant colonies recovered from the negative selection. 
 

within a single inverted repeat (Figures 2.3a,b). 

 We performed the counterselection by flanking an in-frame antibiotic resistance marker 

with loxBait and loxP oriented in the same direction. The toxic ccdB gene was placed at the 3’-

end of loxP. Cre-mediated excision would result in both loss of the resistance marker and 

expression of the toxic gene (Figure 3.2c). We subjected the expression plasmids recovered from 

the positive selection to one round of counterselection. In this case, the catalytically inactive 

mutant, Y324F, served as the control for growth without selection (Figure 3.2d). 

An out-of-frame toxic ccdB was used to apply a selective pressure
against inaccurate recombination reactions that produced
frameshifts (Fig. 2a). To minimize false negatives due to rever-
sal of the inversion, we placed the selection cassette on a high
copy plasmid. The selection resulted in the recovery of 1,690
library-transformed colonies, which corresponds to 38% of
the total transformation efficiency. The library produced fewer

clones than the positive WT control, suggesting that the selection
is functional (Fig. 2b).

To identify accurate constructs, we first found an off-target site
to serve as bait in the negative selection. To achieve a high
selective pressure, we wanted a bait sequence that would be
recombined with a high efficiency. At the same time, we wanted
to select for improved accuracy across the entire protein–DNA
interaction and, therefore, we wanted a bait sequence with little
similarity to loxP. We found such a site by performing a selection
for pseudo-loxP sites and characterizing their in vitro recombina-
tion efficiency. The site, which we named loxBait, is recombined
with 37% the efficiency of loxP, despite differences in 9 out of 13
bases within a single inverted repeat (Fig. 3a,b).

We performed the counterselection by flanking an in-frame
antibiotic resistance marker with loxBait and loxP oriented in the
same direction. The toxic ccdB gene was placed at the 30-end of
loxP. Cre-mediated excision would result in both loss of the
resistance marker and expression of the toxic gene (Fig. 2c). We
subjected the expression plasmids recovered from the positive
selection to one round of counterselection. In this case, the
catalytically inactive mutant, Y324F, served as the control for
growth without selection (Fig. 2d).

We randomly isolated two of the recovered mutants, R32V and
R32M, for further characterization. R32 is involved in an inter-
monomer salt bridge with E69; thus, its disruption in the two
mutants can be expected to reduce the protein–protein affinity
(Fig. 4a). Two WT colonies survived the counterselection, one of
which contained a clone with a de novo duplication of residues
303–305 (303GVSdup). This region is a loop that makes close
contact to the other monomer in the dimer structure (Fig. 4b).

Mutants better discriminate a model off-target site. We
measured the activity of Cre and the isolated mutants on loxP
and cLox h7q21, a known human off-target site21, using a
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Figure 3.3 Activity and nomenclature of pseudo-loxP sites. (a) Linear fragments with loxP on 
one end and the indicated sites on the other were treated with Cre and the products were 
quantified on an agarose gel. All new bands were counted towards the recombination efficiency. 
No recombination was observed for any of the sites in the absence of Cre. Bolded positions 
correspond to differences from loxP. Sites are listed in order of similarity with loxP. Asterisks 
mark sequences generated randomly; all others were obtained from a selection for functional 
pseudo-loxP sites. The box indicates loxBait. (b) The names and sequences of recombination 
sites used in this study. Positions that are different from loxP are shown in bold. Error bars 
correspond to 95% CI (n 1⁄4 two to three experimental replicates). 
 

We randomly isolated two of the recovered mutants, R32V and R32M, for further 

characterization. R32 is involved in an inter-monomer salt bridge with E69; thus, its disruption in 

the two mutants can be expected to reduce the protein–protein affinity (Figure 3.4a). Two WT 

colonies survived the counterselection, one of which contained a clone with a de novo 

plasmid-based inversion assay. As in the selections, the proteins
were expressed from the Pbad promoter. As our theoretical model
suggests that greater accuracy is achieved at low protein
expression levels, we grew the cells on repressive LB/glucose
medium. Indistinguishable results were achieved with growth on
LB in the absence of glucose. To test the mutants for improved
accuracy, we analysed their ability to recombine a known human
pseudo-loxP site cLox h7q21 and cCore h7q21 (which consists of
inverted repeats from loxP but a spacer that matches cLox
h7q21F; Fig. 3b).

Following recombination, substrate plasmids were isolated and
digested in a way that resulted in the substrate producing a 631-
bp band and its inverted product producing a 386-bp band
(Fig. 5a). Y324F produced only the 631-bp parent product,
whereas R32V, R32M and 303GVSdup resulted in both inverted
and parental plasmids (Fig. 5b). WT unexpectedly produced the
898-bp band that corresponds to a deletion; there were no
detectable bands for the inverted and parental forms. We also
observed a 1,795-bp band formed when ScaI failed to cut. This
product could be ignored for Y324F, R32V, R32M and
303GVSdup, because the cutting efficiency of ScaI should be
independent of cassette orientation. However, the 1,795-bp band
did need to be taken into account when analysing recombination

by WT: we normalized the 898-bp deletion product band to the
total amount of DNA in the 898- and 1,795-bp bands (Fig. 5c,d).
Incomplete ScaI digests also produced a 2,573-bp product that is
formed via an intermolecular insertion followed by inversion
between recombination sites that originated from different
molecules (Supplementary Fig. S1). We excluded this product
from our analysis.

Achieving equilibrium in the inversion assay should result
in 50% inversion. Recombination of two loxP sites by R32V,
R32M and 303GVSdup resulted in B50% inversion and no
detectable deletion products. In contrast, WT resulted in deletion
in 98.7% (95% confidence interval (CI): 97.5–100%) of plasmids
(Fig. 5c). Unlike inversions, which can be reversed, excisions
are selected for in a dividing cell population, because the excised
products cannot replicate. Therefore, the data should not be
taken to mean that WT incorrectly excises nearly 100% of the
time, but rather that the vast majority of substrate plasmids
experienced at least one excision event during the 12 h of growth.
Recombination by WT of pseudo-loxP sites cLox h7q21 and
cCore h7q21 resulted in improper excision with a frequency
of 97.5% (95% CI: 96.5–98.4%). R32V, R32M and 303GVSdup
produced no detectable recombination products (Fig. 5d).
In aggregate, the data provided evidence that the isolated
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duplication of residues 303–305 (303GVSdup). This region is a loop that makes close contact to 

the other monomer in the dimer structure (Figure 3.4b). 

3.3.3 Mutants better discriminate a model off-target site 

 We measured the activity of Cre and the isolated mutants on loxP and ψLox h7q21, a 

known human off-target site (Thyagarajan et al., 2000), using a plasmid-based inversion assay. 

As in the selections, the proteins were expressed from the Pbad promoter. As our theoretical 

model suggests that greater accuracy is achieved at low protein expression levels, we grew the 

cells on repressive LB/glucose medium. Indistinguishable results were achieved with growth on 

LB in the absence of glucose. To test the mutants for improved accuracy, we analysed their 

ability to recombine a known human pseudo-loxP site ψLox h7q21 and ψCore h7q21 (which 

consists of inverted repeats from loxP but a spacer that matches ψLox h7q21F; Figure 3.3b). 

 Following recombination, substrate plasmids were isolated and digested in a way that 

resulted in the substrate producing a 631-bp band and its inverted product producing a 386-bp 

band (Figure 3.5a). Y324F produced only the 631-bp parent product, whereas R32V, R32M and 

303GVSdup resulted in both inverted and parental plasmids (Figure 3.5b). WT unexpectedly 

produced the 898-bp band that corresponds to a deletion; there were no detectable bands for the 

inverted and parental forms. We also observed a 1,795-bp band formed when ScaI failed to cut. 

This product could be ignored for Y324F, R32V, R32M and 303GVSdup, because the cutting 

efficiency of ScaI should be independent of cassette orientation. However, the 1,795-bp band did 

need to be taken into account when analyzing recombination by WT: we normalized the 898-bp 

deletion product band to the total amount of DNA in the 898- and 1,795-bp bands (Figures 

2.5c,d). Incomplete ScaI digests also produced a 2,573-bp product that is formed via an  
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Figure 3.4 Structural context of the isolated mutants. (a) R32V and R32M disrupt a putative 
salt bridge between two monomers (shown in blue and green) at R32 and E69. The two residues 
are shown as stick structures colored by atom identity (blue–N; red–O; gray–C). (b) 303GVSdup 
duplicated the loop shown in orange. One of the monomers is shown as a space-filling model. 
The catalytic site residues (R173, H289, R292, W315 and Y324) are shown as stick figures. The 
crystallographic data was obtained from PDB 3C29. 
 
 

intermolecular insertion followed by inversion between recombination sites that originated from 

different molecules (Figure 3.6). We excluded this product from our analysis. 

 Achieving equilibrium in the inversion assay should result in 50% inversion. 

Recombination of two loxP sites by R32V, R32M and 303GVSdup resulted in ~50% inversion 

and no detectable deletion products. In contrast, WT resulted in deletion in 98.7% (95% 

confidence interval (CI): 97.5–100%) of plasmids (Figure 3.5c). Unlike inversions, which can be 

reversed, excisions are selected for in a dividing cell population, because the excised products 

cannot replicate. Therefore, the data should not be taken to mean that WT incorrectly excises 

nearly 100% of the time, but rather that the vast majority of substrate plasmids experienced at 

least one excision event during the 12 h of growth. Recombination by WT of pseudo-loxP sites 

ψLox h7q21 and ψCore h7q21 resulted in improper excision with a frequency of 97.5% (95% CI: 

96.5–98.4%). R32V, R32M and 303GVSdup produced no detectable recombination products 

(Fig. 5d). In aggregate, the data provided evidence that the isolated mutants are better able to 

distinguish on-target and off-target sites than WT. 

mutants are better able to distinguish on-target and off-target
sites than WT.

Mutants are functional in vitro and in human cells. Given that
in vivo recombination between two loxP sites reached equilibrium
(B100% deletion for WT and B50% inversion for R32V, R32M
and 303GVSdup), there are two explanations for the improved
selectivity against pseudo-loxP sites observed for the mutant
recombinases; either the mutants were better able than WT to

discriminate against pseudo-loxP sites or the mutants were equally
less efficient at recombining loxP and pseudo-loxP sites than WT,
but the high enzyme concentration and long reaction times were
sufficient to drive loxP recombination to completion. These two
hypotheses can be distinguished by comparing recombination of
pseudo-loxP sites under conditions at which WT and mutants
have comparable, subequilibrium efficiencies of loxP recombi-
nation. As such conditions can be easily found in vitro, we
attempted to purify the WT and mutant Cre recombinases.
Affinity purification of using a maltose-binding protein (MBP)

a b

Figure 4 | Structural context of the isolated mutants. (a) R32V and R32M disrupt a putative salt bridge between two monomers (shown in
blue and green) at R32 and E69. The two residues are shown as stick structures coloured by atom identity (blue–N; red–O; gray–C). (b) 303GVSdup
duplicated the loop shown in orange. One of the monomers is shown as a space-filling model. The catalytic site residues (R173, H289, R292,
W315 and Y324) are shown as stick figures. The crystallographic data was obtained from PDB 3C29.
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Figure 5 | In vivo recombination of plasmids by mutants of Cre. (a) Plasmid architecture of the three expected recombination products. Recombination
sites are shown as triangles. For simplicity, the map is in linear form, where the NcoI sites at the ends represent a single NcoI site on the circular
plasmids. The numbers under each segment indicate distance in bp (map not drawn to scale). The numbers adjacent to each map are the sizes of
the expected digestion products, with the asterisks indicating the product size that is unique to the particular configuration. (b) Digest analysis of loxP !
loxP (left five lanes) and clox h7q21 ! cCore h7q21 (right five lanes) recombination. (c,d) Inversion and recombination frequency of (c) loxP ! loxP
and (d) clox h7q21 ! cCore h7q21 recombination obtained by quantifying band intensities. Error bars correspond to 95% CI (n¼ two independent
experiment). NI, NcoI site; SI, ScaI site.
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Figure 3.5 In vivo recombination of plasmids by mutants of Cre. (a) Plasmid architecture of 
the three expected recombination products. Recombination sites are shown as triangles. For 
simplicity, the map is in linear form, where the NcoI sites at the ends represent a single NcoI site 
on the circular plasmids. The numbers under each segment indicate distance in bp (map not 
drawn to scale). The numbers adjacent to each map are the sizes of the expected digestion 
products, with the asterisks indicating the product size that is unique to the particular 
configuration. (b) Digest analysis of loxP x loxP (left five lanes) and ψLox h7q21 x ψCore h7q21 
(right five lanes) recombination. (c,d) Inversion and recombination frequency of (c) loxP x loxP 
and (d) ψLox h7q21 x ψCore h7q21 recombination obtained by quantifying band intensities. 
Error bars correspond to 95% CI (n = two independent experiment). NI, NcoI site; SI, ScaI site. 
 
3.3.4 Mutants are functional in vitro and in human cells 

 Given that in vivo recombination between two loxP sites reached equilibrium (~100% 

deletion for WT and B50% inversion for R32V, R32M and 303GVSdup), there are two 

explanations for the improved selectivity against pseudo-loxP sites observed for the mutant 

recombinases; either the mutants were better able than WT to discriminate against pseudo-loxP 

sites or the mutants were equally less efficient at recombining loxP and pseudo-loxP sites than 

WT, but the high enzyme concentration and long reaction times were sufficient to drive loxP  

mutants are better able to distinguish on-target and off-target
sites than WT.

Mutants are functional in vitro and in human cells. Given that
in vivo recombination between two loxP sites reached equilibrium
(B100% deletion for WT and B50% inversion for R32V, R32M
and 303GVSdup), there are two explanations for the improved
selectivity against pseudo-loxP sites observed for the mutant
recombinases; either the mutants were better able than WT to

discriminate against pseudo-loxP sites or the mutants were equally
less efficient at recombining loxP and pseudo-loxP sites than WT,
but the high enzyme concentration and long reaction times were
sufficient to drive loxP recombination to completion. These two
hypotheses can be distinguished by comparing recombination of
pseudo-loxP sites under conditions at which WT and mutants
have comparable, subequilibrium efficiencies of loxP recombi-
nation. As such conditions can be easily found in vitro, we
attempted to purify the WT and mutant Cre recombinases.
Affinity purification of using a maltose-binding protein (MBP)

a b

Figure 4 | Structural context of the isolated mutants. (a) R32V and R32M disrupt a putative salt bridge between two monomers (shown in
blue and green) at R32 and E69. The two residues are shown as stick structures coloured by atom identity (blue–N; red–O; gray–C). (b) 303GVSdup
duplicated the loop shown in orange. One of the monomers is shown as a space-filling model. The catalytic site residues (R173, H289, R292,
W315 and Y324) are shown as stick figures. The crystallographic data was obtained from PDB 3C29.
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Figure 5 | In vivo recombination of plasmids by mutants of Cre. (a) Plasmid architecture of the three expected recombination products. Recombination
sites are shown as triangles. For simplicity, the map is in linear form, where the NcoI sites at the ends represent a single NcoI site on the circular
plasmids. The numbers under each segment indicate distance in bp (map not drawn to scale). The numbers adjacent to each map are the sizes of
the expected digestion products, with the asterisks indicating the product size that is unique to the particular configuration. (b) Digest analysis of loxP !
loxP (left five lanes) and clox h7q21 ! cCore h7q21 (right five lanes) recombination. (c,d) Inversion and recombination frequency of (c) loxP ! loxP
and (d) clox h7q21 ! cCore h7q21 recombination obtained by quantifying band intensities. Error bars correspond to 95% CI (n¼ two independent
experiment). NI, NcoI site; SI, ScaI site.
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Figure 3.6 Origin of 2,573 bp fragment seen in digest analysis of plasmid recombination in 
bacteria. The notation is identical to that used in Figure 3.5b. NI: NcoI site; SI: ScaI site. 
 

recombination to completion. These two hypotheses can be distinguished by comparing 

recombination of pseudo-loxP sites under conditions at which WT and mutants have comparable, 

subequilibrium efficiencies of loxP recombination. As such conditions can be easily found in 

vitro, we attempted to purify the WT and mutant Cre recombinases. Affinity purification of using 

a maltose-binding protein (MBP) domain fusion followed by scarless protease cleavage of at the 

MBP domain allowed isolation of WT, R32V and R32M (Figure 3.7). We attribute our failure to 

purify 303GVSdup to its lack of solubility following MBP removal. 

 We measured recombination kinetics using an intramolecular excision assay on linearized 

plasmid substrates. To test off-target activity, we used a pseudo-loxP site lox80 (Figure 3.3b), 

which preliminary tests revealed to be efficiently recombined by WT in vitro. WT, R32V and 

R32M were all able to recombine loxP within the 8 h assay. In contrast to WT, R32V and R32M 

did not produce detectable loxP x lox80 reaction products (Figure 3.8a–c). WT recombination of 

the loxP x lox80 substrate produced a small amount of an unexpected product that migrated at  
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Figure 3.7 Purification of Cre mutants. PAGE separation of control proteins (left 3 lanes), 
MBP-tagged Cre mutants (middle 4 lanes), and the mutants following cleavage with Factor Xa 
and concentration with filtration columns (right 4 lanes). Protease-digested WT, R32V and 
R32M were used for kinetic analysis of recombination shown in Figure 3.8. 
 

approximately twice the size of the linear recombination product. This product, which we 

excluded from our quantitative analysis, may represent recombination with a cryptic pseudo-loxP 

site in the vector backbone.  

 Cre recombined loxP x loxP and lox80 x loxP reactions with comparable kinetics, 

although it was significantly less effective recombining lox80 at the 5-min time point (Figures 

2.8d,e). R32V and R32M recombined loxP sites significantly more slowly than WT, with both 

mutants failing to achieve a steady state within the 8-h experiment. The kinetic data enabled 

pseudo-loxP recombination efficiencies of the different mutants to be compared at similar loxP x 

loxP recombination efficiencies. For instance, after 5 min WT had recombined loxP sites with 

21% efficiency, after 8 h R32V had recombined loxP sites with 29% efficiency and after 4h 

R32M recombined the loxP substrate at an efficiency of 27%. Despite the slightly higher loxP  
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Figure 3.8 In vitro recombination of plasmids by mutants of Cre. (a) WT Cre purification of 
loxP x loxP (left) and lox80 x loxP substrates was performed for the indicated amount of time 
and resolved on an agarose gel. The linearized substrate plasmid contained two recombination 
sites such that catalysis resulted produced a circular and a short linear fragment. The same 
conditions were used to test (b) R32V and (c) R32M. The band intensities were quantified and 
plotted for (d) loxP x loxP and (e) lox80 x loxP recombination. Error bars correspond to 95% CI 
(n = two to four experiments using different protein preparations). 
 

recombination efficiencies, R43V and R32M had no detectable off-target activity, whereas WT 

recombined lox80 and loxP with 4% efficiency. A similar conclusion can be reached by 

comparing the 46% loxP x loxP efficiency and 35% lox80 x loxP achieved by WT after 30 min 

to the 44% loxP x loxP efficiency and absence of off-target recombination seen with R32M after 

8 h. In aggregate, these data support the model under which the mutations we identified 

destabilize both loxP and pseudo-loxP recombination, but with a much greater reduction in 

pseudo-loxP efficiency than in loxP efficiency. 

domain fusion followed by scarless protease cleavage of at the
MBP domain allowed isolation of WT, R32V and R32M
(Supplementary Fig. S2). We attribute our failure to purify
303GVSdup to its lack of solubility following MBP removal.

We measured recombination kinetics using an intramolecular
excision assay on linearized plasmid substrates. To test off-target
activity, we used a pseudo-loxP site lox80 (Fig. 3b), which
preliminary tests revealed to be efficiently recombined by WT
in vitro. WT, R32V and R32M were all able to recombine loxP
within the 8-h assay. In contrast to WT, R32V and R32M did not
produce detectable loxP ! lox80 reaction products (Fig. 6a–c).
WT recombination of the loxP ! lox80 substrate produced a
small amount of an unexpected product that migrated at
approximately twice the size of the linear recombination product.
This product, which we excluded from our quantitative analysis,
may represent recombination with a cryptic pseudo-loxP site in
the vector backbone.

Cre recombined loxP ! loxP and lox80 ! loxP reactions with
comparable kinetics, although it was significantly less effective
recombining lox80 at the 5-min time point (Fig. 5d,e). R32V and
R32M recombined loxP sites significantly more slowly than WT,
with both mutants failing to achieve a steady state within the 8-h
experiment. The kinetic data enabled pseudo-loxP recombination
efficiencies of the different mutants to be compared at similar loxP
! loxP recombination efficiencies. For instance, after 5 min WT
had recombined loxP sites with 21% efficiency, after 8 h R32V had
recombined loxP sites with 29% efficiency and after 4 h R32M
recombined the loxP substrate at an efficiency of 27%. Despite the
slightly higher loxP recombination efficiencies, R43V and R32M

had no detectable off-target activity, whereas WT recombined
lox80 and loxP with 4% efficiency. A similar conclusion can be
reached by comparing the 46% loxP ! loxP efficiency and 35%
lox80 ! loxP achieved by WT after 30 min to the 44% loxP !
loxP efficiency and absence of off-target recombination seen with
R32M after 8 h. In aggregate, these data support the model under
which the mutations we identified destabilize both loxP and
pseudo-loxP recombination, but with a much greater reduction in
pseudo-loxP efficiency than in loxP efficiency.

Our observation that R32V and R32M are functional in vitro
suggested that the mutants, such as Cre, could catalyse loxP
recombination in mammals. To test the functionality of Cre
mutants in human HEK293 cells, we expressed R32V, R32M and
303GVSdup under the control of the cytomegalovirus promoter.
The substrate plasmid contained a loxP-flanked GFP with down-
stream lacZ gene, such that recombination excised GFP and made
the cells turn blue when stained with X-gal (Supplementary
Fig. S3a). Two and a half days following transfection with R32V,
R32M and 303GVSdup, the cells had lost the GFP signal and
stained positive for b-galactosidase activity (Supplementary
Fig. S3b). As in E. coli, the in vivo reaction approached completion;
the transfection efficiency-normalized recombination efficiencies
were 95.2% for R32V (95% CI: 85.9–100%), 99% for R32M (95%
CI: 97.1–100%) and 100% for 303GVSdup (with no variation
across replicates; Supplementary Fig. S3c).

Mutants have less off-target activity genome wide. One expla-
nation for the improved accuracy we observed with R32V, R32M

3.6 kb

838 bp

loxP x loxP lox80 x loxP

5 
m

in

30
 m

in
1 

h

4 
h

8 
h

5 
m

in

30
 m

in
1 

h

4 
h

8 
h

4.5 kb

897 bp

70

60

50

40

30

20

10

0
0 100 200 300 400 500

Time (min)
0 100 200 300 400 500

Time (min)

%
 E

xc
is

io
n

70

60

50

40

30

20

10

0

%
 E

xc
is

io
n

WT

WT

R32M

R32M

R32V

R32V

a

b

c

d e

Figure 6 | In vitro recombination of plasmids by mutants of Cre. (a) WT Cre purification of loxP ! loxP (left) and lox80 ! loxP substrates was performed
for the indicated amount of time and resolved on an agarose gel. The linearized substrate plasmid contained two recombination sites such that
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 Our observation that R32V and R32M are functional in vitro suggested that the mutants, 

such as Cre, could catalyse loxP recombination in mammals. To test the functionality of Cre 

mutants in human HEK293 cells, we expressed R32V, R32M and 303GVSdup under the control 

of the cytomegalovirus promoter. The substrate plasmid contained a loxP-flanked GFP with 

down-stream lacZ gene, such that recombination excised GFP and made the cells turn blue when 

stained with X-gal (Figure 3.9a). Two and a half days following transfection with R32V, R32M 

and 303GVSdup, the cells had lost the GFP signal and stained positive for β-galactosidase 

activity (Figure 3.9b). As in E. coli, the in vivo reaction approached completion; the transfection 

efficiency-normalized recombination efficiencies were 95.2% for R32V (95% CI: 85.9–100%), 

99% for R32M (95% CI: 97.1–100%) and 100% for 303GVSdup (with no variation across 

replicates; Figure 3.9c). 

3.3.5 Mutants have less off-target activity genome wide 

One explanation for the improved accuracy we observed with R32V, R32M and 303GVSdup is 

that the mutations altered the preferred off- target sites without changing the overall accuracy. To 

test this possibility, we measured the efficiency of off-target insertions across the entire E. coli 

genome. Strains carrying the arabinose-inducible recombinase expression plasmids were 

transformed with a plasmid containing a loxP site, an R6k-γ origin of replication and a 

kanamycin resistance gene. As the R6k-γ origin cannot replicate in the pir− strain we used, only 

insertion of the plasmid into the genome would result in the replication of the kanamycin 

resistance gene. To control for variable transformation efficiencies, we normalized the number of 

R6k-γ colonies by the number of colonies arising from transformation with a plasmid lacking 

loxP but containing a functional origin of replication. 
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Figure 3.9 Function of Cre mutants in human HEK293T cells. a) Recombination cassette 
carried by the substrate plasmid pCMV:GFP(loxP)lacZ. b) Representative images of cell 
phenotypes 2.5 days after co-transfection. Top row shows phase images while the bottom row 
shows GFP fluorescence captured from the same field of view. The lacZ control consisted of 
cells transformed only with pcDNA3.3-TOPO/LacZ. c) Recombination efficiency quantified 
from images. Efficiency was measured by dividing the number of blue cells by the total number 
of blue, green, or blue and green cells. Error bars correspond to 95% C.I. (n = 3 parallel cell 
cultures). Scale bar represents 20 µm. 
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 We were unable to obtain Cre-mediated integration on LB/ glucose. However, when we 

briefly pulsed the cells with arabinose before the growth on LB/glucose, we obtained a WT-

mediated integration frequency of 1.3 x 104 (Table 3.1). 303GVSdup had an integration 

frequency ~100-fold lower than WT. The integration frequencies of R32V and R32M were lower 

than that of 303GVSdup and could not be distinguished from the Y324F background. These data 

strongly suggest that the higher accuracy of the mutants was not restricted to loxBait, ψLox 

h7q21 and lox80. 

 

 

 

 

 

 

 

 

 

 

Table 3.1 Genome-wide off-target integration frequency. Insertion frequency corresponds to 
the ratio of lox+ to lox+ colonies. 95% confidence intervals were computed using the Poisson 
variance. The data represent pooled observations from three to four independent experiments. 
  

and 303GVSdup is that the mutations altered the preferred off-
target sites without changing the overall accuracy. To test this
possibility, we measured the efficiency of off-target insertions
across the entire E. coli genome. Strains carrying the arabinose-
inducible recombinase expression plasmids were transformed
with a plasmid containing a loxP site, an R6k-g origin of repli-
cation and a kanamycin resistance gene. As the R6k-g origin
cannot replicate in the pir! strain we used, only insertion of
the plasmid into the genome would result in the replication of
the kanamycin resistance gene. To control for variable trans-
formation efficiencies, we normalized the number of R6k-g
colonies by the number of colonies arising from transformation
with a plasmid lacking loxP but containing a functional origin of
replication.

We were unable to obtain Cre-mediated integration on LB/
glucose. However, when we briefly pulsed the cells with arabinose
before the growth on LB/glucose, we obtained a WT-mediated
integration frequency of 1.3" 10! 4 (Table 1). 303GVSdup had
an integration frequency B100-fold lower than WT. The inte-
gration frequencies of R32V and R32M were lower than that of
303GVSdup and could not be distinguished from the Y324F
background. These data strongly suggest that the higher accuracy
of the mutants was not restricted to loxBait, cLox h7q21 and
lox80.

Discussion
Our data suggest that R32V, R32M and 303GVSdup can
efficiently recombine loxP in bacteria and in human cells. We
also observed that the mutants exhibit better directionality and
better accuracy with respect to the pseudo-loxP site cLox h7q21
than WT Cre. R32V and R32M were functional in vitro and were
better able to discriminate against the lox80 site than WT Cre. All
three mutants more rarely integrated a loxP-carrying plasmid into
the E. coli genome than WT Cre. Crystal structures of Cre
strongly suggest that R32V and R32M disrupt a strong salt bridge
in the dimer interface (Fig. 4a). The duplicated residues in the
de novo 303GVSdup mutant are also located at the dimer
interface, although the exact biochemical consequences of the
mutation are unclear.

Despite our model’s prediction that higher protein concentra-
tions should reduce the accuracy of recombination (Fig. 1), we
saw identical results in our bacterial plasmid recombination assay
when the Pbad promoter controlling protein expression was
repressed with glucose (Fig. 5c,d) and when it was weakly induced
by LB without glucose. Despite the apparent contradiction, the
data do not disprove the model. Even under glucose repression,
WT Cre was able to drive both the loxP and pseudo-loxP
reactions to equilibrium within the time frame of the experiment;
therefore, any increases in recombination efficiency caused by a
higher protein concentration could not be measured. The same

logic applies to R32V, R32M and 303GVSdup recombining loxP
sites. The model predicts that higher protein concentrations
should cause Cre mutants to recombine pseudo-loxP sites more
efficiently. The data neither confirm nor deny this prediction, as
both expression conditions resulted in a recombination frequency
that was below the detection level.

The main limitation of our accuracy model is that it considers
only binding, ignoring catalysis. The binding site sequence likely
contributes to both establishing the proper alignment of the
catalytic site and creating a tertiary DNA structure within the
recombinase complex that is energetically favourable for
recombination. The DNA site may also contribute to protein
folding35. It is therefore possible that R32V, R32M and
303GVSdup mutations contribute to improved accuracy in
steps of the catalytic pathway other than DNA binding. If that
is the case, there may exist pseudo-loxP sites that are recombined
by WT Cre but not at all by the mutants.

Although R32V and R32M had high in vivo recombination
efficiencies, the mutants catalysed recombination slower than WT
in vitro (Fig. 6d). The slower kinetics may explain some of the
decrease in apparent off-target integration in the genome-wide
assay (Table 1). However, during the genome integration assay,
the cells were induced for 30 min and then recovered for 1 h in
glucose media before antibiotic selection. If it is assumed that
recombination occurred for 1 h (an underestimate, as recombina-
tion can continue to happen after the addition of antibiotics),
then the in vitro data predict that R32V and R32M will produce
10- to 20-fold fewer transformants than WT. In fact, R32V and
R32M were at least 200 times more accurate than WT. We
therefore believe that the majority of the decrease in the
frequency of genomic integration was caused by an improvement
in selectivity against pseudo-loxP sites and not by the mutants’
slowed reaction kinetics.

Our observation that Cre make frequent deletions on a
substrate containing inverted loxP has been made previously36

and is consistent with the fact that Cre can occasionally
recombine sites with non-matching spacers30,31. This looseness
in the directionality of recombination may interfere with
synthetic circuit designs that rely on Cre-mediated inversion as
a form of genetic memory37,38. The three Cre mutants we isolated
seem to have an improved directionality over WT and may
therefore be of use in synthetic biology applications.

As the binding specificity of nucleases is the major determinant
of their toxicity, it may be possible to minimize nucleases’
toxicity by reducing their DNA-binding cooperativity39. The
main limitation of this approach is the fact that it inevitably
decreases affinity for the target site. Strong monomer affinities,
such as the 1–10 nM Kd of Cre for half of loxP (refs 32,40), are a
likely prerequisite. For comparison, DNA-binding domains
composed of three Cys2–His2 zinc fingers have been reported to
bind to their 9 bp recognition sequence with a Kd as low as
400 pM, whereas one 17.5 TALE repeat domain interacts with
DNA with a Kd of 160 pM (refs 41,42). Although only the better
zinc finger and TALE designs achieve such high binding energies,
the reported values suggest that destabilizing the cooperativity of
DNA binding may be a viable strategy for increasing the accuracy
of designer nucleases.

Changing the dimer interface has been previously used to
improve the specificity of nucleases engineered to cut asymme-
trical DNA sites. As targeting asymmetric sites necessitates
coexpression of two different DNA-binding domains fused to a
constant nuclease domain, catalytically active dimers can form at
four different sites: the desired asymmetric site, an off-target
asymmetric site and the two symmetric sites targeted by the two
possible homodimers. Converting the nuclease dimerization
interface into a heterodimeric interface reduces activity at the

Table 1 | Genome-wide off-target integration frequency.

loxPþ

ori!

kanR
colonies

loxP!

oriþ

kanR
colonies

loxP
insertion

frequency

95% confidence
intervals

Y324F 1 6.2" 106 1.6" 10! 7 0–4.8" 10! 7

WT 1,025 8.1" 106 1.3" 10!4 1.2" 10!4–1.4" 10!4

R32V 2 9.4" 106 2.1" 10! 7 0–5.1" 10! 7

R32M 3 6.3" 107 4.8" 10! 8 0–1" 10! 7

303GVSdup 46 2.6" 107 1.7" 10!6 1.2" 10! 6–2.2" 10! 6

Insertion frequency corresponds to the ratio of loxPþ to loxP! colonies. 95% confidence
intervals were computed using the Poisson variance. The data represent pooled observations
from three to four independent experiments.
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3.4 Discussion 

 Our data suggest that R32V, R32M and 303GVSdup can efficiently recombine loxP in 

bacteria and in human cells. We also observed that the mutants exhibit better directionality and 

better accuracy with respect to the pseudo-loxP site ψLox h7q21 than WT Cre. R32V and R32M 

were functional in vitro and were better able to discriminate against the lox80 site than WT Cre. 

All three mutants more rarely integrated a loxP-carrying plasmid into the E. coli genome than 

WT Cre. Crystal structures of Cre strongly suggest that R32V and R32M disrupt a strong salt 

bridge in the dimer interface (Figure 3.4a). The duplicated residues in the de novo 303GVSdup 

mutant are also located at the dimer interface, although the exact biochemical consequences of 

the mutation are unclear. 

 Despite our model’s prediction that higher protein concentrations should reduce the 

accuracy of recombination (Figure 3.1), we saw identical results in our bacterial plasmid 

recombination assay when the Pbad promoter controlling protein expression was repressed with 

glucose (Figures 2.5c,d) and when it was weakly induced by LB without glucose. Despite the 

apparent contradiction, the data do not disprove the model. Even under glucose repression, WT 

Cre was able to drive both the loxP and pseudo-loxP reactions to equilibrium within the time 

frame of the experiment; therefore, any increases in recombination efficiency caused by a higher 

protein concentration could not be measured. The same logic applies to R32V, R32M and 

303GVSdup recombining loxP sites. The model predicts that higher protein concentrations 

should cause Cre mutants to recombine pseudo-loxP sites more efficiently. The data neither 

confirm nor deny this prediction, as both expression conditions resulted in a recombination 

frequency that was below the detection level. 
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 The main limitation of our accuracy model is that it considers only binding, ignoring 

catalysis. The binding site sequence likely contributes to both establishing the proper alignment 

of the catalytic site and creating a tertiary DNA structure within the recombinase complex that is 

energetically favorable for recombination. The DNA site may also contribute to protein folding 

(Shoemaker et al., 2000). It is therefore possible that R32V, R32M and 303GVSdup mutations 

contribute to improved accuracy in steps of the catalytic pathway other than DNA binding. If that 

is the case, there may exist pseudo-loxP sites that are recombined by WT Cre but not at all by the 

mutants. 

 Although R32V and R32M had high in vivo recombination efficiencies, the mutants 

catalysed recombination slower than WT in vitro (Figure 3.8d). The slower kinetics may explain 

some of the decrease in apparent off-target integration in the genome-wide assay (Table 3.1). 

However, during the genome integration assay, the cells were induced for 30 min and then 

recovered for 1 h in glucose media before antibiotic selection. If it is assumed that recombination 

occurred for 1 h (an underestimate, as recombination can continue to happen after the addition of 

antibiotics), then the in vitro data predict that R32V and R32M will produce 10- to 20-fold fewer 

transformants than WT. In fact, R32V and R32M were at least 200 times more accurate than 

WT. We therefore believe that the majority of the decrease in the frequency of genomic 

integration was caused by an improvement in selectivity against pseudo-loxP sites and not by the 

mutants’ slowed reaction kinetics. 

 Our observation that Cre make frequent deletions on a substrate containing inverted loxP 

has been made previously (Aranda et al., 2001) and is consistent with the fact that Cre can 

occasionally recombine sites with non-matching spacers (Missirlis et al., 2006; Sheren et al., 

2007). This looseness in the directionality of recombination may interfere with synthetic circuit 
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designs that rely on Cre-mediated inversion as a form of genetic memory (Friedland et al., 2009; 

Livet et al., 2007). The three Cre mutants we isolated seem to have an improved directionality 

over WT and may therefore be of use in synthetic biology applications. 

 As the binding specificity of nucleases is the major determinant of their toxicity, it may 

be possible to minimize nucleases’ toxicity by reducing their DNA-binding cooperativity (Cornu 

et al., 2007). The main limitation of this approach is the fact that it inevitably decreases affinity 

for the target site. Strong monomer affinities, such as the 1–10 nM Kd of Cre for half of loxP 

(Ringrose et al., 1998; Rüfer et al., 2002), are a likely prerequisite. For comparison, DNA-

binding domains composed of three Cys2–His2 zinc fingers have been reported to bind to their 9 

bp recognition sequence with a Kd as low as 400 pM, whereas one 17.5 TALE repeat domain 

interacts with DNA with a Kd of 160 pM (Meckler et al., 2013; Segal et al., 1999). Although 

only the better zinc finger and TALE designs achieve such high binding energies, the reported 

values suggest that destabilizing the cooperativity of DNA binding may be a viable strategy for 

increasing the accuracy of designer nucleases. 

 Changing the dimer interface has been previously used to improve the specificity of 

nucleases engineered to cut asymmetrical DNA sites. As targeting asymmetric sites necessitates 

co-expression of two different DNA-binding domains fused to a constant nuclease domain, 

catalytically active dimers can form at four different sites: the desired asymmetric site, an off-

target asymmetric site and the two symmetric sites targeted by the two possible homodimers. 

Converting the nuclease dimerization interface into a heterodimeric interface reduces activity at 

the two symmetric off-target sites (Doyon et al., 2011; Miller et al., 2007; Szczepek et al., 2007). 

The approach described in this paper is different from the obligate heterodimer strategy, because 

destabilizing the cooperativity of a dimeric protein improves accuracy by increasing the energy 
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difference between binding to the target and the off-target sites—not by reducing the number of 

possible target sites. The obligate heterodimer and the destabilized cooperativity strategies 

should be compatible with each other, as it should be possible to modulate the binding 

cooperativity of heterodimers. 

 Because of its high efficiency and the lack of necessary cofactors, Cre has found 

widespread use in genetics research (Branda and Dymecki, 2004). However, Cre toxicity in the 

absence of loxP sites has been observed in a variety of animal and cell culture systems 

(Heidmann and Lehner, 2001; Huh et al., 2010; Loonstra et al., 2001; Schmidt et al., 2000; Silver 

and Livingston, 2001). The source of this toxicity is not known. However, a number of 

observations, including the absence of toxicity from catalytically inactive Cre mutants, an 

increase in the frequency of chromosomal rearrangements and evidence of activation of DNA 

damage response pathways, all point at recombination at off-target pseudo-loxP sites as the cause 

(Huh et al., 2010; Loonstra et al., 2001; Schmidt et al., 2000; Silver and Livingston, 2001). We 

envision that the Cre mutants isolated in this study may be useful for alleviating the toxic 

phenotypes associated with WT Cre. This approach should be compatible with existing strategies 

for reducing Cre toxicity, which include placing the Cre gene in a self-excisable cassette, 

regulating Cre activity with a hormone-binding domain of a steroid receptor, or using a drug-

regulated fragment complementation strategy (Feil et al., 1996; Jullien et al., 2003; Kellendonk 

et al., 1996; Silver and Livingston, 2001). 

3.5 Methods 

3.5.1 Plasmid construction 

 The positive selection substrate pCR-(loxP-ampR- loxPinv)inv was built by amplifying 

ampR from pQL123 (Liu et al., 1998) with primers ampR_f and ampR_r (primer sequences are 
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provided in the supplementary data of Eroshenko & Church, 2013), performing an extension 

PCR on the amplicon with ampR_loxP_f and ampR_loxP_inv_r, and TOPO cloning the product 

into pCR-Blunt II-TOPO (Life Technologies). Sequencing was used to screen for colonies in 

which the ampR gene was in reverse orientation with respect to the promoter. A similar 

workflow was used to construct pCR-(h7q21-ampR-ψLox h7q21inv)inv, pCR-(lox80-ampR- 

loxP)inv and pCR-loxBait-ampR-loxP. The pZE2-loxP/loxP and pZE2-ψCore h7q21/ψLox h7q21 

in vivo recombination substrates were obtained by cloning the XhoI/BamHI fragment from pCR-

(loxP-ampR-loxPinv)inv or pCR-(h7q21-ampR-ψLox h7q21inv)inv into XhoI/BamHI-digested 

pZE21G. 

 The Cre gene was obtained from pQL123, although we reverted the alanine at the second 

position to the serine found in WT Cre (GenBank sequence YP_006472). For the bacterial 

assays, the Cre mutants or libraries were introduced in place of HpaII[51–358] in pARC8-

HpaII[51–358] (a derivative of pAR- MHhaI[29–327]56 containing residues 51–358 of HpaII in 

the place of HhaI) using Gibson assembly (Gibson et al., 2009). Cloning was performed with a 

backbone amplified using primers pARC8_f and pARC8_r. For protein purification, WT, R32V, 

R32M and 303GVSdup were amplified from the respective pARC8-based plasmids using 

primers Cre_notATG_f and Cre_SalI_r. The genes were digested with SalI and ligated into 

SalI/XmnI-digested pMAL-c5x (New England Biolabs). For mammalian expression, R32V, 

R32M and 303GVSdup were amplified from the corresponding pARC8-based expression 

plasmids using primers Cre_TA_f and Cre_TA_r and TOPO TA cloned into pcDNA3.3-TOPO 

(Life Technologies). Clones were screened for the correct orientation by PCR. 
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3.5.2 Identifying and characterizing functional loxP variants 

 Libraries of half-site variants were constructed by amplifying the pZE21G plasmid 

(Isaacs et al., 2004) first with primers pZE21G_f and pZE21G_r, and then pZE21G_2_lib and 

pZE21G_2_loxP, producing an amplification product that was 2,437 bp long, and contained a 

loxP site and a random library site near each end. The libraries were purified using the QIAquick 

PCR Purification Kit (Qiagen), 10–20 ng of the DNA was treated with 1 U Cre (New England 

Biolabs) in Cre reaction buffer (10 mM MgCl2, 33 mM NaCl, 50 mM Tris-HCl pH 7.5) in 20 ml 

total reaction volume for 1 h at 37 °C, heat inactivated at 75–80 °C, then digested with DpnI. The 

DNA was then purified, digested with PlasmidSafe (Epicentre) and transformed into One Shot 

Top10 chemically competent cells (Life Technologies; recA1 araD139 Δ(ara-leu)7697 

Δ(lac)X74). Colonies were randomly selected for sequencing. Substrates for validating the 

selection hits were generated by performing extension PCR on pZE21G as for the selections, 

except that sequences obtained from the selection were in place of the random library. Thirty 

nanograms of purified products were treated with 1 U Cre in Cre reaction buffer, in 20 ml total 

reaction volume for 1.5 h at 37 °C, followed by heat inactivation of the enzyme. The entire 

reaction was resolved on a 0.7% agarose gel stained with SYBR Green I (Life Technologies). 

Each recombination was performed in parallel with a no-enzyme negative control. 

3.5.3 Negative and positive selections 

 The pCR-(loxP-ampR-loxPinv)inv and pCR-loxBait-ampR-loxP selection plasmids were 

maintained in NEB 10-beta cells (New England Biolabs; recA1 araD139 Δ(ara-leu)7697 

Δ(lac)X74); cells were made electrocompetent using standard techniques (Sambrook, J and 

Russell, DW, 2001). The library of Cre variants was generated by mutagenic PCR using a pool 

of 19 oligonucleotides that substituted each of the 19 codons encoding S20–S38 for NNN (first 
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round of PCR: primers Cre_mut_1—Cre_mut_19 and Cre_pARC8_r and second round of PCR: 

primers Cre_pARC8_f and Cre_pARC8_r). The library was introduced into pARC8 using 

Gibson assembly, desalted by drop dialysis and electroporated into competent cells carrying 

pCR-(loxP-ampR-loxPinv)inv. Control transformations were performed with 100 pg pARC8-Cre 

or pARC8-Y324F. Transformed cells were recovered in low-salt 2 x LB (2% bacto-tryptone, 1% 

yeast extract, 0.5% NaCl, pH 7.5) at 37 °C for 30 min, induced with 0.2% arabinose at 37 °C for 

30 min and recovered in SOC with 200 mM IPTG (isopropyl-b-D-thiogalactoside) at 37 °C for 1 

h. The cells were then grown overnight at 37 °C on 0.2% glucose, 100 mM IPTG, 12.5 mg ml-1 

chloramphenicol, 50 mg ml-1 kanamycin LB plates either with or without 100 mg ml-1 

carbenicillin.  

 Colonies obtained from the positive selection of the library and of the controls 

were collected by scraping. DNA was isolated using the QIAprep Spin Miniprep kit (Qiagen) 

and was digested with XmaI and SpeI (which cut only the substrate plasmids). The concentration 

of expression plasmid was quantified via agarose gels. Electrocompetent cells carrying the pCR-

loxBait-ampR-loxP-negative selection substrate were transformed with 100 pg of the expression 

plasmid, recovered the cells in low-salt 2 x LB for at 28 °C for 30 min, induced with 0.2% 

arabinose at 28 °C for 30 min, washed with SOC and recovered in SOC with 200 mM IPTG at 

37 °C for 1 h. The cells were then grown overnight at 37 °C on 0.2% glucose, 100 mM IPTG, 

12.5 mg ml-1 chloramphenicol, 50 mg ml-1 kanamycin and 100 mg ml-1 carbenicillin LB plates. 

To ensure clonality, the isolated variants were amplified and re-cloned into pARC8 via Gibson 

assembly. 
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3.5.4 Bacterial recombination assay 

 Efficiencies were measured by co-transforming 75 ng of a pARC8-based expression 

plasmid (WT, Y324F, R32V, R32M or 303GVSdup) and an equimolar amount of either pZE2-

loxP/loxP or pZE2-ψCore h7q21/ψlox h7q21 into 50 ml vial of One Shot Top10 chemically 

competent cells. The cells were recovered in LB with 0.2% glucose at 37 °C for 1 h, then grown 

at 37 °C for 12 h in 0.2% glucose, 12.5 mg ml-1 chloramphenicol and 50 mg ml-1 kanamycin LB. 

The plasmids were isolated using the QIAprep Spin Miniprep kit, eluting into 50 ml of 10 mM 

Tris-HCl pH 8. The purified plasmids were digested for 20 min at 37 °C in 60-ml reactions 

containing all of the collected DNA and 20 U of both ScaI-HF and NcoI-HF (both from New 

England Biolabs) in NEBuffer 4 (1 mM dithiothreitol (DTT), 50 mM potassium acetate, 20 mM 

tris-acetate, 10 mM magnesium acetate, pH 7.9). The digests quantified on 1% agarose gels 

following purification using the QIAprep Spin Miniprep kit. 

3.5.5 In vitro recombination assay 

 The pMAL-based recombinase expression plasmids were maintained in One Shot Top10 

chemically competent cells. An overnight culture of each expression clone was diluted to OD600 

of 0.02 in 55 ml 0.2% glucose, 50 mg ml-1 kanamycin LB and grown for 2.5 h at 37 °C. IPTG 

was added to a final concentration of 300 mM and the cultures were grown at 37 °C for an 

additional 2 h. Fifty millilitres of the culture were pelleted, resuspended in 5 ml lysis buffer (1 

mM EDTA, 1 mM DTT, 200 mM NaCl, 20 mM Tris-HCl pH 8) supplemented with Halt 

Protease Inhibitor Cocktail (Thermo Scientific). The cell suspension was lysed using eight 15 s 

sonication cycles using a power setting of 4 on a Misonix Sonicator 3000. The lysate was 

centrifuged for 20 min at 5,000 g and the supernate was bound to 500 ml amylose resin (New 

England Biolabs). The resin was washed with 4 ml wash buffer (200 mM NaCl, 20 Tris-HCl pH 
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7.5), 12 ml of DNA-removal buffer (1 M NaCl, 20 mM Tris-HCl pH 7.5) and again with 4 ml 

wash buffer. The protein was eluted into 500 ml elution buffer (0.5% maltose, 2 mM CaCl2, 100 

mM NaCl, 20 mM Tris-HCl pH 7.5) and digested with 200 ng Factor Xa (New England Biolabs) 

for 13–14 h at room temperature. The protease activity was stopped by adding 1 x Halt Protease 

Inhibitors and 1 mM DTT. Precipitated protein was removed by centrifuging at 16,000 g for 10 

min and passing the supernate through an Amicon Ultracel 100K filter. The flowthrough was 

concentrated using an Amicon Ultracel 10K filter. Glycerol was added to 27% final volume, 

NaCl was added to adjust the concentration to 200 mM and the proteins were stored at -20 °C. 

Catalytic assays were performed within 2 days of purification. Protein concentration was 

determined using a Qubit 2.0 fluorometer (Life Technologies). The concentration of protease-

cleaved recombinase was determined by quantifying band intensity on a SimplyBlue (Life 

Technologies)-stained PAGE gel (typical values were 15–30%) and then by normalizing the total 

protein concentration by the obtained value. 

 Linearized pLox2+ (New England Biolabs) and ScaI-digested pCR-(lox80- ampR-

loxP)inv were used as the recombination substrates. Recombination kinetics were measured by 

reacting 5 nM of the DNA substrate and 750 nM of each protease-cleaved recombinase in Cre 

reaction buffer with 100 ng ml-1 BSA. The reactions were performed at 37 °C and were stopped 

by heating them to 70 °C for 15–25 min. Excision was measured by quantifying bands on 1% 

agarose gels. 

3.5.6 Human cell culture recombination assay 

 pCMV:GFP(loxP)lacZ (Werdien et al., 2001)(Addgene: 31125) was used as the 

recombination substrate plasmid and pcDNA3.3-TOPO/lacZ (Life Technologies) was used as a 

lacZ staining control. Except for pcDNA3.3-TOPO/lacZ, which was prepared by the 
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manufacturer, all substrate and expression plasmids were prepared for transfection using the 

HiSpeed Plasmid Maxi Kit (Qiagen). 

 Lenti-X 293T cells (Clontech) were grown on poly-D-lysine–coated, tissue-culture-

treated polystyrine in DMEM High Glucose with GlutaMAX (Life Technologies) supplemented 

with 10% fetal bovines serum, 50 U ml-1 penicillin and 50 mg ml-1 streptomycin at 37 °C and 5% 

CO2 in a humidified incubator. Cells were subcultured using TrypLE Express (Life 

Technologies). Cells in 12-well plates were transformed with 500 ng pCMV:GFP(loxP)lacZ and 

500 ng pcDNA3.3- TOPO-based expression plasmid using Fugene HD (Promega). Substrate-

only controls were transformed with 500 ng recombination substrate and the lacZ controls were 

trasfromed with 500 ng pcDNA3.3-TOPO/lacZ. Media was changed 1 day following 

transfection. Cells were subcultured 2 days following transfection. Staining and imaging was 

performed 2.5 days following transfection. Cells were fixed using 2% formaldehyde and 0.1% 

glutaraldehyde in PBS for 10 min at room temperature. After being washed with PBS, the cells 

were stained with 1 mg ml-1 X-gal, 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide 

and 2 mM MgCl2 in PBS for 30 min at 37 °C. Following staining, the cells were washed with 

PBS and imaged. 

3.5.7 Genome-wide off-target integration assay 

 Electrocompetent cells were pre- pared from each of the pARC8-based expression 

plasmids (WT, Y324F, R32V, R32M or 303GVSdup) cloned in NEB 10-beta cells using 40 ml 

of culture per transformation. Each expression strain was transformed either with 200 ng pUNI10 

(loxP+, oriR6Kγ and kanR) (Liu et al., 1998) or an equimolar amount of pZE21G (loxP- , oriColE1 

and kanR). The two transformations were done in parallel using competent cells made from 

aliquots of the same culture. The cells were recovered in LB for at 37 °C for 30 min, induced 



!72!

with 0.2% arabinose at 37 °C for 30 min and recovered in SOC at 37 °C for 1 h. The cells were 

then grown overnight at 37 °C on 0.2% glucose, 12.5 mg ml-1 chloramphenicol and 50 mg ml-1 

kanamycin LB plates. 
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Chapter 4: Systematic evaluation of protein-DNA 

binding accuracies 

4.1 Introduction 

Techniques for elucidating protein-DNA affinity are fundamental to the study of gene 

regulation (Kinney et al., 2010; Sharon et al., 2012; Walhout, 2006), molecular evolutionary  

biology (Nakagawa et al., 2013), and synthetic biology (Guilinger et al., 2014). ChIP-seq is the 

most widely used high-throughput method for characterizing DNA-binding proteins (Furey, 

2012; Johnson et al., 2007). While powerful for understanding the function of proteins in their 

native contexts, ChIP-seq and other in vivo methods suffer from the fact that the effective 

concentrations of the protein and its ligand are unknown. Affinity and binding efficiency are not 

linearly proportional at most concentrations, making it difficult to extrapolate the ChIP results to 

different biological conditions. In contrast, in vitro affinity measurements can be made under 

defined conditions under a range of concentrations.   

 High-throughput in vitro affinity measurements can be made via microfluidic chips 

(Maerkl and Quake, 2007), protein binding microarrays (PBM) (Bulyk et al., 1999), or with 

high-throughput sequencing-fluorescent ligand interaction profiling (HiTS-FLIP) (Nutiu et al., 

2011). Microfluidic devices provide high-resolution binding data of high accuracy, but their 

adoption has been hindered the requirement of highly specialized engineering expertise and 

instrumentation. Additionally, the number of oligonucleotides tested has not been scaled beyond 

~1,500. Greater scale-up has been achieved with PBM and HiTS-FLIP, both of which use 

fluorescently labeled proteins to measure binding to a library of DNA molecules attached to a 

flat surface. While most PBM and HiTS-FLIP experiments involve washing between the binding 
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and imaging steps, imaging with total internal reflection fluorescence using evanescent wave 

excitation (TIRFM) enables the washing steps to be skipped, thereby allowing measurement of 

equilibrium binding.  

 Deep characterization of protein-DNA affinity landscapes requires large library sizes. For 

instance, studying all mutants of the 20 bp region targeted by Cas9 requires 420 = 1 x 1012 

substrates. In contrast, HiTS-FLIP, the method with the highest current throughput, cannot 

exceed the maximum throughput of an Illumina HiSeq instrument of 2-3 x 109 sequences. We 

sought to overcome the limitations on library size by restricting the pool of molecules to be 

sequenced to the small fraction of the total pool that is bound. Additionally, we wanted a 

technique that would allow monomer, dimer, and multimer protein binding to be distinguished. 

Towards this goal, we performed binding curves with a gel electrophoresis shift (EMSA) assay 

(Fried and Crothers, 1981; Garner and Revzin, 1981) which use libraries rather than individual 

substrates. In this chapter we present data from proof-of-concept multiplexed measurements of 

binding affinity between Cre-MBP and a DNA library pre-enriched for binding sites via 

systematic evolution of ligands by exponential enrichment (SELEX). We also describe the 

experiments we are currently performing in order to validate the accuracy of the method, and to 

demonstrate its generalizability to other classes of proteins. 

4.2 Results 

4.2.1 Constraining library size using SELEX 

To test whether multiplexed binding curves could be obtained using a multiplexed DNA 

binding assay followed by sequencing we sought to test all variants of a 13 bp Cre binding site. 

To achieve sufficient library coverage we used 15 nM of library in each binding reaction,  
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Figure 4.1 Binding of Cre-MBP to binding site libraries. (a) EMSA of Cre-MBP binding to 
0.5loxP and 0.5lib substrates. The area indicated with dashed lines corresponds to the portion of 
the gel that was isolated during the SELEX procedure. (b) Quantification of EMSA data from 
(a). The 0.5loxP data was fit to the Hill binding equation (red dashed line): !!∗ = 12.6 nM, ! = 
1.76. (c) EMSA of binding to 0.5loxP and 2nd-generation SELEX library. (d) Binding efficiency 
of 0.5loxP and library substrates across various SELEX rounds with 3.67 nM Cre-MBP, which 
corresponds to lane 3 in (a) and (c). 

 

providing ~2.5 x 103 copies of each library member. We observed that Cre-MBP binding to the 

library did not fit the sigmoidal Hill function, and that, surprisingly, saturation was achieved at 

approximately the same concentration as with the 0.5loxP half-binding site substrate (Figures 

3.1a,b). To widen the range of concentrations tested we decided to reduce the library size using 

SELEX. To achieve high selection stringency, we performed the selection at a Cre-MBP 

concentration at which 5-10% of the control 0.5loxP substrate was bound. After 3 rounds of 
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SELEX the binding site library exhibited a noticeable shift in binding efficiency, achieving 

~50% the binding of the control substrate (Figures 3.1c,d).   

4.2.2 Multiplexed affinity measurements 

 As a proof-of-concept test of the multiplex affinity assay we tested the binding of Cre-MBP 

to the SELEX-isolated 13 bp binding site library. The libraries used in each lane of the gel shift 

experiments were uniquely identified using variable sequencing barcodes (Figure 4.2a). The 

fraction of each library bound with one Cre-MBP molecule were isolated and sequenced without 

subsequent amplification. The fraction of each library that was bound by protein, !!"!#$ ! , was 

determined by quantifying the ratio between all bound bands (≥ 1 protein molecules) and the 

unbound DNA. Sequencing allowed the determination of the fractional ratios of each species in 

the single-bound band, !! ! . The fraction of each library that was bound by protein was 

estimated using: 

!! ! = !! !
!! 0

!!"!#$ !  

Fitting each !!(!) curve to: 

!! ! = 1
!!,!∗
!

!!
+ 1

 

gave us an estimate for the apparent dissociation constants (!!,!∗ ) and the Hill constants (!!). We 

were able to make >900 high confidence measurements corresponding to approximately one 

order of magnitude of binding affinities (Figure 4.2c). Most !! had values of 1.5-2.5, suggesting 

positive cooperativity between the SELEX-identified binding site and the adjacent non-specific 

DNA. 
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Figure 4.2 Multiplexed EMSA of Cre binding sites. (a) EMSA of Cre-MBP binding to a DNA 
library. Bands corresponding to DNA bound by one protein molecule were isolated and 
sequenced. (b) A representative binding curve of a single library member (the known binding 
site, which was used as the reference sequence for calculating the relative apparent association 
constants. (c) Number of affinity measurements made across the different relative apparent 
affinity ranges. (d) Information content of each relative apparent affinity range. The horizontal 
lines above the bars indicate the maximum detectable information content as determined by the 
sample size. 
 
 
We sought to derive a metric that would allow the accuracy of different DNA-binding proteins to 

be easily summarized and compared. First, we binned the sequences by their apparent 

association constants normalized by the apparent association constant of the known binding site. 

Next, we measured the amount of information contained in the gapless alignment of all the 

sequences in each bin (Figure 4.2d). The bins with low numbers of sequences were limited in 
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how much information could be detected, even if all of the sequences were identical to the 

reference. We therefore limited our analysis to the bins with !!"#$%&'"∗  in the range of 0.2-0.9, 

which had a maximum information content of > 1.9 bits/base. Interestingly, the resulting curve 

suggested a linear relationship with a slope of 0.0747 bins/base per 0.1-fold change in !!"#$%&'"∗   

(R2 = 0.996). 

4.3 Discussion 

The experiments described in this chapter highlight the possibility of using simple gel 

shift experiments to obtain a large number of binding curves simultaneously. In order to simplify 

the experiments we constrained the library using SELEX. However, this reduction of library size 

also had the unfortunate effect of making the library composition not fully defined. As a result, 

many binding curves were discarded due to the sequence not being detected in the unbound 

library. Because of the key advantages of the approach we described is that only the bound 

molecules have to be sequenced, we are currently repeating the Cre-MBP experiments using 

fully randomized rather than SELEX-enriched libraries. 

Another limitation of the described experiments is that we gel isolated only the portion of 

the library bound by a single protein. While we do not think this led to significant errors in !!,!∗  

estimates, we do attribute some apparent artifacts observed at higher protein concentrations (such 

as fractional binding of > 1, or decreases in fractional binding; see Figure 4.2b) to this. We are 

currently testing isolating all protein-bound fractions instead of just the single-bound fraction. 

We believe one of the more interesting aspects of this work is the observation of a linear 

relationship between the information contained in sequence alignments and the relative affinity. 

Despite the growing interest in methods for rigorously evaluating the accuracy of DNA-

modifying and DNA-binding proteins, there is currently a lack of objective metrics for accuracy. 
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Any such metric should take into account both the binding affinities to the off-target sites, and 

must penalize more for distant off-target sites than for more similar sites. Measuring the change 

in information over change in relative binding affinity takes both factor into account. 

Normalizing to total binding site length and to affinity for the target site enables comparisons to 

be made between different proteins and families of proteins. To see whether the slope of the 

information versus affinity curve can be used to quantify the accuracy of a different class of 

enzymes, we are currently performing multiplexed affinity experiments using Cas9 and a pair of 

different guide RNAs. 

4.4 Methods 

4.4.1 Protein purification 

pCre-MBP was constructed from pMAL-MBP (Eroshenko and Church, 2013) by 

switching the order of MBP and Cre via Gibson assembly (Gibson et al., 2009). To do so, Cre 

was amplified using the primers Cre_linker_f 

(GTTTTCACGAGCAATTGACCAACAAGGACCATAGATTATGTCCAATTTACTGACCGT

ACACC) and Cre_linker_r 

(AGTTTACCTTCTTCGATTTTGTTGTTGTTATTGTTATTGTTGTTGTTGTTATCGCCATC

TTCCAGCAG), MBP was amplified using linker_MBP_f 

(GCCTGCTGGAAGATGGCGATAACAACAACAACAATAACAATAACAACAACAAAAT

CGAAGAAGGTAAACTGGTAATC) and linker_MBP_r 

(TTATTTAATTACCTGCAGGGAATTCGGATCCGTCGACCTACGAGCTCGAATTAGTCT

GC), and the rest of the backbone was amplified using pMAL_backbone_f 

(TAGGTCGACGGATCCGAATTC) and pMAL_backbone_r 

(CATAATCTATGGTCCTTGTTGGTC). An overnight culture of pCre-MBP hosted in Express 
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Iq (New England Biolabs) was diluted to OD600 of 0.05 in 55 ml 0.2% glucose, 50 mg ml-1 

carbenicillin LB and grown at 37 °C to an OD600 of 0.5-0.55. IPTG was added to a final 

concentration of 300 µM and the cultures were grown at 37 °C for an additional 2 h. Fifty 

millilitres of the culture were pelleted, resuspended in 5 ml lysis buffer (1 mM EDTA, 300 mM 

NaCl, 20 mM Tris-HCl pH 8) and lysed using eight cycles of 15 s sonication followed by 30 s of 

cooling. The lysate was centrifuged for 15 min at 5,000 g and the supernate was bound to 500 ml 

amylose resin (New England Biolabs). The resin was washed first with 50 mL wash buffer (1 M 

NaCl, 20 mM Tris-HCl pH 8), then with 2.5 mL lysis buffer. The protein was eluted into 300 µL 

elution buffer (0.5% maltose, 85 mM NaCl, 85 mM TAPS pH 8) and was stored at 4 °C for up to 

5 days. Total protein concentration was determined using a Qubit 2.0 fluorometer (Life 

Technologies). To calculate the concentration of Cre-MBP, the total protein concentration was 

normalized by the relative abundance of Cre-MBP on a SimplyBlue (Life Technologies)-stained 

PAGE gel (typically >96%). 

4.4.2 EMSA 

 All gel shift were performed by mixing the protein, the DNA substrate and 200 ng of 

human genomic competitor DNA (Clontech) in 20 µL reactions in DNA binding buffer (2% 

glycerol, 2 mM MgCl2, 85 mM NaCl, 25 mM TAPS pH 8). The substrate and the competitor 

DNA were added to the protein simultaneously. Following incubation at 22 °C for 10 min, 5 uL 

loading buffer (15% Ficol-400, 0.4% Orange G) was added to each reaction, and the complexes 

were resolved on Novex 6% DNA Retardation PAGE Gels (Live Technologies) run in 0.5x TBE 

with 100 V at room temperature. To visualize the DNA the gels were stained with SYBR Green I 

(Life Technologies). Band intensities were quantified using ImageJ software.  
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4.4.3 SELEX 

 0.5loxP_top 

(AATGATACGGCGACCACCGAGATCTACACATGTATGCTATACGAAGTTATAGATCG

GAAGAGCACACGTCTGAACTCCAGTCACTCCTCTACATCTCGTATGCCGTCTTCTGC

TTG, where the underlined sequence is the 13 bp Cre binding site) and 0.5lib_top 

(ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGTATGCNNNNNNNNAGATCGG

AAGAGCACACGTCTGAACTCCAGTCAC, where the N position representing all four 

nucleotides hand-mixed to obtain equal ratios) were synthesized by Integrated DNA 

Technologies as single-stranded oligonucleotides. The 0.5loxP binding substrate was prepared 

via PCR reactions consisting of 5 pM 0.5loxP_top, 1 µM P5_amp oligo 

(AATGATACGGCGACCAC), 1 µM P6_amp oligo (CAAGCAGAAGACGGCATAC), 1.2 mM 

dNTPs, and 0.025 µL enzyme/µL reaction of Herculase II polymerease (Agilent Technologies) 

diluted in Herculase II reaction buffer. Reactions were subjected to 25 cycles of 95 °C for 10 s, 

55 °C for 20 s, and 72 °C for 4 s; and a 3 min final extension at 72 °C. The 0.5lib binding 

substrate was prepared via PCR reactions consisting of 550 pM 0.5lib_top, 550 nM P5_adapter 

oligo (AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC), 550 nM 

P7_adapter_701 oligo 

(CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTGGAGTTCAGACGT), 1.2 

mM dNTPs, and 0.025 µL enzyme/µL reaction of Herculase II polymerease diluted in Herculase 

II reaction buffer. Reactions were subjected to 8 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 

°C for 5 s; and a 1 min final extension at 72 °C.  

 In each selection round, first an EMSA experiment was performed using various amounts 

of Cre-MBP with 15 nM per reaction of either 0.5loxP, 0.5lib (for the first round), or the DNA 
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library obtained from the prior SELEX round. Next, the area in which the single-bound library 

fraction was expected to migrate was excised from the lane in which 3.67 nM protein was added 

(which corresponded to the concentration at which 0.5loxP was bound with 5-10% efficiency.) 

The gel slice was frozen at -20 °C, crushed with a pestle, and incubated in two gel volumes 

diffusion buffer (0.1% SDS, 500 mM ammonium acetate, 10 mM magnesium acetate, pH 8) at 

50 °C for 20-50 min on a 1,000 g shaker. The freezing, crushing, and elution were repeated for a 

second time, and the two diffusion buffer elution fractions were pooled. The DNA was then 

concentrated using a QIAquick PCR Purification Kit (QIAGEN), eluting into 30 µL 10 mM Tris-

Cl pH 8.5. Library amplification was performed in two PCR rounds. First, 4 µL of gel-isolated 

library DNA was amplified in a 20 µL reaction with 1.2 mM dNTPs, 0.5 µL Herculase II 

polymerease, 1x Herculase II reaction buffer, 500 nM P5_adapter oligo, and 500 nM of one of 

the following: P7_adapter_702 (first SELEX round: 

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTGACTGGAGTTCAGACGT), 

P7_adapter_703 (second SELEX round: 

CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTGACTGGAGTTCAGACGT), or 

P7_adapter_704 (third SELEX round: 

CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTGACTGGAGTTCAGACGT). The 

library was heated to 95 °C for 1 min, followed by 14 cycles of 95 °C for 10 s, 60 °C for 20 s, 

and 72 °C for 5 s; and a 1 min final extension at 72 °C.  The amplified DNA was then cleaned up 

using a MinElute PCR Purification Kit (QIAGEN) and quantified using agarose gels. Secondary 

PCR reactions were similar to primary PCR reactions, except that 550 pM of the amplified DNA 

from the primary PCR was combined with 550 nM of P5_adapter and the appropriate reverse 



!

!86!

primer; and that the amplification was performed for 9 rounds. The amplified DNA was cleaned 

up using a MinElute PCR purification kit. 

4.4.4 Multiplexed binding assay 

Third generation 0.5lib substrate was prepared from second-generation SELEX products 

by first performing a primary amplification as described in 3.4.3. Secondary amplification were 

performed essentially as described in 3.4.3, except that eight (rather than nine) amplification 

cycles were used, and the reverse primers were one of the following: P7_adapter_704 

(CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTGACTGGAGTTCAGACGT), 

P7_adapter_705 

(CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTGACTGGAGTTCAGACGT), 

P7_adapter_706 

(CAAGCAGAAGACGGCATACGAGATcatgcctaGTGACTGGAGTTCAGACGT), 

P7_adapter_707 

(CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTGACTGGAGTTCAGACGT), 

P7_adapter_708 

(CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTGACTGGAGTTCAGACGT), 

P7_adapter_709 

(CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTGACTGGAGTTCAGACGT) or 

P7_adapter_710 

(CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTGACTGGAGTTCAGACGT). 

  An EMSA experiment was performed in which each protein concentration was bound to 

a DNA library with a unique sequencing barcode (corresponding to reverse barcodes 704-710). 

Following binding of library to Cre-MBP and resolution of the products on a PAGE gel (see 
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section 3.4.2), the bands corresponding to the DNA bound by single protein molecules were 

excised. Additionally, we obtained the unbound library from the control lane that lacked protein. 

Experiments were performed in duplicate, with the gel slices from both gels pooled prior to gel 

extraction. 

 The gel slices were crushed via centrifugation through a hole made with a 23 guage 

needle. Each slice was incubated for 12 hr in two gel volumes of diffusion buffer at 50 °C with 

1,000 g shaking. The slices were centrifuged and the diffusion buffer was collected. The elution 

process was repeated a second time with a 1 hr incubation. The two diffusion fractions were 

pooled by purifying them using the same column from a QIAquick PCR Purification Kit. Each 

library was eluted into 30 µL 10 mM Tris-Cl pH 8.5. All seven libraries (704-710) were then 

pooled and concentrated using the MinElute PCR Purification Kit, eluting into 20 µL 10 mM 

Tris-Cl pH 8.5. The DNA was resolved on a 2% E-Gel EX Agarose Gel (Life Technologies) and 

the library was gel-isolated using the MinElute Gel Extraction Kit (QIAGEN), eluting into 12 µL 

10 mM Tris-Cl pH 8.5. The DNA was analyzing using Illumina MiSeq 50 bp single end 

sequencing. 

4.4.5 Data analysis 

All data processing was performed using Python v. 2.7.7 from Anaconda distribution 

2.0.1 (x86_64). The 13 base sequence corresponding to the variable region of each library was 

identified by searching for TGTATGC and taking the 13 bases that followed, or by searching for 

AGATCG and taking the 13 preceding bases; reads that contained neither were discarded. Reads 

were filtered for quality by discarding any that contained a variable region where at least one of 

the bases had a quality score < 15. The frequency ratios of library member each library (!! ! ), 

where ! is the concentration of unbound protein) was calculated by dividing the number of reads 
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corresponding to the library member by the total number of reads in the library ( !!(!)
!!(!)!

). The 

standard deviation of each !! !  was estimated as !!(!)
!!(!)!

. The fraction of total DNA bound 

(!!"!#$ ! ) was determined by quantifying the duplicate EMSA experiments. The fractional 

binding of each species was calculated using:  

!! ! = !! !
!! 0

!!"!#$ !  

Each apparent dissociation constant (!!,!∗ ) was measured by fitting each !! !  to: 

!! ! = 1
!!,!∗
!

!!
+ 1

 

Least squares minimization weighted by the error of each data point was performed using the 

curve_fit function from the scipy.optimize module. Any !! !  > 1 were adjusted to 1 and any 

!! !  = 0 were for removed from the data set for the purposes of curve fitting. Due to the 

variable copy number of the different sequences in the unbound library, it was necessary to 

determine each !! 0 ; therefore, all i for which !! 0  = 0 were discarded. Additionally, since data 

series based on small numbers of reads were prone to large variability, we only analyzed 

sequences that had a total of at least 200 reads across ! > 0. Following the curve fitting we 

filtered the data to remove all curves that had an !! < 0.2 or !! > 5. 

 The apparent relative affinity was calculated by normalizing each apparent association 

constant !!∗ = 1 !!,!∗  by the reference association constant (!!"#∗ ) of the properly-oriented Cre 

binding site (TATACGAAGTTAT).  Sequences were sorted by !!
∗
!!"#∗  into bins that had 

increments of 0.1. Each sequence, which included the 13 base variable region flanked by 

ATCTATGTATGC on the left and AGATCGGAAGAG on the right, was divided into all 
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possible 13 base windows in both orientations. The window with the most bases in common with 

the reference sequence was stored as the best alignment. In order to calculate the information 

content of each relative affinity bin, we first calculated the position-specific probabilities of each 

base: 

!!"#,! =
!!"#,!
!  

where ! is the total number of sequences in the bin, and !!"#,! is the number of sequences in the 

bin that contain the specific base at the specific position. If during alignment a sequence was 

found to have multiple alignments tied for the greatest number of bases identical to the reference 

sequence, then the top alignments were used for the !!"#,! calculations having a !!"#,! 

normalized by the number of tied alignments. Largely following the procedure of (Schneider et 

al., 1986), we calculated the information entropy of each base as: 

!!"# = − !!"#,!
!∈{!,!,!,!}

!"#!!!"#,! 

The information content at each position was calculated using: 

!!"# = 2− !!"# − !  

The sampling uncertainty ! accounted for the amount of information that could be expected from 

random data with a sample size !. For ! ≤ 50 the exact value of ! was computed using: 

! = 2− !! ! !!(!)
!""!! !

 

If each ! !  represents a particular combination of N bases, with the corresponding raw counts 

of the number of times each base is observed being !!,!!!,!!! , and!!! , then the probability of 

obtaining each combination is: 

!! ! = 1
4

! !!
!!!!!!!!!!!!
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The entropy of each combination is: 

!!(!) = − !!
!

!∈{!,!,!,!}
!"#!

!!
!  

Because the the number of possible combinations of bases grows rapidly with an increasing !, 

we used the large ! approximation of ! for bins with ! > 50 (Basharin, 1959): 

! = 3
2!"#2 

The total information in a bin was determined by adding the information across all positions: 

! = !!"#
!"

!"#!!
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Chapter 5: Discussion 

 The work described in this thesis focused on solving a number of technological 

bottlenecks in writing with DNA. Specifically, it describes the development of a gene 

synthesis pipeline which uses high-quality ink-jet printed DNA arrays, orthogonal 

subpool amplification, and enzymatic error correction for making inexpensive and high-

quality genes. It also describes work on improving the accuracy of the widely used Cre 

recombinase system. Lastly, it describes preliminary efforts towards developing 

techniques for measuring, graphically displaying, and interpreting large numbers of 

protein-DNA affinity measurements. As we continue to clear these and other 

methodological hurdles, we may become less limited by our technology, and more 

limited by our ability to design biological components on the scale of large libraries. 

 A number of research directions may play key roles in elucidating such design 

questions. First, as we shift our thinking from making single, monolithic designs to 

building large libraries of proteins, gene circuits, and organisms, we should begin to think 

about how to engineer fitness landscapes. The key questions in this line of inquiry deal 

with maximizing phenotypic diversity within some functional space while keeping library 

sizes small. As we explore this problem, it may be useful to re-frame it as one of applied 

population genetics, given that evolutionary biology has a rich body of theory for 

thinking about questions of evolvability at the population level. It should be noted that 

molecular biology may be able to contribute back to the body of theory by providing 

experimentally tractable model systems in which phenotypic landscapes can be deeply 

characterized (for instance, studying the evolution of a population of DNA-binding 

proteins using the multiplex gel-shift assay.)  



! 93!

In the long term, we should aim to mimic biology by building highly evolvable 

systems. In this regard the human immune system stands out as a powerful example, with 

a relatively small number of VDJ components that can recombine to form more than 1012 

different antibody molecules. This system can respond to a vast array of possible 

antigens, and it is possible that it evolved to be highly evolvable. Unfortunately, we know 

relatively little about how such systems arise, and even less about how to build them. 

Recent and ongoing developments in the technologies of DNA writing and high-

throughput biochemistry should help us analyze and develop such complex, evolvable 

biological systems. 
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Appendix: Protocols for gene assembly from 

microarray oligonucleotides 

A.1 Abstract 

De novo synthesis of long double-stranded DNA constructs has a myriad of applications 

in biology and biological engineering. However, its widespread adoption has been hindered by 

high costs. Cost can be significantly reduced by using oligonucleotides synthesized on high-

density DNA chips. However, most methods for using off-chip DNA for gene synthesis have 

failed to scale due to the high error rates, low yields, and high chemical complexity of the chip-

synthesized oligonucleotides. We have recently demonstrated that some commercial DNA chip 

manufacturers have improved error rates, and that the issues of chemical complexity and low 

yields can be solved by using barcoded primers to accurately and efficiently amplify subpools of 

oligonucleotides. This unit includes protocols for computationally designing the DNA chip, 

amplifying the oligonucleotide subpools, and assembling 500- to 800-bp constructs. 

A.2 Introduction 

Gene synthesis has been used in applications as diverse as decoding the genetic code 

(Nirenberg and Matthaei, 1961), screening industrially useful enzymes discovered through 

environmental metagenomic sequencing (Bayer et al., 2009), and building custom pathways and 

genomes (Gibson et al., 2008; Hanai et al., 2007; Ro et al., 2006; Tian et al., 2004). 

Unfortunately, despite the rapid decrease in the cost of synthesizing short single-stranded 

oligonucleotides, synthesis of double-stranded gene-sized fragments remains too expensive for 

ubiquitous adoption by academic laboratories (Carr and Church, 2009). To make large-scale 
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synthesis cheaper, we have recently developed a set of techniques, which allow assembly of 

DNA from commercially available high-density oligonucleotide chips into gene-sized 500- to 

800-bp fragments (Kosuri et al., 2010). Specifically, we showed that PCR could be used to 

separate the DNA synthesized on a chip into subsets (or, as we will refer to them from here on, 

subpools) consisting of only the oligonucleotide species necessary to build one particular gene-

sized fragment. These methods use inexpensive sources of DNA and require no specialized 

instrumentation or expertise that cannot be found in a typical molecular biology laboratory. 

The major stages of our synthesis pipeline are computational design, chip synthesis, serial 

PCRs that isolate the oligonucleotides necessary to build each construct, and assembly of the 

constructs. The key principle is that well-designed primers can amplify a desired subset of 

oligonucleotides and, thereby, dilute the undesired DNA to the point where it does not interfere 

with the downstream gene assembly reaction. An off-chip pool (see Table A.1 for nomenclature) 

consists of oligos with a gene-coding region flanked by nested subpool-specific sequences and a 

restriction enzyme recognition site for removing the priming sequences (Figure A.1). The 

subpool-specific sequences act as barcodes for selecting subsets of oligos. Each pair of 

assembly-specific priming sites is shared by all the oligonucleotides needed to build a particular 

construct; in turn, each pair of plate-specific subpool priming sites is shared by all the oligos 

necessary to build 96 constructs. Another pair of primers - the construction primers - are used to 

amplify the full-length construct.  

We have developed a software tool called GASP (Gene Assembly by Subpool PCR) that 

deconstructs a given set of genes to generate the sequences of oligonucleotides for synthesis on a 

chip. Using GASP for chip design is described in Basic Protocol 1. Once the oligonucleotides 

have been designed, synthesized, and cleaved off the chip surface, the off-chip pool is divided 
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into aliquots among plate subpool amplification reactions (Figure A.2). After the PCR, each plate 

subpool is divided into aliquots into a 96-well plate. Following the addition of assembly-specific 

primers, another amplification is performed, at which point a restriction enzyme is used to cleave 

off the priming sites. Basic Protocol 2 provides directions for amplifying the plate and assembly 

subpools, and Basic Protocol 3 describes the enzymatic removal of priming sites. A polymerase 

is used to assemble the oligos into the full-length construct, and the assemblies are amplified 

using the construction primers (which are not necessarily unique for the assembly subpool), as 

described in Basic Protocol 4. 
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Table 1 Nomenclature Used to Describe the Synthesis Protocol

Term Definition Source

Off-chip pool The pool of oligonucleotides cleaved from the DNA
microchip

Synthesized on a DNA chip

Plate subpool The subset of the off-chip pool necessary to build 96
assemblies

Amplified from off-chip pool

Plate subpool-specific primers A pair of PCR primers that bind to sites shared by all
members of a plate subpool

Traditional (not chip) synthesis

Assembly subpool The subset of a plate subpool necessary to build 1
assembly

Amplified from plate subpool

Assembly subpool-specific
primers

A pair of PCR primers that bind to sites shared by all
members of an assembly subpool

Traditional (not chip) synthesis

Construction primers A pair of PCR primers used to assemble one or more
assembly subpools

Traditional (not chip) synthesis

Assembly A 500-800 bp dsDNA construct built from an assembly
subpool using a pair of construction primers

Built from assembly subpool

plate-specific
priming site

plate-specific
priming site

assembly-specific
priming site

assembly-specific
priming siteBtsl Btsl

gene-coding region

Figure 1 A schematic of the features present on each off-chip oligonucleotide. The gene-coding regions
of the oligonucleotides within each assembly subpool partially overlap, allowing them to be assembled into
the full-length construct using a high-fidelity polymerase. The gene-coding region is flanked by BtsI cut sites
that permit enzymatic removal of the subpool-specific priming sites. The gene-coding region is also flanked
by a pair of assembly-specific priming sites, which are shared by all the oligonucleotides within a particular
assembly subpool. The assembly-specific priming sites are, in turn, flanked by a pair of plate-specific priming
sites common to all the oligonucleotides within a particular plate-specific subpool.

Table 1 for nomenclature) consists of oligos with a gene-coding region flanked by nested
subpool-specific sequences and a restriction enzyme recognition site for removing the
priming sequences (Fig. 1). The subpool-specific sequences act as barcodes for selecting
subsets of oligos. Each pair of assembly-specific priming sites is shared by all the
oligonucleotides needed to build a particular construct; in turn, each pair of plate-specific
subpool priming sites is shared by all the oligos necessary to build 96 constructs. Another
pair of primers—the construction primers—are used to amplify the full-length construct.

We have developed a software tool called GASP (Gene Assembly by Subpool PCR)
that deconstructs a given set of genes to generate the sequences of oligonucleotides for
synthesis on a chip. Using GASP for chip design is described in Basic Protocol 1. Once
the oligonucleotides have been designed, synthesized, and cleaved off the chip surface,
the off-chip pool is divided into aliquots among plate subpool amplification reactions
(Fig. 2). After the PCR, each plate subpool is divided into aliquots into a 96-well plate.
Following the addition of assembly-specific primers, another amplification is performed,
at which point a restriction enzyme is used to cleave off the priming sites. Basic Protocol
2 provides directions for amplifying the plate and assembly subpools, and Basic Protocol
3 describes the enzymatic removal of priming sites. A polymerase is used to assemble
the oligos into the full-length construct, and the assemblies are amplified using the
construction primers (which are not necessarily unique for the assembly subpool), as
described in Basic Protocol 4.
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A.3 Protocols 

A.3.1  Oligonucleotide design and synthesis 

Each construct to be built must be split up into short overlapping fragments. Each frag- 

ment must, in turn, be flanked by the assembly- and plate-specific subpool priming se- quences, 

as well as restriction sites for removing the priming sequences (Figure A.1). We have automated 

these design steps with Biopython scripts (Cock et al., 2009). This software can be either run 

from a server (http://synbiosis.med.harvard.edu:8080/gaspserver.rpy) or as a script on any 

computer that has the Biopython package installed (current and all future versions of GASP can 

be found at https://bitbucket.org/skosuri/gasp/overview). The protocol below describes using the 

server version. 

Materials 

Computer with a Web browser  

List of sequences to be built (in FASTA format) 

Setting up the parameters 

1. Open http://synbiosis.med.harvard.edu:8080/gaspserver.rpy with a browser.  

2. Enter your name, email address, and the location of your input file (the FASTA file with a list 

of genes you want built).  

3. The parameter configuration text box will contain the following text: 

"initialPlateNum": 2, 

     "RESpacing": [ 

     2, 

     5, 

     4 
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     ], 

     "REVector": [ 

"BtsI", 

     "BsmBI", 

     "BspQI" 

     ], 

     "SearchForRE": "True", 

     "REToUse": "BtsI", 

     "avgoverlapsize": 20, 

     "deltaGThresholdForOverlaps": -3, 

     "selfDimersThreshold": 3, 

     "lengthleeway": 10, 

     "positionleeway": 10, 

     "oligoSizeMax": 200, 

     "seqsToAvoidInOverlapRegions":[], 

     "skip":[] 

Change the SearchForRE parameter to False. 

The parameters, which are described in detail below, may have to be further adjusted if 

the DNA will be processed using methods that deviate from the workflow described here. 

InitialPlaneNum: 96-well plates of assemblies will be numbered sequentially initiating at 

this value. This should never be set to 1, as plate #1 is reserved for construction primers. 

RESpacing: The distance between the end of the recognition site to the cut location for 

the enzymes listed in REVector setting. The values should be separated by a comma, and 

be in the same order as the enzymes in the REVector setting. For example, the RESpacing 
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for BtsI should be set to 2 because the enzyme nicks 2 bp away from its binding site (such 

that the full recognition site is GCAGTGN2). Similarly, the recognition site for BsmBI is 

CGTCTCN5, so its RESpacing should be set to 5. Therefore, if “REVector”: 

[“BtsI”,”BsmBI”], then “RESpacing”: [2,5]. The site can be left blank if SearchForRE 

is False. 

REVector: List of type IIS restriction enzymes to use for removing the subpool-specific 

amplification priming sites. The software will attempt to find an enzyme from this list that 

does not cut each particular construct, starting with the first enzyme listed. In other 

words, each assembly subpool will be processed using just one of the enzymes from this 

list. The enzyme names should be properly capitalized, placed between dou- ble quotes, 

and separated by a comma (e.g., “REVector”: [“BtsI”,”BsmBI”]). The parameter 

accepts enzymes defined by the Bio.Restriction module of Biopython (for the latest list, 

see http://www.biopython.org/DIST/docs/api/Bio.Restriction.Restriction- module.html). 

This can be left blank if SearchForRE is False. 

SearchForRE: Set to True if you wish to specify a list of restriction enzymes within the 

REVector setting. This should be done in applications in which it is impossible to 

eliminate a single type IIS enzyme cut site from all constructs. Set to False to use the 

enzyme listed in REToUse to process all the assembly subpools. 

REToUse: Restriction enzyme to use if SearchForRE is set to False. This can be left 

blank if SearchForRE is True. 

avgoverlapsize: Each construct will be broken up into assembly oligos that will be fused 

using a polymerase. The fusion reaction requires priming through overlaps between 

neighboring oligos. This setting specifies the mean length of the overlap region. 
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deltaGThresholdForOverlaps: Rejects any overlaps with a secondary structure that has a 

hybridization free energy less than the value specified (in units of kcal/mol). 

selfDimerThreshold: Rejects assembly oligos that have any self-dimerization 

configurations with a hybridization free energy less than the value specified (arbitrary 

units). 

lengthleeway: Sets allowable variation in the length of the overlap regions. 

positionleeway: Sets allowable variation in the assembly oligo junction position. Increas- 

ing this value results in a less constrained search space, but increases the computation 

time and increases variation in synthesized oligonucleotides’ lengths. 

oligoSizeMax: The maximum oligo size that will be designed. This includes the full- 

length oligos that include the coding region, the restriction enzyme processing site, and 

the assembly-specific and plate-specific priming sites. This value should typically be 

constrained by the commercial synthesis platform used. Note that many of the oligos will 

be shorter than this maximum value. 

seqsToAvoidInOverlapRegion: Specifies positions to be avoided in the overlap between 

neighboring assembly oligos. This should usually be left blank, but can be used in 

specialized applications, such as constructing proteins with known repeated regions. 

skip: Specifies names of constructs that the algorithm should skip from the design 

process. This option is used in specialized cases and is normally left blank. 

4. Click Submit. An e-mail will be sent to the provided email confirming initiation of the run. 

Once the run is complete, two more emails should arrive. The first one will contain a report that 

contains: (1) The sequences to be synthesized on the DNA chip in FASTA format; (2) The plate-

specific, position-specific, and construction primers needed to build the set of assemblies; (3) 
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Figure A.1 A schematic of the features present on each off-chip oligonucleotide. The gene-
coding regions of the oligonucleotides within each assembly subpool partially overlap, allowing 
them to be assembled into the full-length construct using a high-fidelity polymerase. The gene-
coding region is flanked by BtsI cut sites that permit enzymatic removal of the subpool-specific 
priming sites. The gene-coding region is also flanked by a pair of assembly-specific priming 
sites, which are shared by all the oligonucleotides within a particular assembly subpool. The 
assembly-specific priming sites are, in turn, flanked by a pair of plate-specific priming sites 
common to all the oligonucleotides within a particular plate-specific subpool. 
 
 

The plate-specific, position-specific, and construction primers that correlate with each individual 

assembly. The second e-mail will contain a FASTA file that contains the sequences that should 

be synthesized on the DNA chip. 

Ordering DNA 

5. Synthesize a DNA chip using the chip oligonucleotide sequences designed by GASP.  

We have validated and extended this protocol using Agilent’s Oligo Library Synthesis 

(OLS) platform (Leproust et al., 2010), though we have also been able to build genes 

using DNA from LC Sciences (Borovkov et al., 2010) and CustomArray (Liu et al., 2006). 

6. Order the plate-specific, position-specific, and construction primers listed in the output email 

from a commercial vendor (such as Integrated DNA Technologies or Sigma-Aldrich). If the chip 

has been designed for more than 48 assemblies, it is usually convenient to synthesize the oligos 

in a 96-well format. If that is the case, ach century of oligos should be synthesized in a separate 

plate. For instance, skpp- 101, skpp-102, skpp-103 . . . , should be synthesized in separate wells 

of a single plate. 

The primers are named with the following format: skpp-#-F/R. The F and R indicate 

forward and reverse primers, respectively. The numbering scheme assigns the first num- 
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Table 1 Nomenclature Used to Describe the Synthesis Protocol

Term Definition Source

Off-chip pool The pool of oligonucleotides cleaved from the DNA
microchip

Synthesized on a DNA chip

Plate subpool The subset of the off-chip pool necessary to build 96
assemblies

Amplified from off-chip pool

Plate subpool-specific primers A pair of PCR primers that bind to sites shared by all
members of a plate subpool

Traditional (not chip) synthesis

Assembly subpool The subset of a plate subpool necessary to build 1
assembly

Amplified from plate subpool

Assembly subpool-specific
primers

A pair of PCR primers that bind to sites shared by all
members of an assembly subpool

Traditional (not chip) synthesis

Construction primers A pair of PCR primers used to assemble one or more
assembly subpools

Traditional (not chip) synthesis

Assembly A 500-800 bp dsDNA construct built from an assembly
subpool using a pair of construction primers

Built from assembly subpool

plate-specific
priming site

plate-specific
priming site

assembly-specific
priming site

assembly-specific
priming siteBtsl Btsl

gene-coding region

Figure 1 A schematic of the features present on each off-chip oligonucleotide. The gene-coding regions
of the oligonucleotides within each assembly subpool partially overlap, allowing them to be assembled into
the full-length construct using a high-fidelity polymerase. The gene-coding region is flanked by BtsI cut sites
that permit enzymatic removal of the subpool-specific priming sites. The gene-coding region is also flanked
by a pair of assembly-specific priming sites, which are shared by all the oligonucleotides within a particular
assembly subpool. The assembly-specific priming sites are, in turn, flanked by a pair of plate-specific priming
sites common to all the oligonucleotides within a particular plate-specific subpool.

Table 1 for nomenclature) consists of oligos with a gene-coding region flanked by nested
subpool-specific sequences and a restriction enzyme recognition site for removing the
priming sequences (Fig. 1). The subpool-specific sequences act as barcodes for selecting
subsets of oligos. Each pair of assembly-specific priming sites is shared by all the
oligonucleotides needed to build a particular construct; in turn, each pair of plate-specific
subpool priming sites is shared by all the oligos necessary to build 96 constructs. Another
pair of primers—the construction primers—are used to amplify the full-length construct.

We have developed a software tool called GASP (Gene Assembly by Subpool PCR)
that deconstructs a given set of genes to generate the sequences of oligonucleotides for
synthesis on a chip. Using GASP for chip design is described in Basic Protocol 1. Once
the oligonucleotides have been designed, synthesized, and cleaved off the chip surface,
the off-chip pool is divided into aliquots among plate subpool amplification reactions
(Fig. 2). After the PCR, each plate subpool is divided into aliquots into a 96-well plate.
Following the addition of assembly-specific primers, another amplification is performed,
at which point a restriction enzyme is used to cleave off the priming sites. Basic Protocol
2 provides directions for amplifying the plate and assembly subpools, and Basic Protocol
3 describes the enzymatic removal of priming sites. A polymerase is used to assemble
the oligos into the full-length construct, and the assemblies are amplified using the
construction primers (which are not necessarily unique for the assembly subpool), as
described in Basic Protocol 4.
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bers to plate-specific primers (skpp-1, skpp-2,. . . ). If initialPlateNum was set to 2, then 

the first plate of assembly subpool-specific primers is numbered skpp-201, skpp-202. . ., 

the second plate is numbered skpp-301, skpp-302 .., and so forth. The oligos numbered in 

the 100s are the construction primers. Each pair of construction primers assembles one 

assembly subpool in each plate. Specifically, skpp-101 assembles assembly subpool 

generated with skpp-201, skpp-301, skpp-401, and so on. 
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Figure A.2 A schematic of the gene synthesis workflow’s liquid handling steps (left) and the 
oligonucleotide processing steps (right). In the left half of the schematic, each off-chip 
oligonu- cleotide is drawn as a horizontal line with vertical lines used to indicate the plate and 
assembly subpool-specific priming sites. After the DNA chip has been synthesized and the 
oligonucleotides have been cleaved off the array surface, plate-subpool-specific primers are used 
to amplify only the oligonucleotides needed to build 96 assemblies. In the drawing, the primer 
pair “F” amplifies all the oligonucleotides that make up plate subpool “F.” The plate subpool is 
then divided into aliquots among the wells of a 96-well plate. Assembly subpools are amplified 
with assembly- specific primers. In the figure, assembly-specific primers “2” amplify subpool 
F2, which consists of ten double-stranded fragments (F2.i-F2.x). The assembly subpool-specific 
priming sites are removed via a restriction digest, and a polymerase assembles the overlapping 
fragments into full-length constructs. Last, full-length constructs are amplified by a pair of 
construction primers. 
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Figure 2 A schematic of the gene synthesis workflow’s liquid handling steps (left) and the
oligonucleotide processing steps (right). In the left half of the schematic, each off-chip oligonu-
cleotide is drawn as a horizontal line with vertical lines used to indicate the plate and assembly
subpool-specific priming sites. After the DNA chip has been synthesized and the oligonucleotides
have been cleaved off the array surface, plate-subpool-specific primers are used to amplify only
the oligonucleotides needed to build 96 assemblies. In the drawing, the primer pair “F” amplifies
all the oligonucleotides that make up plate subpool “F.” The plate subpool is then divided into
aliquots among the wells of a 96-well plate. Assembly subpools are amplified with assembly-
specific primers. In the figure, assembly-specific primers “2” amplify subpool F2, which consists
of ten double-stranded fragments (F2.i-F2.x). The assembly subpool-specific priming sites are
removed via a restriction digest, and a polymerase assembles the overlapping fragments into
full-length constructs. Last, full-length constructs are amplified by a pair of construction primers.

BASIC
PROTOCOL 1

OLIGONUCLEOTIDE DESIGN AND SYNTHESIS

Each construct to be built must be split up into short overlapping fragments. Each frag-
ment must, in turn, be flanked by the assembly- and plate-specific subpool priming se-
quences, as well as restriction sites for removing the priming sequences (Fig. 1). We have
automated these design steps with Biopython scripts (Cock et al., 2009). This software
can be either run from a server (http://synbiosis.med.harvard.edu:8080/gaspserver.rpy)
or as a script on any computer that has the Biopython package installed (current and all
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A.3.2  PCR amplification of oligonucleotide subpools 

This set of protocols describes going from a pool of off-chip oligonucleotides to 96-well 

plates containing a different assembly subpool in each well. We have found that while the 

experimental procedures are technically simple, the logistics can sometimes present a challenge. 

We highly recommend that each researcher thoroughly understand the logic behind the subpool 

amplification scheme (as shown in Figure A.2) before starting the procedure. The quantities 

provided in the protocol are enough to go from an off-chip pool to one plate-subpool, and then 

from that one subpool to 96 assembly subpools. The volumes used should be scaled in 

accordance with the actual number of assemblies being built. 

Subpool amplification and assembly steps are punctuated with numerous reaction cleanup 

steps. Their primary purpose is to remove enzymes, unused primers, dNTPs, and salts. At some 

points of the protocol they have the additional role of concentrating the DNA. Since the protocol 

necessitates handling 96-well plates of reactions, it practical to use vacuum manifold-driven 96-

well column plates. Although not described in this unit, we are currently working integrating the 

less expensive magnetic bead-based cleanups into our workflow (Hawkins et al., 1994; Rudi et 

al., 1997, p. 199; Wiley et al., 2009). 

Materials 

Array-synthesized library  

100× TE buffer (Sigma-Aldirch, cat. no. T9285)  

Plate subpool-specific primers (see section A.3.1)  

Assembly subpool-specific primers (see section A.3.1)  

UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023)  

Phusion high-fidelity DNA polymerase (New England Biolabs, cat. no. M0530L) containing:  
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5× Phusion HF Reaction buffer  

dNTP solution mix (Enzymatics, cat. no. N205L)  

QIAquick 96 PCR purification kit (QIAGEN, cat. no. 28183)  

EB buffer (10 mM Tris·Cl, pH 8.5) 

Galaxy microcentrifuge with 1.5-ml, 2.0-ml, and 0.2-ml tube adapters (VWR, cat. no. 37000-

700) 

Vortex mixer (VWR International, cat. no. 58816-121)  

0.2-ml PCR tubes with flat caps (BioRad, cat. no. TFI-0201)  

Microseal 96-well skirted low-profile PCR plates (BioRad, cat. no. MSP-9601)  

96-Reaction thermal cycler (BioRad, cat. no. 186-1096)  

Microseal ‘F’ Sealing Foil (BioRad, cat. no. MSF-1001)  

QIAvac 96 (QIAGEN, cat. no. 19504) 

DNA resuspension and dilution 

1. DNA synthesized on Agilent OLS arrays is shipped lyophilized in a microcentrifuge tube. 

Before opening the tube, centrifuge it for 1 min at maximum speed, room temperature, in a 

microcentrifuge. 

Using qPCR, we have estimated that an OLS chip with 13,000 130-mers yields 1 pmol of 

DNA (or approximately 0.1 fmol per oligo species). 

2. Add 500 µl 1× TE buffer to the lyophilized DNA. Vortex thoroughly for 5 sec, then briefly 

centrifuge 5 sec at ∼2000 × g, room temperature, to spin down liquid. 

3. Make mixes of primers by diluting the appropriate plate and assembly subpool- specific 

primer pairs to 5 µM in DNase/RNase-free water. 
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We recommend first making primer storage stocks by diluting each primer to 100 µM in 

1× TE buffer. Note that high concentrations of EDTA in the working stocks may inhibit 

PCR and other enzymatic reactions. 

Plate subpool amplification 

4. Working on ice mix the following reagents in a 0.2-ml PCR tube for each plate subpool to be 

amplified: 

33.1 µl distilled water 

10 µl Phusion HF Reaction buffer (5×) 

0.4 µl dNTPs (25 mM each deoxynucleotide) 

5 µl plate subpool-specific primer mix (5 µM each primer) 

1 µl array-synthesized library (from step 2) 

0.5 µl Phusion polymerase (2 U/µl). 

Vortex thoroughly 5 sec, then briefly centrifuge 5 sec at ∼2000 × g, room temperature, to spin 

down liquid. 

If more then one plate subpool will be amplified, then it is convenient to make a common 

master mix that contains everything except for the subpool-specific primers. The primers 

should be added once the master mix has been split among the appropriate number of 45-

µl aliquots. The volume of the master mix should be in slight excess of how much is 

needed for the amplifications. For example, if eight plate subpools are to be amplified, an 

8.5 reaction 382.5 µl reaction mix should be made. Be sure to vortex the mix thoroughly 

prior to dividing into aliquots. 

5. Place the samples in a thermal cycler and run the following program: 

Initial cycle: 30 sec  98°C (initial denaturation) 
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25 cycles: 5 sec  98°C (denaturation) 

  10 sec  65°C (annealing) 

  10 sec  72°C (extension) 

1 cycle: 5 min  72°C (final extension) 

Final step: indefinite 4°C (hold) 

To minimize sample loss and increase reproducibility either use a thermal cycler with a 

heated lid or add a few drops of mineral oil (Sigma-Aldrich, cat. no. M8662) to the top of 

each reaction. Amplified DNA can be stored at 4◦C for less than a month, or indefinitely 

at −72°C. 

At this stage, it is prudent to quantify yield and ensure proper amplification by running 1 

to 10 µl of each of the amplified products on an agarose or acrylamide gel. A double- 

stranded DNA stain such as ethidium bromide should reveal a band for each oligo of a 

distinct size in the plate subpool. 

Assembly subpool amplification 

6. Working on ice make the following master mix for each plate subpool amplified: 

11,636 µl distilled water  

4 µl plate subpool amplification reaction products (from step 5)  

4000 µl Phusion HF reaction buffer (5×)  

160 µl dNTPs (25 mM each)  

200 µl Phusion polymerase (2 U/µl).  

Vortex thoroughly 5 sec, then briefly centrifuge 5 sec at ∼2000 × g, room temperature, to collect 

liquid. 

7. Working on ice, add 160 µl of the mix to each well of a 96-well plate. 
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While an ice bucket will suffice for keeping the 96-well plates cold, we have found 96-

well coolers (Eppendorf, cat. no. 022510525) to be a convenient alternative. Also, 

depending on the thermal cycler and plates used, we routinely split the 200-µl reaction 

into 50 to 100 µl across multiple plates. 

8. Add 40 µl of the appropriate primer mix (forward and reverse assembly-specific primers at 5 

µM each) to each well of the 96-well plate that contains the master mix aliquots. Cover the wells 

with foil plate sealer. 

9. Place the plate in a thermal cycler and run the following program: 

Initial cycle: 30 sec  98°C (initial denaturation) 

30 cycles: 5 sec  98°C (denaturation) 

  10 sec  65°C (annealing) 

  10 sec  72°C (extension) 

1 cycle: 5 min  72°C (final extension) 

Final step: indefinite 4°C (hold) 

Reaction cleanup 

10. Following the manufacturer’s instructions, use the QIAquick 96 PCR Purification kit and the 

QIAvac 96 to bind the DNA from a 96-well assembly amplification to the kit columns. Elute the 

DNA on each column into 60 µl EB buffer (10 mM Tris·Cl, pH 8.5). 

 

A.3.3  Enzymatic removal of priming sites 

 After the second amplification, the subpools still have their subpool-specific priming 

sites. These must be removed before assemblies can be built. It is for this purpose that each oligo 

contains a BtsI recognition sequence (GCAGTG) between the assembly subpool priming site and 
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the coding region. BtsI, like other member of the type IIs family of restriction enzymes, cuts both 

strands completely outside of its recognition site (Pingoud and Jeltsch, 2001). Consequently, 

processing with BtsI places no sequence restriction on the coding portion of the oligos. Other 

type IIs restriction enzyme sites may be used by adjusting the design parameters set in section 

A.3.1. 

Materials 

UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023)  

BtsI (New England Biolabs, cat. no. R0614L) containing:  

 NEBuffer 4 

 BSA  

96-well plate containing the assembly subpools (see A.3.2)  

MinElute 96 UF PCR purification kit (QIAGEN, cat. no. 28051)  

EB buffer (10 mM Tris·Cl, pH 8.5) 

Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500)  

Vortex Mixer (VWR International, cat. no. 58816-121)  

Galaxy mini centrifuge with 1.5/2.0 ml and 0.2 ml tube adapters (VWR, cat. no. 

37000-700)  

QIAvac 96 (QIAGEN, cat. no. 19504)  

96-reaction thermal cycler (BioRad, cat. no. 186-1096) 

Enzymatic removal of priming sites 

1. For each 96-well plate of cleaned-up assembly subpools to be processed, prepare the following 

master mix in a 1.5-ml tube: 
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145 µl distilled water  

700 µl NEBuffer 4 (10×)  

70 µl BSA (10 µg/µl)  

85 µl BtsI (10 U/µl). 

Vortex thoroughly for 5 sec, and then briefly centrifuge 5 sec ∼2000 × g, room temperature, to 

spin down liquid. 

2. Add 10 µl of the master mix to each well of the 96-well plate containing the assembly 

subpools. Cover the wells with plate sealer. 

3. Heat the plate to 55◦C for 2 hr. 

4. Following the manufacturer’s instructions, use the MinElute 96 UF PCR Purification kit and 

the QIAvac 96 to clean up each 96-well of BtsI-digested assembly subpools. Elute the DNA 

bound to each column into 15 µl EB buffer. 

We highly recommend quantifying the DNA concentration with a spectrophotometer 

and/or running the samples out on a gel. The total DNA concentration should be 30 to 

300 ng/µl. If all of the oligos in a subpool are the same length, then a gel with sufficient 

resolution should reveal four bands: (1) the properly processed oligos lacking the two 

priming sites; (2) the oligos cut on only one side; (3) the uncut oligos; and (4) the cut-off 

pieces containing the priming sites. 

A.3.4  Assembly of processed subpools into dsDNA constructs 

Full-length assemblies are built from assembly subpools in two steps—assembly and 

amplification. The assembly stage consists of 15 thermal cycles with an annealing step consisting 

of a thermal ramp from 70◦C to 50◦C. The full-length assemblies are then selected by adding the 
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appropriate construction primers and performing a 25-cycle PCR. In our experience, the more 

assembly subpool DNA in the assembly reaction, the more likely a full-length product is formed. 

Materials 

Construction primers  

Assembly subpool-specific primers (see section A.3.1)  

Ice UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023)  

Phusion high-fidelity DNA polymerase (New England Biolabs, cat. no. M0530L) containing: 

 HF reaction buffer 

dNTP solution mix (Enzymatics, cat. no. N205L)  

QIAquick 96 PCR purification kit (QIAGEN, cat. no. 28183)  

QIAvac 96 (QIAGEN, cat. no. 19504) 

Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500)  

Vortex mixer (VWR International, cat. no. 58816-121)  

Galaxy mini centrifuge with 1.5/2.0 ml and 0.2 ml tube adapters (VWR, cat. no. 

37000-700)  

Microseal 96-well skirted low-profile PCR plates (BioRad, cat. no. MSP-9601)  

96-Reaction thermal cycler (BioRad, cat. no. 186-1096)  

5-ml tubes 

Assembly 

1. Mix the forward and reverse construction primer pairs to 5 µM of each primer in water. 

As with the subpool-specific primers, it is a good practice to first make primer storage 

stocks by diluting each primer to 100 µM in 1× TE buffer. 
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2. Working on ice, prepare the following master mix for each 96-well plate of assembly subpools 

in a 1.5-ml tube: 

 164 µl distilled water 

 400 µl Phusion HF reaction buffer (5×)  

 16 µl dNTPs (25 mM each) 

 20 µl Phusion polymerase (2 U/µl). 

Vortex thoroughly for 5 sec, then briefly centrifuge 5 sec to spin down liquid. 

We have also successfully used KOD Polymerase (EMD, cat. no. 71085-3) in place of 

Phusion. 

3. Transfer 6 µl of the master mix into each well of a new 96-well PCR plate. 

4. Add 14 µl of each assembly subpool to each well of the PCR plate containing the master mix. 

Cover the wells with plate sealer. 

A total of 14 µl corresponds to 420 ng of assembly subpool DNA at the lowest expected 

concentration (30 ng/µl). If the concentration has been measured using a spectropho- 

tometer or gel electrophoresis then all subpools can be diluted to 30 ng/µl for maximum 

reproducibility, although we have not observed higher concentrations inhibiting the 

assembly reaction. 

5. Place the 96-well plate in a thermal cycler and run the following program: 

Initial cycle: 2 min  95°C (initial denaturation) 

15 cycles: 20 sec  95°C (denaturation) 

  1 sec  70°C (annealing) 

  30 sec  50°C (cool to 50°C at 0.5°C/sec; annealing) 

  20 sec  72°C (extension) 
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1 cycle: 5 min  72°C (final extension) 

Final step: indefinite 4°C (hold) 

The annealing occurs as the temperature ramps from 70◦ to 50◦C at 0.5◦C/sec. The 1-sec 

step provides the starting point for the ramp. 

Assembly amplification 

6. Working on ice, prepare the following master mix for each 96-well plate of assembly subpools 

in a 5-ml tube: 

 3.31 ml distilled water  

 1 ml Phusion HF reaction buffer (5×)  

 40 µl dNTPs (25 mM each)  

 50 µl Phusion polymerase (2 U/µl) 

Vortex thoroughly for 5 sec, and then briefly centrifuge 5 sec to spin down liquid. 

7. Transfer 44 µl of the master mix into each well of a new 96-well plate. 

8. For each plate of assemblies, add 198 µl distilled water to a fresh 96-well plate. 

9. Dilute the assembly reactions 1:100 by adding 2 µl of the assembly reaction to each well of the 

PCR plate with water. 

10. To each well of the PCR plate containing the amplification master mix, add 5 µl of the 

appropriate construction primer mix (5 µM each forward and reverse primers) and 1 µl of the 

1:100 dilution of the appropriate assembly reaction. Cover the wells with plate sealer. 

11. Place the samples in a thermal cycler and run the following program: 

1 cycle: 30 sec  98°C (initial denaturation) 

25 cycles: 5 sec  98°C (denaturation) 

  10 sec  62°C (annealing) 
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  20 sec  72°C (extension) 

1 cycle: 5 min  72°C (final extension) 

Final step: indefinite 4°C (hold) 

Reaction cleanup 

12. Following the manufacturer’s instructions, use the QIAquick 96 PCR Purification kit and the 

QIAvac 96 to clean up the DNA from the 96-well assembly amplification to QIAquick 96 PCR 

purification kit column. 

A.3.5  Gel-stab PCR 

 Assembly amplification, particularly that of GC-rich or repetitive constructs, sometimes 

results in side-products of the wrong size (typically smaller than the construct). If there is 

substantial yield of the full-length assembly, then it can be purified using agarose gel isolation. 

However, in rare cases the full-length assembly forms only a faint band on an agarose gel. This 

protocol describes a simple technique for selectively re-amplifying the correct assembly product 

from a large background of incorrect assemblies. 

Materials 

Assembly amplification product (see Basic Protocol 4)  

2% E-Gel EX gel (Invitrogen, cat. no. G4020-02)  

1-Kb Plus DNA ladder (Invitrogen, cat. no. 10787-018)  

UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023)  

Appropriate construction primers 

Phusion high-fidelity DNA polymerase (New England Biolabs, cat. no. M0530L) containing:  

 HF reaction buffer 

dNTP solution mix (Enzymatics, cat. no. N205L)  
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QIAquick PCR purification kit (QIAGEN, cat. no. 28104) 

E-Gel iBase power system (Invitrogen, cat. no. G6400)  

Thin metal edge or E-Gel opener (Invitrogen, cat. no. G5300-01)  

Safe Imager 2.0 blue light transilluminator (Invitrogen, cat. no. G6600)  

Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500)  

10- or 20-µl pipet tips 0.2-ml PCR tubes with flat caps (BioRad, cat. no. TFI-0201)  

Galaxy mini centrifuge with 1.5/2.0-ml and 0.2-ml tube adapters (VWR, cat. no. 

37000-700) 

Vortex mixer (VWR International, cat. no. 58816-121)  

96-Reaction thermal cycler (BioRad, cat. no. 186-1096) 

Gel stab PCR 

1. Following the manufacturer’s instructions, load 1 to 5 µl of the assembly amplifica- tion 

product and 5 µl of the 1-Kb Plus ladder in separate wells of a 2% E-Gel EX and run on the E-

Gel base. 

Traditional agarose gels work, as well as the precast gels, but the amount of DNA loaded 

may have to be adjusted to account for the differences in gel geometry and the dye used. 

2. Using a thin metal edge or an E-Gel opener carefully remove the top plastic cover of the gel 

cassette. 

3. Place the gel on a blue light transilluminator. Add 20 µl water into a 1.5-ml tube. Stab the 

band that corresponds to the desired assembly product with a sterile 10- or 20-µl pipet tip. Look 

at the tip to make sure a small slice of the gel is stuck in the tip. Pipet up and down in the water 

using the same pipet tip. Look at the tip again to make sure that the gel that was stuck there is 

gone. 
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4. Heat the water containing the gel slice to 65◦C for 15 to 30 min. 

5. Combine the following in a 0.2-ml PCR tube: 

 4.6 µl distilled water 

 1 µl water containing the gel isolate 

 2 µl appropriate construction primers (5 µM each primer)  

 4 µl Phusion HF Reaction Buffer (5×) 

 0.2 µl dNTPs (25 mM each) 

 0.2 µl Phusion polymerase (2 U/µl) 

Vortex thoroughly for 5 sec, and then briefly centrifuge for 5 sec at room temperature, to spin 

down liquid. 

6. Place the samples in a thermal cycler and run the following program: 

1 cycle: 30 sec  98°C (initial denaturation) 

30 cycles: 5 sec  98°C (denaturation) 

  10 sec  62°C (annealing) 

  20 sec  72°C (extension) 

1 cycle: 5 min  72°C (final extension) 

Final step: indefinite 4°C (hold) 

7. Cleanup the reaction using a QIAquick kit following the manufacturer’s instructions. 

A.4 Commentary 

A.4.1  Background information 

 There is a large and fairly mature set of techniques for building genetic constructs 

without relying on a pre-existing template, including methods for chemically synthesizing short 

oligonucleotides (Brown, 1993; Letsinger and Mahadevan, 1966; Michelson and Todd, 1955), 
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for using enzymes to fuse the oligonucleotides into long double-stranded fragments (Agarwal et 

al., 1970; Gibson et al., 2009; Li and Elledge, 2007; Rossi et al., 1982), and for performing in 

vivo assembly of genome-scale fragments in recombinogenic organisms such as S. cerevisiae 

(Gibson, 2009; Shao and Zhao, 2009). Unfortunately, high costs hinder the widespread adoption 

of de novo synthesis, primary among them the cost of chemically synthesizing single-stranded 

oligonucleotides. The maturation of a number of technologies that allow parallel synthesis of 

thousands or millions of oligonucleotide on solid surfaces (DNA chips) has reduced 

oligonucleotide cost more than 100-fold over the past decade (Carlson, 2003; Carr and Church, 

2009). Contrary to the expectations of many, and despite a number of proof-of-concept 

publications (Binkowski et al., 2005; Tian et al., 2004; Zhou et al., 2004), the advent of 

commercially available DNA chips did not catalyze a widespread drop in the cost of synthesizing 

double-stranded gene-length fragments. 

 The three factors that until recently inhibited the adoption of DNA off chips for gene 

synthesis were the high chemical complexity of the resulting DNA pool, the oligonucleotide 

error rates, and the low synthesis yields. Chemical complexity refers to the fact that while tens of 

thousands of oligonucleotide species are synthesized in parallel on the same surface, only 5 to 50 

are needed to build any particular gene-sized double-stranded fragment. At typical DNA chip 

synthesis scales, performing enzymatic assembly of a subset of oligonucletides in the presence of 

the unrelated species is difficult or impossible (Borovkov et al., 2010). Physical separation of 

DNA off a chip into subsets of oligonucleotides has recently been achieved using microfluidics 

(Lee et al., 2010; Quan et al., 2011; Zhou et al., 2004), beads in picotiter plates (Matzas et al., 

2010), and barcode PCR (Kosuri et al., 2010). The second problem, high error rates, is important 

because having more errors raises costs by increasing the amount of screening needed to isolate 
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error-free constructs. Off-chip oligonucleotides typically have an error rate of 1/25 to 1/50 

errors/bases, while low-throughput synthesis on controlled pore glass beads results in an error 

rate of 1/200 to 1/500. Here, too, there has been much recent progress, including improvements 

in the chemical synthesis process (Leproust et al., 2010), advances in enzyme-mediated error 

depletion (Bang and Church, 2007; Binkowski et al., 2005; Carr et al., 2004; Fuhrmann et al., 

2005; Kosuri et al., 2010; Quan et al., 2011), and the integration of high-throughput sequencing 

and synthesis for direct error screening (Matzas et al., 2010). The last challenge has been the low 

yields achieved with on-chip synthesis, which make it difficult to assemble the synthesized 

oligonucleotides into gene-length fragments. The microfluidic-based methods described above 

solve this problem by increasing the DNA concentration through low assembly reaction 

volumes. In contrast, our subpool-based technique achieves high concentrations through 

selective PCR amplification. 

 The workflow we presented in this set of protocols relies on the ability to PCR amplify a 

small subset of oligonucleotides out of a large background of DNA. To prevent hybridization of 

primers to the wrong priming sites we designed a set of 3,000 orthogonal primer pairs (Kosuri et 

al., 2010). The method, in brief, was as follows: first, we searched the set of 240,000 orthogonal 

25-mers designed by Xu et al. (Xu et al., 2009) for 20-base windows that lack commonly used 

restriction enzyme sites and have a melting temperature of 60 – 64 °C (SantaLucia and Hicks, 

2004; SantaLucia, 1998). The resulting sequences were culled of any pairs that cross-hybridize 

using a modified version of the AutoDimer tool, a library-on-library BLAT search, and, finally, a 

BLAST-based network elimination algorithm (Kent, 2002; Vallone and Butler, 2004; Xu et al., 

2009). Next, we used UNAFold to select only the sequences with a secondary structure with a 

ΔG ≤ −2 (Markham and Zuker, 2008). The selected sequences were clustered using ClustalW2, 
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and 6,000 sequences were selected such that they were maximally spread out on the resulting 

phylogenetic tree (Larkin et al., 2007). Finally, 3,000 primer pairs were generated by matching 

the sequences on their melting temperature and propensity to form primer-dimers. 

A.4.2  Critical parameters 

DNA synthesis 

 A number of manufacturers sell custom DNA microarrays, and differences between their 

synthesis methodologies result in differences in the oligo error rates. The error rate affects two 

key aspects of the gene synthesis process. First, a high error rate means a larger fraction of the 

synthesized genes will have an error. This directly increases the cost, as constructs must be 

screened by low-throughput sequencing until a perfect clone is found. A high error rate also 

makes it more difficult to synthesize longer oligos. Longer oligos are advantageous, as they 

reduce the complexity of the synthesis reaction by reducing the number of individual DNA 

pieces that must be put together in order to build a gene of a particular size. Most of our 

experience with the set of protocols provided in this unit comes from working with Agilent 

Technologies’ Oligo Library Synthesis (OLS) platform, which can synthesize oligonucleotide 

100- to 200-bp in length with an error rate on the order of 1/500 errors/bp (Kosuri et al., 2010; 

Leproust et al., 2010). Because the OLS platform is still under development, OLS pools are not 

yet widely sold. However, laboratories can gain access to them by signing a material transfer 

agreement with Agilent Technologies. The protocols we describe should be applicable to all 

other array platforms, although if the DNA chip has a high error, then error correction may be 

necessary. Similarly, if the off-chip oligonucleotides are shorter than 120 bases, then different 

DNA cleanup steps may have to be used, as the QIAGEN columns used in the protocols do not 

recover fragments shorter than 40 bp. 
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 It is useful to keep in mind that DNA from microarrays is one of the cheapest reagents in 

the synthesis process. Therefore, in the interest of rapid prototyping, it often makes sense to 

waste synthesis capacity rather than trying to design enough constructs to fill up all features on 

the chip. Unfortunately, subpool-specific and construction primers are expensive because they 

must be synthesized using low-throughput methods. However, primer synthesis yields are 

typically in excess of what is needed to process a single set of assemblies, so the primers can be 

used to process multiple DNA chips. 

Construct design 

 If the constructs being built encode proteins, then there are many possible ways to 

reverse-translate the amino acid sequence (Welch et al., 2009b). One consideration when 

choosing among synonymous codons is the natural codon bias within the genome of organism 

that will express the protein (Gustafsson et al., 2004). Similarly, studies in Escherichia coli 

revealed that using codons that are most highly charged during amino acid starvation leads to 

significantly higher levels of protein expression (Welch et al., 2009a). The second variable to 

take into account when designing constructs is the propensity of the resulting DNA to form 

secondary structures that interfere with polymerase-based assembly methods. Despite our efforts 

to optimize the robustness of our assembly protocol, the reaction will fail often if the construct 

being built is highly GC-rich or repetitive. For designing protein-coding DNA sequences, we 

recommend GeneDesign, a Web-based sequence manipulation environment that allows facile 

manipulation of codon usage, GC-bias, restriction site placement, and other design parameters 

(Richardson et al., 2010). 
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Downstream processing 

 An assembly reaction produces a heterogeneous population of molecules, some of which 

contain point mutations or structural rearrangements, such as large deletions or insertions. If 

error-free constructs are needed, then the assemblies must be cloned and screened by sequencing. 

If the constructs are to be used in a screen or selection, then it may be possible to use the 

heterogeneous assembly products directly. Error rates can be reduced by creating mismatches by 

melting and re-annealing the assemblies and depleting heteroduplexes by a MutS pulldown 

(Binkowski et al., 2005; Carr et al., 2004) or cleavage with resolvases (Bang and Church, 2007; 

Fuhrmann et al., 2005). Assemblies with frame-shift mutations can be screened for by cloning 

them in-frame to a downstream lacZ fragment or fluorescent protein (Cronan Jr and Narasimhan, 

1988; Kim et al., 2010). Error rates can be estimated by building control fluorescent protein 

assemblies, which allow the error rate to be estimated by counting colonies or performing flow 

cytometry. Such protein function assays give an accurate error rate estimate if most errors are 

deletions and insertions. However, due to the degeneracy of the genetic code and the stability of 

protein function in the face of some residue substitutions, function-based screens underestimate 

the error rate if there are many transitions and transversions. 

A.4.3  Troubleshooting 

No assembly products or products that are too short 

 Assembly of GC-rich or repetitive sequences sometimes proves challenging. We have 

found that most of the time this problem can be solved by increasing the amount of processed 

assembly subpool DNA added to the assembly reaction. At 5 to 20 ng/µl, the highest assembly 

subpool concentrations tested, we were able to get a correctly sized band for ∼95% of the 

difficult templates tested (Kosuri et al., 2010). Assembly reactions can be further optimized by 
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introducing PCR additives that increase specificity and reduce DNA secondary structure, such as 

betaine and dimethyl sulfoxide (DMSO) (Henke et al., 1997; Winship, 1989). Similarly, varying 

annealing temperature or the concentrations of magnesium ions and deoxynucleotides may alter 

PCR performance (Cobb and Clarkson, 1994; Roux, 1995). 

Assembly results in short side-products 

 Gel-isolate the band of the correct size and re-amplify using the appropriate construction 

primers (see section A.3.5). 

Assembly results in high-molecular-weight smears 

This is typically caused by “over-amplifying” the template, which happens when PCR 

primers run out, causing the amplicon molecules to generate long fusions by mispriming off each 

other (Bell and DeMarini, 1991). This can be avoided by decreasing the number of amplification 

cycles, increasing the concentration of construction primers, decreasing the amount of post-

assembly DNA added to the assembly amplification reaction, shortening extension times, or 

optimizing PCR specificity as described in the section on troubleshooting a lack of assembly 

products. 

Synthesized genes have high error rates 

 Errors can be introduced during the chemical synthesis of DNA on a chip or at any of the 

subsequent enzymatic steps. Sequencing at various points of the synthesis workflow may help 

detect the processes that introduce the most error. Error detection or depletion techniques can be 

introduced after the assembly amplification step, some of which are described in greater detail 

within the Downstream processing section of section A.3.5. 

Loss of DNA during reaction cleanups 
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 Our protocols rely on using QIAGEN’s column-based PCR cleanups that have reduced 

recovery of double-stranded DNA shorter than 100 bp, and no recovery of DNA shorter than 40 

bp. It is important to keep track of how the DNA length changes at each step of the protocol, as it 

decreases after both the assembly sub-pool amplification and the BtsI digest. If DNA is lost 

during cleanups in a size-dependent manner, then it is best to switch to either a different column-

based cleanup kit or to use alternative methods such as magnetic beads (Hawkins et al., 1994; 

Rudi et al., 1997; Wiley et al., 2009). 

A.4.4  Anticipated results 

 The proctocol described in section A.3.1 will generate a FASTA file with the sequences 

of the oligonucleotides that need to be synthesized on the DNA chip. After the oligonucleotides 

have been synthesized and cleaved off the array surface, they will be amplified first into plate 

subpool and then into assembly subpools, as described in section A.3.2. Running each sample 

out on an agarose or a polyacrylamide gel should result only bands that correspond to the 

expected lengths of the DNA species in each subpool. Note assembly subpools will be shorter 

than the plate subpools because plate-specific prim-ing sites flank the assembly-specific priming 

sites. The protocol described in section A.3.3 will result in the removal of the assembly-specific 

priming sites. Gel electrophoresis will reveal bands corresponding to the cleaved-off priming 

sites, the members of the assembly subpool with the priming sites removed, and partially 

digested DNA cut on just one of the two sides. The protocol in section A.3.4 should result in 

full-length assemblies, some of which may have to be gel-isolated or, if the assembly 

amplification yields were low, re-amplified from a gel-isolated sample. The constructs are ready 

to be used for downstream applications once they produce a single band of the expected size 

when resolved by gel electrophoresis. 
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A.4.5  Time considerations 

 Going from a list of sequences to be built to a chip design should take a couple of hours. 

Once both the DNA chip and the amplification primers have been synthesized, the synthesis 

process should take 1 to 2 days, though assembling a large number of constructs will increase the 

amount of time spent setting up reactions (and, conversely, automation will reduce it 

significantly). Post-assembly gel-isolation and re-amplification typically add an additional day of 

work. 
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