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Abstract

To engineer novel biological systems, we need to change the genetic code of existing biological materials, not by making a few changes as current methods allow us to do but rather by making lots and lots of changes in a fast, cheap and reliable way. Just as “plug-ins” provide new or improved functions to existing computer programs, the current tools of molecular biology allow for piecemeal modification to genetic programs, adding functionality but often complexity and clumsiness as well. In this essay I will describe two approaches to biological programming, ad hoc adjustment and complete refactoring, as applied to the simple genome of the bacteriophage M13. With both approaches, I will show how the application of a foundational engineering concept, namely standardization, enables more reliable and elegant genetic programming and can give rise to a platform with more flexibility and fewer restrictions.

1
Introduction
“Many times over, individuals and groups have adapted and applied different resources from nature to the service of human needs such as shelter, food, health and happiness; notably, natural resources are limited while our needs, in aggregate, may be unbounded. In this context, we should attempt to develop foundational technologies that make it easier and more efficient to satisfy human needs.”
 Most engineering disciplines have made its way to find reliable, routine, and efficient processes. Underlying these processes are fundamental engineering principles, which biologists and engineers are just starting to apply to biology. What could be more natural than turning to the workings of life and nature itself to satisfy our needs? 
The era of synthetic biology began in the late 1970s, when restriction nucleases were used to construct and evaluate new gene arrangements.
 Three decades later, however, we are left with expensive, unreliable, ad hoc research processes for engineering synthetic biological systems. And so, some biological engineers are now focusing on developing foundational technologies to find an easier way of designing and constructing engineered biological systems. 
Some of the major challenges biological engineers are confronted with are biological complexity, unreliability of construction and characterization of systems, spontaneous physical variation, and evolution.1 These challenges make genetic manipulations extremely difficult. However, there are powerful engineering principles that can be applied to help refine such biological content. Standardization is one of them. In other engineering disciplines, standards such as screw threads, units of measure, internet addresses, etc exist. In biology, some of the standards available are for DNA sequence data, enzyme nomenclature, and restriction endonuclease activities. However, standards are still underdeveloped for basic biological functions, experimental measurements, and system operation.1 Standards in defining, describing, and characterizing basic biological parts as well as standardizing conditions for combining those parts can be extremely helpful in biological engineering.
Study of phage greatly expanded our current understanding of genetics and molecular biology.
 Similarly, applying these engineering principles, first to simple phages may lead to greater understanding of synthetic biology. M13 is one of the few bacteriophages that are well characterized. And so, there are resources such as full sequence data, defined functionally relevant parts, and structural data that can make possible a successful and complete renovation of the M13 genome. The complexity within the architecture of the M13 genome presents difficulty for manipulation; however, successful renovation will make it a better substrate for further engineering.3 Methods of molecular biology (ad hoc processes) and refactoring will be implemented on the M13K07 genome to compare both methods’ potential to build fast, cheap, and reliable biological systems in light of standardization.
2
Body

2.1
Part 1: How it’s built: M13 as a test case

There are up to a million bacterial cells, which roughly translates to about 10^12th DNA base pairs and approximately 10^10th bacteriophages in every milliliter of seawater.3 Most bacteriophages are uncharacterized, but a few are very well characterized, such as the M13. 

2.1.1 M13 Physical Composition
M13 has a long (~900nm), narrow (~20nm) protein coat. It encases a small single stranded DNA genome, which encodes eleven proteins: five are exposed on the phage coat, and six play an important role in phage maturation inside the infected E. coli host. 3
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The phage coat of a wild type M13 particle is mainly composed of ~2700 copies of pVIII (or p8) proteins, which are encoded by gene VIII (or g8). The number of proteins on the phage coat depends on the size of the single stranded DNA that the phage encapsulates. A wild type M13 is ~900nm long.3 (figure 1) 
At the ends of the filament, there are two pairs of proteins: p9 and its companion protein p7, and p3 and its companion protein p6. p9 and p3 are more exposed, where as the companion proteins, p7 and p6 respectively, are more buried. The p9 and p7 form the blunt end, and the p3 and p6 form the rounded tip.3
2.1.2 [image: image3.png]


M13 Life Cycle

M13 is a non-lytic virus.  The stages in its lifecycle are infection, replication of the viral genome, assembly and release of new viral particles from the E. coli host. 

M13 uses the tip of a protein called pIII (or p3), to make contact with the F pilus of E. coli to initiate infection. The single stranded phage genome enters the bacterial cell cytoplasm, where it is converted to its double stranded replicative form by the host proteins. This is then used as a template for phage gene expression. 

After infection, the genome amplified by pII (or p2), pV (or p5), and pX (or p10). The p2 allows replication to occur by initiating the replication of the + strand.  Double stranded DNA results from host enzymes copying the replicated + strand. Some of the + strands are sequestered by p5 for DNA to be packaged for new phage particles. The p10 allows + strands to accumulate, by regulating the number of double stranded DNA in the host. 

The pIV (p4), pI (p1) and pXI (p11) are required for phage maturation. Twelve to fourteen of p4 assemble in the outer membrane into a stable barrel-shaped structure. Five to six copies each of the p1 and p11 proteins assemble in the bacterial inner membrane. Mature phages are secreted from the bacterial host through channels formed by the p1, p11, p4 complex.
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Phage secretion is initiated by the interaction between the p5-single stranded DNA complex and two minor phage coat proteins, p9 and p7. The p5 proteins are then replaced by p8 proteins and the growing phage filament is threaded through the p1, p11, p4 channel. When the phage DNA is coated with p8, the p3/ p6 cap is added, and the new phage detaches from the bacterial surface. 

On the right is a table summarizing the eleven proteins and their functions.

2.1.3 Size and Organization of M13 Genome

The entire M13K07 genome is 8.7 kb long. In the genome, there are a significant number of overlaps among promoters, ribosome binding sites, and gene coding regions. Generally, proteins involved in similar functions are often encoded by genes that are close, overlapping, or sometimes within each other. For example, g10 is embedded in g2, which is then followed by g5. Their proteins (p10, p2, and p5) are all involved in the replication of DNA post-infection. Immediately downstream of g5 are g7, g9, and g8, which are linked at the end of each gene with the overlapping sequence ATGA—the end is a beginning of another. In addition, their promoter and ribosome binding sites (RBS) are embedded in the upstream gene. In the same way, g8 also includes the promoter of g3. g3 is followed by g6, then g1, which contains g11 and overlaps with the beginning portion of g4. Then the rest are origin of replications and kanamycin resistance sequences. 
The figure below shows the genome of M13. The overlapping regions are in darker shades of purple and blue.
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The way that the genome is organized is extremely interesting. The order in which all the genes are arranged reflect not only interactions between the protein products, but it also reflects the entire phage cycle as a whole. 
2.1.4 Engineer-ability of M13 and Benefits

There are many overlaps among the genes, which make M13 difficult to manipulate. For example, p10 is the C-terminal portion of p2 since g10 is within g2, and one cannot manipulate p10 without affecting p2. The same is true for g11, which is within g1. There may be evolutionary benefits of the current structure in that it makes for a compact and efficient phage in nature; however, it is also possible that certain protein products may not be essential. 
M13 presents a challenge to anyone trying to engineer it; however, we have its structural data, full sequence data, and defined part functions as resources. From these, we can generate ideas about how the M13 can be re-engineered to be easier to manipulate. This process can benefit from standardizing parts of the M13 genome. If standardization was an available engineering tool, we would not only know the exact function of individual parts of the genome, but also the way that the composition of parts is expected to interact with each other. Although we know the functions of various sections of the genome, we cannot easily manipulate parts of interest because of the complexity of the genome architecture. And so figuring out a way to standardize those parts will allow more flexibility for manipulation and discovery.
Below is a table of re-engineering ideas for each of the genes.
[image: image2.png]Start-up Genome Engineering

[Protein[  Function

Re-engineering ldeas
[The genes can be modified to be sensitive to the size and content of the material being secreted, in order to increase the quality and ensure viabilty of each
PRV —— loroduct being excreted. This can be done by allowing communication (through chernical signaling, for example) to call for proteins necessary to make &

finished product. For example, j3's may be missing and the product would get "stuck”. Also, improving communication with pd to fesize the channel when
Inecessary would quicken the export rate.

replication of
[DNA + strand

[Test ifincreasing the attraction of host enzymes is beneficial to accelerate production of more double stranded phage DNA.

[phage tail
i forotein & [This protein can be modified to change shape by sensing the membrane composition (chemical/structural) of the host to prepare itsel for eficient infection
lcopies)
[v— [assembly [tow communication with p1 and p11 to be more sensitive to size and cantent of material being exported.
[v [pinds ssona[one can test if alowing/increasing p5-p10 interaction aptimizes the production of new phages,
[phage tail
M protein & |Add the abilty to extend or retract p3 by allowing communicatian (with p3) during infection.
lcopies)
[phage head
VIl & 1% Jprotein (5 [Switch the arder of p7 and B in ts genome to lear about their diferences in function in M1
lcopies)
[phage coat
VIl fprotein (2700 |Mark its nteraction with pS to see haw ssDNA is handd off before excretion
lcopies)
" oA replction A5 2 198Uy proten, it can opimize how many doute sranded ONA should be made by allocating how much DA should be spent o making protens for

Jproduction or for the final product to carry. One can test if increasing p10's interaction with pS optimizes the process





2.2 Part 2: Build to learn: M13 and piecemeal fixes

In order to learn about current molecular biology techniques, we built an M13, where the p3 protein was myc-tagged. Myc has been extensively studied, so there are antibodies available that can recognize small portions of the myc protein. If the p3 is expressed in the bacteria and on the phage, we will be able to detect the phage-myc fusion protein with an antibody. It is possible that detection may fail, because adding the myc to the protein may impair the phage from surviving, or functioning properly. However, if it is successful, we will benefit from learning about its level of tolerance to manipulation.

2.2.1 Constructing the insert & candidate
The myc gene was inserted in the middle of g3, at a restriction site (BamHI). In order to insert the myc gene, single strands that complement the BamHI overhangs were necessary. In addition, the reading frame needed to be maintained, so two additional basepairs were added after the complementary sequence and before the myc gene sequence. For the additional amino acid, the amino acids surrounding this position were both acidic, so we chose a neutral over a basic amino acid. Finally, we changed the last base pair though silent mutation in the myc sequence, in order to prevent regeneration of the original restriction site.

The insert was ordered and was ligated into the backbone of M13K07. The ligation was then used to transform an E. coli strain, to obtain candidates that may possibly have the desired plasmid DNA. Through miniprep and analytical digests, one candidate was chosen for western analysis. 

2.2.2 Western Data and Plaque Assay

Currently, the western analysis and plaque assay are incomplete. The following explains how the pending results can provide insight.
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Western analysis was done for bacterial cells expressing the myc-tagged p3 and the supernatant from that strain. Proteins from cells and phage (assuming that they are there) were obtained by lysing them in SDS and BME containing buffer. The proteins were separated through SDS-PAGE method, and blotted. The western blots will be covered with primary antibodies, then secondary antibodies, which will be detectable when bound to the primary antibodies. There were duplicates of the samples loaded on the protein gel, so that one copy can be covered with the p3 specific antibody, and the other can be covered with the myc specific antibody. If the myc insert successfully integrated into the M13K07 genome, then the secondary antibody is expected to show color for both cases. If there is no color detected by the myc specific antibody, but color is detected for the p3 specific antibody, this suggests that the insert failed to integrate. If there is no color for both, then we can conclude that the myc is preventing p3 from being expressed. Two positive controls of for the p3 protein and myc protein were done to ensure that their respective antibodies work.
The plaque assay provides a way to see if the supernatant contained phages that were reproduced by bacterial cells. These results can be compared to the plaque assay done by using the original M13 phages. If there are plaques, then it means that the myc-tagged M13K07 is functional. 
2.2.3 Evaluation of Molecular Biology Technique

During the construction of the myc insert, I encountered the difficulty of manipulating physical DNA. There were many variables to consider, such as reading frame, amino acid sequence, and creation and elimination of enzyme cut sites. In addition, this molecular biology approach was very case specific to make an addition to the genome. This approach is not only slow and tedious, but also somewhat unreliable. Even though the insert may have ligated into the proper position, analytical digests results show candidates that have unexpected DNA fragments, which could be the result of the bacteria rearranging the new genome structure during transformation. This makes the success of the procedure dependent on luck to a certain degree. 
The two different parts of this task was design and construction. Throughout the process, the level of expertise required more breadth than depth. To make this engineering process more robust, the two parts should be separated so that the level of expertise can deepen. Just like when a car is put together, the task of the designer is highly specialized and separate from that of the manufacturer. A similar principle should be applied to designing and constructing DNA.
The main problem, however, is that the M13 genome is difficult to manipulate. Having well-defined and well-characterized basic biological parts within the M13 genome, specifically within g3, to allow protein tagging is one way of applying the principle of standardization. 

2.3 Part 3: Learn to build: Refactored M13

“Refactoring is a process typically used to improve the design of legacy computer software.”
  “The general goal of refactoring is to improve the internal structure of an existing system for future use, while simultaneously maintaining external system function.”
 As stated before, we are attempting to completely renovate the M13 genome to make it easier to manipulate, and refactoring is an essential tool in this process.
A major part of refactoring a section of the M13K07 genome (HpaI site - BamHI site) was separating overlapping genes and inserting handles (enzyme sites) in between to make insertions and deletions easier. On the Registry of Standard Biological Parts website, I made a “basic” part for each gene, where a part usually consisted of restriction site A, the promoter (if there is one), the ribosome binding site (RBS), the coding region, then restriction site A again. Each part had different restriction sites that were added both in the beginning and the end. The reason for having two of the same restriction sites within a part is so that the gene can easily be deleted and the backbone ligated. In addition, having different restriction sites for different parts eliminates concerns about orientation for inserts. The general layout of the entire section that was being refactored was: -HpaI-g2\\E1 g10 E1//\\E2 g5 E2//\\E3 g7 E3//\\E4 g9 E4//\\E5 g8 E5//g3-BamHI- (E1 represents restriction site 1). For each gene, I identified the RBS and/or promoter region and grouped it in part with its gene. For genes that had RBS and/or promoter sequences of another gene, I changed the wobble positions of every codon to prevent homologous recombination between the repeated sequences, as well as to individualize a function of a part to a single gene. In addition, I removed (via silent mutation) start codons of an overlapping gene. Lastly, I deleted DNA sequences in between the RBS and promoter region to make each part as concise as possible.
During the process, I was following a set of instructions to refactor each part, modeling after the way T7 was refactored.6 I realize it became quite tedious. The main theme was separating overlapping genes, adding various handles (enzyme sites) at the end of each part, and getting rid of repeated sequences through silent mutations. I was going through the same procedure over and over again, and refactoring half of the M13 genome took about four to five hours. It made me wonder if a computer program could be written to do what I was doing. I think that this process of refactoring can be standardized by a set of rules for what refactoring entails. Using these rules as an input, a computer program can scan a given genome and detect where refactoring can be applied. This can be a much more efficient and reliable way of refactoring. However, what will make this possible is a standardized protocol for refactoring. 
In addition, if DNA parts were standardized, characteristics of standard DNA parts can be one of the considerations when refactoring. The computer program can screen the genome for places where those standard characteristics is needed, perhaps by detecting places in the genome that impose restrictions on manipulation, such as overlaps. In summary, there are two types of standardization involved in the idea of a computer program for refactoring: standardizing what constitutes easy-to-manipulate DNA parts, and standardizing the process of refactoring.
Compared to the ad hoc tweaking, refactoring targets a much larger scope of genetic material. It allows us to make lots of changes all at once. Standardization is important for both approaches to make change in the genome, because an understood systematic process can be accountable for what occurs during task. 
3
Conclusion
It is clear that there is a need to apply engineering principles to make current methods of synthetic biology more efficient, reliable, and fast. The reason is that collectively, there is too much unnecessary amount of time and energy spent on tedious, inefficient processes that can be improved by standardization. Some of the targets of standardization we have encountered are the biological parts, conditions for combining parts, and process of refactoring. 
We compared two ways of manipulating the genome: ad hoc processes and refactoring. The ad hoc process of myc-tagging was somewhat unreliable, complex, and slow. Refactoring was, in contrast, a faster way of tackling many issues in the genome, but a lot more was unknown. In both methods, there is a problem concerning efficiency in current protocols, and both can benefit from standardization: the ad hoc process can improve by having standardized parts within a genome, and refactoring can improve through a standardized process of organizing internal structures. An important difference, however, is that standardization applied to refactoring is more ambitious and risky, but it has potential to be much more efficient than a standardized ad hoc process. The ad hoc process provides a careful, slow and tedious means of manipulation, whereas refactoring provides a fast way to manipulate and renovate the M13 genome. In both processes, however, standardization is key to increase efficiency by eliminating restrictions on manipulation by the wild type genome architecture.
Even when everything is standardized and manipulated accordingly, there is one problem. We still do not know how to combat the effect of evolution. The sustainability of a completely renovated genome is unknown. 
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