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The field of protein engineering has been greatly augmented by the expansion of 

the genetic code using unnatural amino acids as well as the development of cell-free 

synthesis systems with high protein yield. Cell-free synthesis systems have improved 

considerably since they were first described almost 40 years ago. Residue specific 

incorporation of non-canonical amino acids into proteins is usually performed in vivo 

using amino acid auxotrophic strains and replacing the natural amino acid with an 

unnatural amino acid analog. Herein, we present an amino acid depleted cell-free protein 

synthesis system that can be used to study residue specific replacement of a natural amino 

acid by an unnatural amino acid analog. This system combines high protein expression 

yields with a high level of analog substitution in the target protein. To demonstrate the 

productivity and efficacy of a cell-free synthesis system for residue-specific incorporation 

of unnatural amino acids in vitro, we use this system to show that 5-fluorotryptophan and 

6-fluorotryptophan substituted streptavidin retain the ability to bind biotin despite protein 

wide replacement of a natural amino acid for the amino acid analog.  We envisage this 

amino acid-depleted cell-free synthesis system being an economical and convenient 

format for the high-throughput screening of a myriad of amino acid analogs with a 

variety of protein targets for the study and functional characterization of proteins 

substituted with unnatural amino acids when compared to the currently employed in vivo 
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format. We use this amino acid depleted cell-free synthesis system for the directed 

evolution of streptavidin, a protein that finds wide application in molecular biology and 

biotechnology. We evolve streptavidin using in vitro compartmentalization in emulsions 

to bind to desthiobiotin and find, at the conclusion of our experiment, that our evolved 

streptavidin variants are capable of binding to both biotin and desthiobiotin equally well.   

We also discover a set of mutations for streptavidin that are potentially powerful 

stabilizing mutations that we believe will be of great use to the greater research 

community.  
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CHAPTER 1: CELL-FREE PROTEIN SYNTHESIS, 
UNNATURAL AMINO ACID INCORPORATION INTO PROTEINS, 

AND THEIR IMPORTANCE IN DIRECTED EVOLUTION 

INTRODUCTION 

In this chapter, we first present an overview of cell-free protein synthesis, briefly 

touching upon the other cell-free protein synthesis systems currently available, and then 

focus upon the developments leading up to the E. coli cell-free synthesis system that this 

dissertation employs. Next we shall introduce unnatural amino acids, specifically with 

respect to their incorporation into proteins in vitro and in vivo. To conclude, we acquaint 

the reader with the current literature that tie cell-free protein synthesis and/or unnatural 

amino acid incorporation in proteins together in directed evolution, which is the 

intersection of science at which the work presented in this dissertation lies. 

CELL-FREE PROTEIN SYNTHESIS 

Cell-free protein synthesis systems (CFPS) can, theoretically, be made from any 

kind of cell and make use of cell-extracts that contain the essential cellular machinery 

(proteins, cofactors, ribosomes etc.) needed for transcription and translation. The roots of 

the current format of cell-free protein synthesis systems, while frequently ascribed to 

Zubay (Zubay 1973) can actually be traced further back to early work done on the 

deconvolution of the genetic code by Nirenberg and Mathei in which they used a 

rudimentary E. coli cell-free synthesis system to study ribosomal incorporation of 

radiolabeled amino acids into protein upon the addition of “polyribonucleotides” 
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(Nirenberg and Matthaei 1961). Even further back in time, the Paul Zamenick lab that 

studied the role of RNA in protein synthesis, in rat liver extracts (Hoagland, Stephenson 

et al. 1958). Much of the early work done using cell-free synthesis systems was for the 

study of the mechanisms of protein synthesis and ribosomal incorporation.  

Eukaryotic cell-free protein synthesis systems 

Today, in addition to the E. coli cell-free protein synthesis system (CFPS), 

eukaryotic Wheat germ extract, Rabbit reticulocyte lysate, Insect cell extract and even a 

human, HeLa cell based in vitro transcription translation (IVTT) are commercially 

available.  

Of the eukaryotic extracts, the wheat germ extract (WGE) is currently the most 

productive in terms of protein yields (~hundreds mg/ml). A CFPS system based on wheat 

germ was originally described in 1973 (Roberts and Paterson 1973) but was quite 

unstable and non-productive. Work done in the Endo lab to identify inhibitors of 

translation in the wheat germ and remove them from the final extract finally resulted in 

the current, robust WGE based system (Ezure, Suzuki et al. 2006). The WGE system can 

be used to express proteins from 10-360 kDa in the temperature range of 15-26 °C, 

typically uses the SP6 RNA polymerase for transcription of mRNA and the system is 

inherently capable of N-terminal methionine excision as well as N-myristoylation activity 

(Madono, Sawasaki et al. 2011).  

The rabbit reticulocyte lysate (RRL) is a lysate made from immature blood cells 

obtained in large numbers from rabbits that have been made anemic. Like mature red 
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blood cells, they too do not contain a nucleus but the cytoplasm is filled with mRNA. The 

production of non-target proteins from these endogenous mRNA was the major draw-

back of this system until Pelham and Jackson published a protocol in which they used a 

micrococcal nuclease and Ca2+ to degrade the endogenous mRNA and then added Ca2+ 

chelators that inactivated the nuclease (Pelham and Jackson 1976).  RRL protein yield is 

about 2 orders of magnitude lower than WGE and contains machinery for post-

translational modifications such as acetylation, isoprenylation and phosphorylation. It is 

only functional in a much narrower temperature range (~30 °C) and is comparatively 

expensive. 

CFPS based on Insect cell extracts and HeLa cell extracts are more recent and 

their development has been largely incumbent upon the lessons learned and tools 

developed for both prokaryotic and eukaryotic CFPS systems. Insect cell extract (ICE) is 

made from cultured insect cells from Spodoptera frugiperda or “army worm. 

Development of the ICE based CFPS system was motivated by wanting to combine the 

high recombinant protein yields of the bacullovirus insect cell expression systems with 

the convenience of the cell-free protein synthesis format but was hampered until a more 

convenient mode of cell-lysis was found (Ezure, Suzuki et al. 2006). ICE protein yields 

lie in the 10s of μg/ml (Ezure, Suzuki et al. 2006; Ezure, Suzuki et al. 2010) and the 

extracts are capable of post-translational protein modification like glycosylation (without 

the addition of canine pancreatic extracts, unlike WGE and RRL), acetylation, N-

myristoylation, phosphorylation and isoprenylation.   Human cell-based CFPS systems 

have been made from HELA (Mikami, Kobayashi et al. 2010) cells as well as from 
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hybridoma cultured cells (Mikami, Kobayashi et al. 2006), and the HeLa cell extract 

system is currently commercially available (Promega).   

Prokaryotic cell-free protein synthesis systems 

E. coli based cell-free protein synthesis systems have improved dramatically with 

respect to protein yield and format as well as breadth of application since they were first 

used for the deconvolution of the genetic code (Nirenberg and Matthaei 1961) and to 

study the flow of information from DNA to protein in biological systems (Bryan, Sugiura 

et al. 1969; Gold and Schweiger 1969; Zubay 1973).  

The high nuclease activity of bacterial lysates dictated that these initial 

experiments used bacteriophage mRNA or DNA as template for protein synthesis 

because of the difficulties of isolating mRNA from bacterial cells. Detection of protein 

products usually involved detection of their activity and quantification of protein yields 

involved via incorporation of radiolabeled amino acids into hot trichloroacetic acid 

insoluble material. The modern format of the CFPS and the analyses of protein products 

was incumbent upon other technological advancements- of note, recombinant T7 

polymerase (Tabor and Richardson 1992) which has extremely strong specificity for its 

own promoter has revolutionized CFPS (Nevin and Pratt 1991) both in cases where the 

nucleic acid template is DNA as well as mRNA, the invention of PCR (Mullis and 

Faloona 1987) allowed the synthesis of large amounts of recombinant DNA and 

Laemmli’s refinement of SDS-PAGE system(Laemmli 1970), which made for simpler 

protein characterization and quantification, to name but a few. 
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One major development that has led to prokaryotic CFPS being a practical and 

widely used tool is the increase in protein yields. Without modifications, prokaryotic 

CFPS are only productive for ~1hr. This short time-span is due to the rapid depletion of 

the high-energy phosphate pool that is depleted even in the absence of protein synthesis. 

The free phosphates released complex with magnesium ions in the reaction and inhibit 

productivity further. Researchers have approached this problem from many different 

directions. Spirin and coworkers devised a format-based solution to this problem called 

continuous-flow cell-free (CFCF). Their reaction chamber had an ultrafiltration 

membrane as its base and had a slow but continuous feed of LMW mix added to the 

reaction chamber, as well as a slow but continuous removal of reaction mix through the 

ultrafiltration membrane. This extended the life of the IVTT reaction to 20 hours and 

yielded two orders of magnitude more protein but was completely incompatible with one 

of CFPS main selling-points: High throughput protein production (Spirin, Baranov et al. 

1988). Following the same principle in a much more practical format, the continuous 

exchange cell-free separates the lysate and template from the low molecular weight 

(LMW) mix by a dialysis membrane. Amino acids and energy mix components diffuse 

passively between the two compartments but the higher molecular weight lysate 

components and protein product remain confined to their chamber. Larger quantities of 

LMW mix can be used, increasing the duration of the reaction and the diffusion of 

depleted phosphates away from the lysate allowing for higher protein yield over a longer 

reaction duration (Kim and Choi 1996). 
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Swartz and coworkers and Kim, Choi, and coworkers have done notable work in 

improving the cost, duration of reaction, lysate production and efficient energy 

regeneration systems for CFPS using a combination of metabolic engineering of the cells 

used to make the lysate, modification of the growth media of the cells as well as 

modification of the LMW mix and energy regeneration system.  

Economical Energy regeneration systems: Initial work involved periodic 

addition of the energy source (Phosphoenol pyruvate, PEP) to increase the duration of the 

reaction ~4 times to 80 minutes. Addition of magnesium ions further extended the 

reaction duration to 2 hours (Kim and Swartz 2000). An improvement of this procedure 

made use of creatine kinase which is not natural to E. coli and so is consumed by fewer 

metabolic enzymes/pathways in the lysate compared to PEP (Kim, Keum et al. 2006). A 

further improvement circumvented the problems posed by substrate-level 

phosphorylation of ATP by addition of pyruvate oxidase from Lactobacillus or 

Pediococcus and pyruvate that catalyzed the regeneration of ATP via condensation of 

pyruvate and inorganic phosphate to acetyl phosphate which is then catalyzed by 

endogenous acetate kinase to regenerate ATP. However, while pyruvate is cheaper than 

PEP, the necessity of adding pyruvate oxidase drove up the cost of this reaction format 

substantially (Kim and Swartz 1999). In addition, the need for molecular oxygen for this 

reaction meant that batch reactions could not easily be scaled up. To eliminate the need 

for exogenous enzyme and oxygen, the next step was to activate an endogenous pathway 

utilizing pyruvate dehydrogenase and phosphotransacetylase. This required the addition 

of CoA and NAD cofactors to the reaction that now allowed condensation of pyruvate to 
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make Acetyl-CoA which is then converted to acetylposphate by 

phosphoacetyltransferase. In addition, supplementation of sodium oxalate to the reaction 

slowed the degradation of PEP by PEP synthase in a nonproductive manner. This format 

was dubbed the PANox system and yielded ~300 mg/ml of protein in a batch reaction 

(Kim and Swartz 2001). Supplementation of Glucose-6-phosphate, Fructose-1,6-

biphosphate were also examined as energy sources in the PANox system and found to 

extend ATP supply (Kim and Swartz 2001; Kim, Keum et al. 2007). The authors also 

examined the possibility of using glucose as a cheap energy source (Kim and Kim 2009).     

Streamlining E. coli lysate production for CFPS: The method for E. coli lysate 

(also known as S30 lysate) production as detailed by Pratt remained unaltered for decades 

until Swartz and coworkers undertook a systematic analysis of how each step in the 

procedure effected the final protein yield and eliminated steps that were non productive 

with regards to protein yield overall (Liu, Zawada et al. 2005; Yang, Patel et al. 2012). 

Part of the improvements came from the overall shorter time from elimination of 

unnecessary steps needed to make the lysate which improved protein yields. A further 

improvement in this respect led to the development of the more crude S12 lysate. 

Elimination of the dialysis steps reduces the overall time needed to make the lysate and 

also yields a more productive lysate that is compatible with glucose as an energy system 

because it retains many of the cofactors needed that are, when making an S30 lysate, 

removed during the dialysis step.   

Amino acid stabilization: Besides consumption of energy substrates, Swartz and 

coworkers also noted the degradation of amino acids serine, arginine, tryptophan, 
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cysteine and tyrosine by endogenous enzymes. This amino acid degradation reduces the 

useful lifetime of the CFPS reactions. To improve on this, they identified the amino acid 

catabolizing enzymes and mutagenized them to generate a strain of E. coli that, when 

used to make S30 lysate, had reduced amino acid depletion (Michel-Reydellet, Calhoun 

et al. 2004; Calhoun and Swartz 2006). In addition, tryptophanase activity was repressed 

by the addition of glucose to the growth medium (catabolite repression) and phosphatase 

activity reduced by the addition of phosphates (Kim and Choi 2001). 

Other noteworthy modifications of CFPS: Protein folding, even of proteins that 

are notoriously poor folders, can be improved in IVTT reactions by the addition of 

purified chaperones (Ryabova, Desplancq et al. 1997; Jiang, Ookubo et al. 2002). In the 

same vein, CFPS has been found to be very useful for the study of membrane proteins. 

The usual problems of folding, cytotoxicity, and low yields when these membrane 

proteins are expressed in vivo are easily circumvented in vitro by the addition of 

detergents or lipid mixtures and coexpression with their cognate protein partner (Elbaz, 

Steiner-Mordoch et al. 2004; Klammt, Lohr et al. 2004). Prokaryotic CFPS systems have 

also been altered to allow the formation of disulfide bonds by preincubating the S30 

lysate with oxidized glutathione to result in an optimum redox environment (Oh, Kim et 

al. 2006). Prokaryotic CFPS have also been used to make N-linked glycoproteins by 

adding purified N-linked glycosylation pathway component proteins to an E. coli based 

IVTT (Guarino and DeLisa 2012). 

Overall, over the last 20 years, prokaryotic CFPS systems have seen an increase 

in the duration of the reaction from ~30 minutes to ~12 hours and increase in yield to 
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>1.5 mg/ml (batch format) (Katzen, Chang et al. 2005; Carlson, Gan et al. 2011) greatly 

enhancing their functionality in the lab. 

Other cell-free extract systems 

As stated before, cell integrity is not required for protein synthesis to occur and 

translation can, theoretically, be performed in lysates made from any cell-type from any 

organism. While the overview above has focused only on those lysates that are 

commercially available and in (slightly) more depth on the prokaryotic CFPS system, the 

literature has many more examples of CFPS systems based on extracts from other 

organisms. A non-exhaustive list of these includes a CFPS system made with the lysate 

of a hyperthermophilic archaebacteria that was capable of producing >100 μg/ml protein 

at 65 °C (Endoh, Kanai et al. 2007), yeast cells and hybridoma cells and among many 

others (Carlson, Gan et al. 2011).   

PURE system 

A special case of the prokaryotic CFPS is the PURE system (Protein synthesis 

Using Recombinant Elements) (Shimizu, Inoue et al. 2001). It consists of a transcription 

and translation system that is reconstituted from purified recombinant components from 

E. coli. In theory, it obviates every problem ascribed to prokaryotic CFPS as described in 

the sections above. Protease degradation of synthesized protein, translation-independent 

consumption of ATP and degradation of amino acids cease to be problems in the PURE 

system because no proteases or otherwise superfluous enzymes are added to the system 
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and so on. One of the biggest criticisms of the prokaryotic CFPS system (especially 

before the work by Swartz and Kim and Choi labs) was their “black box” aspect, i.e., 

because of a lack of clarity of which processes from E. coli cells were still extant in them, 

trouble shooting failures or unexpected results was difficult and optimization usually 

involved processes leading up to, and downstream from, the “black box” IVTT reaction. 

So, even though CFPS systems were an improvement over in vivo protein expression 

because they gave researchers much more control over reaction conditions, the PURE 

system is even closer to the ideal because it is a defined transcription and translation 

system. In their groundbreaking publication in 2001, Endo and coworkers presented a 

PURE system that worked well compared to previous attempts (Kung, Redfield et al. 

1977; Ganoza, Cunningham et al. 1985; Pavlov and Ehrenberg 1996), but also 

demonstrated the exquisite control over reaction conditions the format allowed by 

production of full-length protein by suppression of a stop-codon by a chemically 

synthesized suppressor tRNA. This suggested that the system could be used for insertion 

of unnatural amino acids, site-specifically. Szostak and coworkers have since 

systematically studied the incorporation of unnatural amino acids into peptides using the 

PURE system (albeit globally, or in a residue-specific manner, rather than site-

specifically), further demonstrating the applicability of this system to protein engineering 

using unnatural amino acids. This is discussed further in the next section that deals with 

unnatural amino acid insertion into proteins.  

Sadly, there are significant drawbacks to the PURE system (at least as it currently 

stands) for routine protein synthesis. The biggest of these is the cost (whether in man-
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hours or money) of the system that requires the large-scale expression and purification of 

upwards of 30 different components to make the system. These are then carefully blended 

together to make an optimized reaction. Luckily, the system is commercially available 

and this makes small-scale studies feasible to perform, but the high cost of the system 

makes larger-scale preparative studies of target protein from PURE prohibitive. Protein 

yields are also quite low (<10% of protein yields from a comparative sized reaction of 

prokaryotic CFPS). Similarly, obtaining a properly folded protein requires the further 

preparation and addition (or purchase) of purified chaperone proteins to the reactions. 

Further drawbacks of the system as regards unnatural amino acid analog incorporation 

are discussed below and in Chapter 2. It should be noted that efforts are currently 

underway to make it easier to generate the components of the PURE system by “single-

pot” expression of multiple proteins which would allow simultaneous expression and 

purification of multiple proteins from the same culture for eventual use in the PURE 

system, which would greatly reduce the difficulties posed in making the PURE system 

(Du, Villarreal et al. 2012; Wang, Huang et al. 2012).  

Choosing a CFPS system 

Pros and cons of one CFPS system over another are largely contextual. 

Prokaryotic CFPS are the easiest to make in molecular biology labs with the use of 

standard recombinant protein purification equipment. Prokaryotic CFPS (except PURE) 

have overall higher protein yields than the eukaryotic CFPS systems. The target protein 

should certainly influence the decision, especially if it is post-translationally modified or 
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contains disulfide bonds, and since the nature of the post-translational modifications that 

are possible vary from one eukaryotic CFPS system to another, this should be taken into 

account. Standard prokaryotic CFPS are not capable of making post-translational 

modifications to proteins. There have been reports of significant batch-to-batch variations 

as well as unreliable availability for RRL based systems that are commercially available; 

this appears to be less of a problem for the WGE.  It has been claimed that WGE and 

RRL produce “high quality” proteins compared to prokaryotic CFPS and this can be 

envisaged, especially in cases where eukaryotic proteins are made in a cognate eukaryotic 

CFPS. In addition, the expression of large multidomain proteins is thought to lead to 

correctly folded and more soluble protein in eukaryotic CFPS compared to prokaryotic 

CFPS owing to a slower rate of peptide growth in eukaryotes which allows for co-

translational folding of the protein (Netzer and Hartl 1997; Hartl and Hayer-Hartl 2002; 

Tsuboi, Takeo et al. 2010).  It has been pointed out that the preparation and use of RRL 

might pose bioethical or moral questions for some researchers (Tsuboi, Takeo et al. 

2010), although the same can perhaps be argued for prokaryotic CFPS with other 

researchers (Bishop and Coutts 1994); we could not find any such issues with the 

generation or use of WGE. 

UNNATURAL AMINO ACID INCORPORATION INTO PROTEINS IN VITRO AND IN VIVO     

 The history of unnatural amino acid analogs is almost as old as the history of the 

breaking of the genetic code. The early observations of aminoacyl tRNA synthetases that 

could activate the wrong amino acid (valine activated by isoleucine AARS) led to 
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speculation that the translation apparatus could be manipulated into incorporating amino 

acid analogs (reviewed in (Hendrickson, de Crecy-Lagard et al. 2004)). The incorporation 

of unnatural amino acids into proteins has become a powerful tool for augmenting protein 

function (Chin, Martin et al. 2002; Chin, Santoro et al. 2002; Deiters, Cropp et al. 2004), 

studying protein and cellular processes (Lin, Zhang et al. 2011), creating novel functional 

proteins (Bae, Rubini et al. 2003), and expanding the functionality of laboratory-evolved 

proteins and peptides (Yoo, Link et al. 2007; Tianero, Donia et al. 2012). Over the last 

few decades, three major methodologies have been developed to introduce unnatural 

amino acids into proteins (illustrated in Figure 1-1). These methodologies include global 

amino acid replacement, site- specific incorporation, and semi-synthetic incorporation. 

These methods differ primarily in how the unnatural amino acid is introduced into 

proteins.  

Global or residue-specific amino acid replacement takes advantage of the natural 

(or partially modified) substrate flexibility of aminoacyl tRNA synthetases, the enzymes 

responsible for attaching amino acids to their appropriate tRNAs (Abbyad, Shi et al. 

2007; Johnson, Lu et al. 2010). These methodologies replace one of the twenty canonical 

amino acids with an amino acid analog via removing or limiting the availability of the 

natural amino acid such that the unnatural amino acid analog is incorporated into proteins 

instead of the natural amino acid. Residue-specific (global) amino acid replacement will 

incorporate the unnatural amino acid analog at every position within the protein in which 

the natural amino acid was encoded (e.g. tryptophan analogs replace tryptophan at every 

UGG codon encoded in the messenger RNA). This would lead to the incorporation of 
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multiple unnatural amino acids into a target protein of interest. This methodology has 

been used to incorporate over a hundred amino acid analogs into proteins (Budisa 2006), 

and has also been used to evolve proteome-wide incorporation and tolerance of unnatural 

amino acids by entire organisms (Wong 1983; Bacher and Ellington 2001; Bacher, Bull 

et al. 2003).  

In contrast, site-specific incorporation methodologies insert an unnatural amino 

acid at a ‘unique’ codon position within the protein sequence as defined by the researcher 

(usually a translation termination codon or ‘stop codon’ such as UAG). The potential of 

this approach was recognized early on through research on tRNA identity in which it was 

observed that cognate tRNAs are differentially recognized in different species 

(Hendrickson, de Crecy-Lagard et al. 2004). The work of Schultz and coworkers is 

paramount in this field because they both pioneered as well as extensively developed the 

tools for site-specific incorporation of unnatural amino acids in a site specific manner 

using engineered amino acyl tRNA synthetases and tRNA that work orthogonally to the 

cellular translational machinery (Noren, Anthony-Cahill et al. 1989). This is usually done 

using a non-sense suppressor tRNA which has been mutated to recognize the natural 

translation termination codon sequence as a sense codon. Additionally, a mutant 

orthogonal aminoacyl tRNA synthetase is often used in combination with its cognate 

suppressor tRNA to increase the productivity and specificity of protein expressed with an 

unnatural amino acid (Wang, Brock et al. 2001; Hughes and Ellington 2010). This 

methodology has led to the translational incorporation of over 50 amino acids with a 

variety of functionalities into proteins (Young and Schultz 2010).  
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The last group of methodologies used to incorporate unnatural amino acids into 

proteins are the semi-synthetic methods which link the unnatural amino acid to a 

suppressor tRNA via a combination of chemical synthesis and enzymatic ligation 

(Heckler, Chang et al. 1984; Taki, Hohsaka et al. 2001), rather than relying on the amino 

acylation activity of a tRNA synthetase. While semi-synthetic methods can be used to 

incorporate diverse unnatural amino acids beyond the somewhat limited specificities of 

aminoacyl tRNA synthetases, the amount of protein that can be produced is 

stoichiometrically limited to the amount of chemically-acylated tRNA added to the 

translation reaction. 

Choice of in vitro or in vivo protein production A comparison between the in 

vitro and in vivo methods of incorporating unnatural amino acid analogs (with respect to 

tryptophan, although the same methods are applicable for all amino acids using the 

appropriate auxotroph bacterial strain) into proteins is presented in Figure 1-2. The 

choice of which protocol to employ depends on the desired outcome. The in vitro (cell-

free) synthesis protocol yields a system that can be used to test a variety of different 

amino acids in different target proteins. By setting up small batch reactions with template 

DNA coding for different proteins and various tryptophan analogs a number of different 

combinations can be screened in short order. The template DNA used in cell-free 

synthesis can be a PCR product or plasmid. Depending on the protein produced, the 

function of the analog-substituted protein can be even be assayed directly from the cell-

free synthesis reaction. The in vitro format is also compatible with amino acid analogs 

that present difficulties in cellular uptake such as methylated tryptophans or analogs 
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which are cytotoxic to the cells. Similarly, cytotoxic proteins can be expressed in vitro as 

long as they do not inhibit the transcription and translation processes in the reaction. The 

in vivo synthesis protocol requires the choice of target protein (and corresponding DNA 

template) and analog to be made in advance but the protein yields are much higher which 

makes it the procedure of choice if a large amount of purified analog-substituted protein 

is required.  

The “correct” choice of incorporation method (site-specific, residue specific or 

semi synthetic) coupled with the “correct” format depends on the nature of the target 

protein, the nature of the unnatural amino acid and the desired outcome. For example, 

when using an unnatural amino acid analog that is not a substrate for the endogenous 

aminoacyl tRNA synthetase, one has little choice but to use an engineered orthogonal 

tRNA and aminoacyl tRNA synthetase pair, and in this case, the choice of in vivo versus 

in vitro protein production are secondary. If no such engineered tRNA-synthetase pair 

exists, the researcher must settle for semi-synthetic methods of incorporation, in 

conjunction with in vitro CFPS. When site-specifically labeling a protein, the desired 

outcome might only be a single insertion of the unnatural analog and site-specific 

labeling is well suited for this purpose, although residue-specific labeling might be 

suitable if the target protein only contains one wild-type residue of the amino acid that 

will be replaced (as is often the case with tryptophan and cysteines).    



 17 

EVOLUTION IN THE BRAVE NEW WORLD  

The proteins found in nature have been evolved by the application of selective 

pressure to perform specific tasks. These proteins can often be coopted to perform 

alternate tasks, but this requires extensive tailoring and tinkering. Protein engineers have 

for decades used a variety of different tools to this end, often aided by intrinsic 

promiscuity in protein function (Jensen 1976; Khersonsky and Tawfik 2010) but 

sometimes by sheer dint of force (Keefe and Szostak 2001; Jiang, Althoff et al. 2008). 

Over the last three decades, the fortunes of structure-based rational design of proteins 

have waxed and waned. Early on, when it was the preferred method for protein 

engineering, the protein structure and ligand interactions were used to decide which 

residues to mutate in a site-directed manner. However, because of our inchoate 

understanding of protein structure, folding, and dynamics, this path met with only limited 

success (Brannigan and Wilkinson 2002). Directed evolution of proteins relies instead on 

the screening or selection of a large number of protein variants and has been employed 

with a great deal of success (Zhao 2007). However, in accessing and surveying an 

increased sequence space (and therefore larger number of variants), researchers began to 

be limited by the limits of transformation efficiencies when screening libraries in vivo. 

This led to experimentation with cell-free systems. mRNA-display and in vitro  

compartmentalization using water-in-oil emulsions (among others) aided these endeavors 

in providing in vitro methodologies of associating genotype with phenotype (Tawfik and 

Griffiths 1998).   
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Directed evolution of proteins using CFPS obviated concerns of cytotoxicity in 

experiments which if performed in vivo require engineering of the host strain before the 

experiment can be undertaken, if they can be performed at all. The directed evolution of 

restriction endonucleases is one such case (Tawfik and Griffiths 1998; Doi, Kumadaki et 

al. 2004; Zheng and Roberts 2007). Szostak and coworkers demonstrated that using 

mRNA display, libraries of random peptides could be selected for ATP-binding and 

repeated rounds of selection, and amplification with error prone PCR could then yield 

new ATP-binding proteins that were unlike any known natural proteins (Keefe and 

Szostak 2001) in a remarkable demonstration of directed evolution in vitro using CFPS.  

A hybrid  of rational-design and directed evolution approaches has seen a great 

deal of success as well. In this approach, rational design is used to identify residues to 

mutate and these residues are mutated using saturation mutagenesis to yield a library of 

mutants that are then subjected to rounds of directed evolution during which selective 

pressure is applied. Schultz and coworkers employed this approach when evolving a 

tRNA, aminoacyl tRNA synthetase pair to recognize the unnatural amino acid O-methyl-

L-tyrosine. They mutagenized five residues in the synthetase substrate binding pocket 

and subjected the synthetase library to alternating rounds of positive and negative 

selections in vivo and were successful in evolving an aminoacyl tRNA synthetase that 

incorporated the unnatural amino acid in response to an amber stop codon. The same 

approach has been successfully used to engineer aminoacyl tRNA synthetases to 

incorporate more than 30 unnatural amino acid analogs (Wang, Brock et al. 2001; Wang, 

Xie et al. 2006). While much of this previous work is done in vivo, performing these 
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studies in vitro is not only possible, it is sometimes preferable because of the increased 

control over reaction conditions that CFPS offers. Some of the recent work of Swartz and 

coworkers as well and Ottring and coworkers exemplifies this fact. Swartz and coworkers 

have shown that site-specific incorporation of unnatural amino acids can be performed in 

vitro in CFPS even using a tyrosine analog that that is quite insoluble and not transported 

across bacterial cell membranes to capitalize on the strengths of the CFPS. Expression 

levels of aminoacyl tRNA synthetases can have a profound effect on whether an 

unnatural amino acid can be utilized as a substrate or not (Link and Tirrell 2005) and 

varying the synthetase levels in CFPS systems is simpler than in vivo, and indeed, Swartz 

and coworkers do not even purify the synthetase from the lysate before use. Levels of 

synthetase can therefor be easily varied by blending together different levels of two 

different E. coli lysates, one that contains the synthetase and one that does not. Another 

significant problem faced when site-specifically incorporating unnatural amino acid 

analogs into proteins by stop-codon suppression is the competition between release 

factors (usually RF1 because the amber codon is the most widely used) and the tRNAsup. 

Previous solutions in the literature have included anti-RF1 antibodies and an anti-RF1 

aptamer, which worked marginally well. Otting and coworkers, made an E. coli CFPS 

from a strain of E. coli in which the RF1 had been tagged with chitin-binding domains, 

allowing the selective removal of the RF1 after standard preparation of S30 lysate. This 

method of lysate preparation yields not only a highly productive E. coli CFPS, but also a 

system in which proteins can be site-specifically labeled at multiple positions (Loscha, 

Herlt et al. 2012).   
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 Unnatural amino acid incorporation in a residue specific manner (as opposed to 

site-specific) has been used to great effect to label proteins for NMR (fluorotryptophans- 

4FW, 5FW and 6FW) (Kigawa, Yabuki et al. 1999; Neerathilingam, Greene et al. 2005), 

and X-ray crystallography (selenomethionine and other methionine analogs)(Budisa, 

Steipe et al. 1995; Kigawa, Yamaguchi-Nunokawa et al. 2002) both in vivo as well as in 

vitro. Tirrell and coworkers and Budisa and coworkers have used residue specific 

unnatural amino acid incorporation in order to change the properties of proteins to great 

effect. Their work has been predominantly performed in vivo in E. coli cells. 

Replacement of canonical amino acids in proteins with other canonical amino acids can 

be fraught with difficulties because while one might be able to maintain some of the 

original properties (e.g. replacing a hydrophobic amino acid with another hydrophobic 

amino acid) other properties (structural difference between amino acids) can cause 

perturbations in protein folding and function. To this end, chemical mutagenesis using 

unnatural amino acids provide a scale of mutational perturbations that can be employed 

to study protein structure-function in a more nuanced way. Tirrell and coworkers 

replaced leucine in leucine-zipper proteins with trifluoroleucine. The choice of 

trifluoroleucine was not a casual one. They wanted to study how the increase in 

hydrophobicity would affect the protein and they noted that the alloprotein had improved 

resistance to thermal and chemical denaturation. This effect was, however, protein 

specific. Replacing all the leucines in Green fluorescent protein and chloramphenicol 

acetatyltransferase (GFP and CAT) led to loss of wild-type activity that they were able to 

regain by rounds of directed evolution and selection for wild-type function. (Tang, 
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Ghirlanda et al. 2001; Montclare and Tirrell 2006; Yoo, Link et al. 2007; Montclare, Son 

et al. 2009). In another example, replacement of proline with 4-fluoroproline in a 

collagen model peptide, raises the melting temperature by more than 50°C (Shoulders, 

Satyshur et al. 2010) and Budisa and coworkers were able to generate the novel 

fluorescent protein, Gold GFP, by replacing the tryptophans in cyan fluorescent protein 

with 4-amino tryptophan (Bae, Rubini et al. 2003; Budisa and Pal 2004; Budisa, Pal et al. 

2004). They have also shown that the aggregation behavior of prion proteins can be 

perturbed by replacement of methionine with the more hydrophobic norleucine or the 

more hydrophilic methoxyinine (Wolschner, Giese et al. 2009). Enhancing enzymatic 

activity is possibly the most common objective in protein engineering and the use of 

unnatural amino acids to achieve this end, while not widespread, has had its successes 

(Gusyatiner 2002; Ugwumba, Ozawa et al. 2010). In their study of the effects of aromatic 

groups within the catalytic site of the highly efficient catalysts bacterial 

phosphotriesterases, Jackson and coworkers mutated an active site tyrosine, site 

specifically, to tryptophan, leucine, phenylalanine, as well as the unnatural analogs L-(7-

hydroxycoumarin-4-yl)ethylglycine (Hco) and L-(7-methylcoumarin-4-yl)ethylglycine 

and found that the variant with Hco had an 8-11 -fold improvement in catalysis 

(Ugwumba, Ozawa et al. 2010). 

 Unnatural amino acid insertion, whether site-specific or residue-specific can also 

be used to synthesize and study properties of natural proteins that contain unique 

modifications that are difficult to isolate in large enough quantities from the source 

(Jimenez, Craig et al. 1997). Budisa and coworkers have used residue specific 
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incorporation to study adhesive proteins from marine mussels that contain post-

translational modifications of tyrosine, proline and arginine residues and re-design, 

express and study “sticky” proteins based on the mussel adhesive proteins (Larregola, 

Moore et al. 2012). Plants produce hundreds of unnatural amino acids for use as 

antimicrobials and this approach is now being explored by researchers in drug research. 

Two recent papers use unnatural amino acid containing peptides to study membrane 

permeability as well as enzyme inhibition (Guillen Schlippe, Hartman et al. 2012; Rafi, 

Hearn et al. 2012). The latter study by Szostak and coworkers used mRNA-display in the 

PURE system to generate cyclic peptides that contained mostly unnatural amino acids to 

select for peptides that bound tightly to, and inhibited, thrombin (Guillen Schlippe, 

Hartman et al. 2012).  

The research presented in this dissertation is at the intersection of these very 

exciting developments in protein evolution in vitro in the presence of an unnatural amino 

acid. Our target protein, streptavidin, binds to biotin extremely tightly and finds 

applications in many different aspects of biotechnology and molecular biology. In 

seeking to evolve streptavidin to bind to a biotin analog, desthiobiotin, we focused our 

efforts on chemically mutagenizing the many tryptophan residues that line the biotin-

binding pocket, which we hoped would alter the binding properties of the pocket. To 

circumvent the cytotoxicity of unnatural amino acids and the solubility problems of 

streptavidin, we first developed a cell-free protein synthesis system that had very low 

levels of endogenous tryptophan in which we could express streptavidin that had all its 

tryptophan residues globally replaced with unnatural tryptophan analogs. This process is 
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described in Chapter 2. We also compare the CFPS system that we developed with the 

PURE system with respect to protein yield and function. We screened streptavidin 

alloproteins for function and performed our directed evolution experiment with 6-

fluorotryptophan. This directed evolution of streptavidin and its results are described in 

Chapter 3. 

 

 
  



 24 

FIGURES 
 

Figure 1-1: Incorporation of unnatural amino acids into proteins.  

Global incorporation or residue- specific incorporation (left panel) requires only the 
addition of exogenous unnatural amino acid. The unnatural amino acid is charged onto 
the cellular tRNA by the endogenous tRNA synthetase and incorporated into proteins 
instead of the wild-type amino acid. Site-specific incorporation (middle panel) requires 
an exogenous tRNA and tRNA synthetase pair that function orthogonally to the cellular 
machinery. The exogenous tRNA synthetase charges the unnatural amino acid onto its 
cognate tRNA which recognizes a unique codon like a stop codon or a 4-base codon on 
the mRNA being translated. Semi-synthetic incorporation (right panel) makes use of 
chemical or enzymatic acylation to charge a suppressor tRNA with the unnatural amino 
acid. This is added to the translation system and is inserted at a unique site like a stop-
codon. 
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Figure 1-2: Procedure for in vitro and in vivo incorporation of unnatural amino 
acid.  

The work-flow for in vitro and in vivo protocols for production of unnatural amino acid-
substituted protein described in this chapter are contrasted above. 
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CHAPTER 2: AN AMINO ACID DEPLETED CELL-FREE PROTEIN 
SYNTHESIS SYSTEM FOR THE INCORPORATION OF NON-

CANONICAL AMINO ACID ANALOGS INTO PROTEINS. 

INTRODUCTION 

Modern, high-throughput protein production and screening methodologies have 

proven to be useful for drug development, structure determination, and protein 

engineering.  In particular, the cell-free synthesis of proteins offers an attractive 

alternative to traditional in vivo protein expression methodologies (Sawasaki, Ogasawara 

et al. 2002; Tao and Zhu 2006; Forstner, Leder et al. 2007). Cell-free protein synthesis 

allows the researcher to have greater control over expression conditions and can also lead 

to the expression of proteins in vitro that are otherwise difficult to express in vivo.  Cell-

free synthesis systems have been optimized for the expression of a variety of proteins, 

including membrane proteins (Schwarz, Junge et al. 2007; Isaksson, Enberg et al. 2012), 

post-translationally modified proteins (Sawasaki, Ogasawara et al. 2002; Ezure, Suzuki et 

al. 2010), and proteins containing disulfide bonds (Kim and Swartz 2004).  Cell-free 

synthesis systems have also become increasingly cost-effective and productive in 

comparison to traditional in vivo expression systems(Kim and Choi 2001; Calhoun and 

Swartz 2005; Yang, Patel et al. 2012).   

The utility of cell-free protein synthesis can be further expanded by the inclusion 

of chemically and functionally distinct unnatural amino acids to the canonical twenty 

amino acids that make up proteins in nature.  While hundreds of different non-canonical 

amino acids have been translationally incorporated into proteins, this work has primarily 
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been carried out in vivo (reviewed in (Liu and Schultz 2010)).  Many incorporation 

studies have focused on the site-specific incorporation of unnatural amino acids, usually 

via engineered, orthogonal suppression of stop-codons (Liu and Schultz 2010) or 4-base 

codons (Sisido, Ninomiya et al. 2005).   However, complete (or residue-specific) 

incorporation of an unnatural amino acid in place of a natural one can confer interesting 

structural and functional properties to proteins, from greater stability to thermal 

denaturation (Tang, Ghirlanda et al. 2001) to altered fluorescent properties in fluorescent 

proteins (Bae, Rubini et al. 2003; Yoo, Link et al. 2007).  In some cases, the simple 

replacement of a canonical amino acid with an amino acid analog is sufficient to confer 

these properties (Tang, Ghirlanda et al. 2001; Bae, Rubini et al. 2003), while in others, 

additional protein evolution was needed for the unnatural amino acid-substituted protein 

to regain function (Montclare and Tirrell 2006; Yoo, Link et al. 2007).   

Residue specific incorporation is usually performed with analogs that are 

compatible with the cellular translation machinery; for example, replacing all 

methionines with selenomethionines (Budisa, Steipe et al. 1995; Kigawa, Yamaguchi-

Nunokawa et al. 2002), or replacing all tryptophans with fluorinated tryptophan analogs 

(Bacher and Ellington 2001; Mat, Xue et al. 2010). Residue specific incorporation 

methods can be challenging because even a small amount of the contaminating natural 

amino acid can lead to the production of low levels of wild-type protein or partially 

analog-substituted protein which can confound the characterization of the analog-

substituted protein.  In contrast, site-specific incorporation typically uses an engineered 

tRNA synthetase-tRNA pair which is orthogonal to the cellular synthetases and tRNAs 
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and is specific for an unnatural amino acid (in theory, (Nehring, Budisa et al. 2012)) 

which is generally inserted across from a single, engineered stop codon.  

The two most widely used methods for the in vivo residue-specific incorporation 

of unnatural amino acids throughout a protein, sometimes referred to as selective pressure 

incorporation (SPI), or media-shift and induction, involve first growing amino acid 

auxotrophic bacterial strains that can express a protein of interest with the natural amino 

acid, and then substituting the natural amino acid for the amino acid analog and inducing 

expression of the protein of choice ((Lepthien, Merkel et al. 2010), (Kwon and Tirrell 

2007)).  However, this method is of limited utility when a given amino acid analog is 

toxic or cannot be taken up by the cell.  Unnatural amino acid analogs can be toxic to 

cells to varying degrees depending on their compatibility with the cellular proteome. This 

usually results in lower yields of the analog-substituted protein compared to the wild-type 

protein, due to the cytotoxic effects of the unnatural amino acid analog itself, as well as 

reduced (less than 100%) substitution of the amino acid analog for the natural amino 

acid.  For example, replacement of leucine with trifluoroleucine resulted in a relative 

yield of 60% of an analog-substituted coiled-coil domain protein when compared to the 

expression of the same protein with natural amino acids, with a final incorporation 

efficiency of 90% (Montclare, Son et al. 2009).  Similarly, replacement of methionine 

with telluromethionine resulted in only 75.7% replacement (Budisa, Steipe et al. 1995), 

while replacement of tryptophan with 4-,5-, 6- and 7- fluorotryptophan and other 

tryptophan analogs generally yielded a background of ~ 4% unsubstituted (natural amino 

acid containing) protein (Budisa, Pal et al. 2004).   
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In contrast, cell-free protein synthesis is not limited by the cytotoxic effects of the 

amino acid analogs to the expression strains or the amino acid transport limitations of the 

amino acid analogs themselves (Budisa and Pal 2004).  Since cytotoxic effects are 

irrelevant in cell-free synthesis systems, discrepancies between analog-substituted protein 

yields and wild-type protein yields will reflect the suitability of an amino acid analog as a 

substrate for translational machinery.  Additionally, as long as the expressed protein does 

not interfere with transcription or translation, cell-free protein synthesis can also be used 

to produce toxic proteins substituted with unnatural amino acid analogs.  The greater 

control over the reaction components afforded by cell-free synthesis systems should 

make higher substitution efficiencies possible.  In this chapter, we describe the 

production of an amino acid depleted E. coli cell-free lysate for the global replacement of 

a canonical amino acid (tryptophan) with synthetic amino acid analogs.  Tryptophan is 

present in the lowest amount of all the amino acids in the E.coli proteome (~1%,(Sharp 

and Li 1987)) and we postulated that it might therefore be the easiest to deplete from an 

E.coli cell-free lysate.  We then used this tryptophan-depleted cell-free synthesis system 

to express streptavidins modified with amino acid analogs, and evaluated the impact of 

complete analog substitution on protein function. Using this system, we obtained 100% 

analog incorporation efficiency, which represents a significant improvement over 

previously reported residue-specific incorporation methods done in vivo (Pratt and Ho 

1975; Budisa, Steipe et al. 1995; Budisa, Pal et al. 2004; Montclare, Son et al. 2009).  We 

believe that this methodology represents a significant improvement over commercially 

available cell-free lysates and traditional cell-free lysate preparation methods for the 
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residue-specific incorporation of amino acid analogs into proteins in vitro, and also 

represents an efficient and economical alternative to recombinant translation systems 

such as the PURE system for the incorporation of amino acid analogs into proteins.     

MATERIALS AND METHODS 

Materials 

E. coli strain BL21(DE3) was obtained from Life Technologies (Carlsbad, CA).  

T7 RNA polymerase was obtained from Epicentre Biotechnologies (Madison, WI).  All 

chemicals and reagents were either molecular biology or ACS grade and obtained from 

Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Rockford, IL). All primers and 

oligonucleotides were purchased from IDT (Coralville, IA) Solutions were made in 

sterile, deionized water in triple-rinsed glassware.     

BL21(DE3)ΔtrpC Tryptophan Auxotrophic Strain Construction   

 (This work was done by Randall Hughes in the Ellington lab). The trpC 

gene encoding the bifunctional N-(5-phosphoribosyl)anthranilate isomerase and indole-3-

glycerolphosphate synthetase was inactivated by insertion of a GrpII Intron into the 

protein coding sequence.  The GrpII intron was ‘re-targeted’ to the trpC gene using oligos 

IBS1/2-1: 5’-

AAAAAAGCTTATAATTATCCTTACATCACGGATCAGTGCGCCCAGATAGGGT

G-3’, EBS1/delta-1: 5’-

CAGATTGTACAAATGTGGTGATAACAGATAAGTCGGATCACGTAACTTACCT
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TTCTTTGT-3’, EBS2: 5’-

TGAACGCAAGTTTCTAATTTCGGTTTGATGTCGATAGAGGAAAGTGTCT-3’, 

EBS/delta-2: 5’-

CAGATTGTACAAATGTGGTGATAACAGATAAGTTGGATCACGTAACTTACCT

TTCTTTGT-3’, IBS1/2-2: 5’-

AAAAAAGCTTATAATTATCCTTACATCATGGATCAGTGCGCCCAGATAGGGT

G-3’ to generate a portion of the Intron sequence using the intron expression vector 

pACD3 as the template for PCR.  The retargeted intron fragments were spliced together 

by overlap extension PCR and then digested with HindIII and BsrGI restriction enzymes 

followed by ligation into a similarly digested pACD3 vector (Perutka, Wang et al. 2004).  

The trpC-targeted GrpII intron expressing vector was transformed into BL21(DE3). A 

3mL culture of the BL21(DE3) containing the retargeted pACD3 intron expression vector 

was grown to an OD600 ~0.3 in Luria Broth containing 34µg/mL chloramphenicol, 

whereupon the expression of the intron was induced by adding IPTG to a final 

concentration of 0.5mM.  The induced culture was grown at 37°C for 3 hours.  After this 

incubation period, the culture was centrifuged at 4,000g to pellet the cells.  The cells were 

then washed once in Mueller Hinton Broth followed by a final resuspension of the cell 

pellet in 5mL of Mueller Hinton Broth.  The resuspended culture was incubated at 30°C 

for 30 minutes whereupon 50µL of the culture was removed to inoculate a fresh 3mL 

culture of Mueller Hinton Broth containing 1µg/mL trimethoprim.  The culture was 

grown overnight at 37°C.  The chloramphenicol resistant pACD3 intron vector was cured 

from the strain by replicative growth on LB media lacking chloramphenicol.  Inactivation 
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of the trpC gene by the GrpII intron was verified by colony PCR using intron specific 

primers and the tryptophan auxotrophy of the strain confirmed by comparing growth on 

minimal media with and without supplemented tryptophan.   

Preparation of S30 lysate 

Medium G was prepared as described previously (Wong 1983) and supplemented 

with 100mM Glucose, 22mM NaH2PO4 and 40mM Na2HPO4 to give Medium G-PG. 

1L of the medium was further supplemented with 20 mg of tryptophan, inoculated with a 

1:100 dilution of an overnight culture of E.coli BL21(DE3)ΔtrpC and grown to mid-log 

at 37°C with shaking. The cells were then spun down at 6000×g at 16°C and washed once 

with phosphate buffered saline and then resuspended in 1L of Medium G-PG lacking 

tryptophan, and incubated at 37°C with shaking for 50 minutes. The cells were then spun 

down and washed twice with S30 Buffer A (10mM Tris-acetate buffer (pH 8.2), 14mM 

Mg(OAc)2, 60mM KOAc, 1mM DTT, and 0.5ml/L 2-mercaptoethanol).  Following the 

final wash step the cell pellet was flash frozen in either liquid nitrogen or a dry ice-

ethanol bath and stored at -80°C for no more than 2 days. 

The frozen cells were thawed on ice and resuspended in 1mL of S30 Buffer B 

(Buffer A without 2-mercaptoethanol) per gram of bacterial cell pellet.  The resuspended 

cells were then further lysed using a single pass through a French pressure cell press 

(Thermo Fisher, Rockford, IL) at 3000psi.  The bacterial cell lysate was collected on ice 

and then centrifuged at 30,000×g for 30 minutes at 4°C.  The cleared cell lysate was 

decanted into a clean centrifuge tube and centrifuged again at 30,000×g for 30 minutes at 
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4°C.  The resulting supernatant was incubated at 37°C with shaking for 80 minutes to 

clear bound endogenous mRNA from transcription and translation enzymes and 

ribosomes.  Following this incubation period the lysate was dialyzed in Slide-A-Lyser 

(Pierce) dialysis cassettes with a 7000Da MWCO.   The buffer was exchanged three 

times, at 4°C against 75-100 volumes S30 Buffer B. The first buffer exchange was 

performed after 8 hours, followed by two shorter exchanges of 45 minutes each. 

Subsequent to this, the bacterial cell lysate was carefully removed from the dialysis 

cassette and centrifuged at 4000×g for 10 minutes at 4°C.  The resulting S30 lysate was 

aliquotted into chilled tubes on ice and flash frozen in liquid nitrogen or a ethanol/dry ice 

bath and stored at -80°C till further use. 

DNA Template Design and Purification 

pSA, a pCR2.1 plasmid encoding streptavidin (residues 13-139) flanked upstream 

and downstream by sequences optimized for in vitro transcription and translation 

including a T7 promoter and ribosome binding site and T7 terminator (Levy and 

Ellington 2008) was used as the plasmid template for expression of streptavidin protein. 

The plasmid was purified using the Qiagen Midi prep kit (Qiagen) and quantitated using 

a Nanodrop ND-1000 spectrophotometer. GFP control vector (Roche) was added at the 

indicated concentrations as a template for GFP protein.     
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In vitro Transcription and Translation (IVTT) Reactions   

Each 50µl IVTT reaction contained 17.5µl of S30 lysate, 2.5µl of Ampliscribe T7 

RNA polymerase (Epicenter Biotechnologies), between 50 and 250ng template DNA, 

55mM Hepes-KOH (pH 7.5) containing 1.7mM DTT, 1.2mM ATP (pH 7), 0.8mM each 

of CTP, GTP and UTP, 4.0% PEG 8000, 0.64mM 3’, 5’-cAMP, 68µM L(-)-5-formyl-

5,6,7,8-tetrahydrofolic acid, 80mM Creatine phosphate (Roche), 250µg/ml Creatine 

Kinase (Roche), 175µg/ml E. coli total tRNA (Roche), 210mM potassium glutamate, 

27.5 mM ammonium acetate, 10.7 mM magnesium acetate and 2.0mM of all the amino 

acids except tryptophan. Tryptophan or a tryptophan analog were added to a final 

concentration of 2mM. 2μL S35 labeled methionine (Specific activity>1000Ci) (Perkin 

Elmer) was supplemented into the reactions, where indicated, to radiolabel proteins. 

Unless otherwise mentioned, 2μL of 1 mg/mL Salmon sperm DNA (Invitrogen) was 

supplemented in the reactions when linear template DNA was used. Reactions were 

incubated at 30°C for 2-4 hours and then stored at 4°C until use.  A 5µl aliquot of the 

IVTT reaction was acetone precipitated before running on a SDS-PAGE gel.  

Protein samples were run on NuPage 4-12% Bis-tris gels (Life Technologies) 

with MOPS buffer or Pierce Precise 4-20% precast gels with Tris-HEPES buffer.  

SeeBlue Plus 2 prestained protein ladder (Invitrogen) was used except where indicated.  

Gel transfers onto 0.45µm  nitrocellulose membrane (Invitrogen) were performed using 

the NuPage X-cel II transfer system (Invitrogen) according to manufacturer’s 

instructions. Western Blots were blotted in phosphate buffered saline with 0.05% 

Tween20 (PBST) containing 5% milk powder.   The blots were washed in PBST, probed 
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with anti-polyHistidine-alkaline phosphatase conjugated antibody (A5588, Sigma-

Aldrich) and developed using Western Blue stabilized substrate for alkaline phosphtase 

(Promega). Quantitative westerns were performed the same way except the nitrocellulose 

membrane was probed with anti-polyHistidine-Perioxidase conjugated antibody (A7058, 

Sigma-Aldrich), developed using ECL western blotting substrate (Promega) and 

visualized on the FluorChem Q Imaging system (ProteinSimple, Santa Clara, CA). 

Standard curves were generated by running known amounts of purified His-tagged 

streptavidin (Abcam) alongside the samples to be quantitated. ImageQuant software (GE 

healthcare) and/or the FluorChem Q Imaging system was used to analyze the western blot 

images.       

Fluorescent SDS-PAGE Gel Analysis 

 Protein samples were prepared by adding a 15µL aliquot of the IVTT reaction or 

a 1:2 dilution of the same in water to a 45µL reaction containing 0.6µM fluorescein 

biotin (5-((N-(5-(N-(6-(biotinoyl)amino)hexanoyl)amino)pentyl)thioureidyl)fluorescein 

(Molecular Probes), or 111µM d-biotin (Avidity, Aurora, CO) and then incubated in the 

dark at room temperature for 30 minutes.  Reactions were spun through a Sephadex G-25 

resin (Sigma-Aldrich) column to remove the unreacted biotin/fluorescein biotin. 15µl of 

4X LDS loading dye (Invitrogen) was added to the reactions before they were loaded and 

run on 4-12% Bis-Tris NuPage gels at 4°C.  The gels containing fluorescently labeled 

proteins were visualized on a Typhoon scanner (GE healthcare). The gels were 

transferred and blotted as before after being washed with 1X SDS running buffer.     
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DNA pull-down assay 

A biotinylated version of the gene encoding streptavidin and its flanking regions 

was prepared by amplifying the streptavidin gene from plasmid pSA via PCR with a 5’ 

biotinylated primer SA6 5Bio RTS F (/5Biosg/ TACGATGCCGGCCACGATGCGT) 

and primer SA2 RTS Rev (GGCGACCACACCCGTCCTGTGGATATCC).  A non-

biotinylated control streptavidin template was made the same way except using primer 

SA1 RTS F (TACGATGCCGGCCACGATGCGT) with no biotin tag. PCR products 

were purified using the Wizard SV gel and PCR clean up system (Promega) and 

quantified by running on a gel alongside 300bp quantification standards (Gensura). A 

150ng aliquot of each gene was added to a 50uL IVTT reaction.  Reactions were allowed 

to proceed for 2 hours at 30°C, after which the reaction was placed on ice.  A 4ul aliquot 

of the IVTT reaction was added to 400uL of 7M urea solution (7M urea buffered with 

300mM sodium acetate, pH 5.2) to serve as a loading control, and a 4uL aliquot was 

transferred to 50uL of TBST containing 20ul of washed anti-His antibody agarose 

(Sigma).  After incubation for thirty minutes at room temperature, the resin was washed 

four times with 200uL aliquots of TBST and the protein and bound reporter gene were 

eluted by the addition of 400uL 7M urea solution.  Both the eluted fraction and the 

loading control were precipitated by the addition of 2.5 volumes of ethanol. 2μL 

glycogen was added as a carrier.  DNA pellets were washed in 70% ethanol, dried, and 

resuspended in 200uL of 10mM Tris, pH 8.5. 25μL real-time PCR reactions were set up 

using 2X Universal FastStart Probe Master (Roche) using primers SA3 RTS F 

(TCCGGCGTAGAGGATCGA) and SA4 RTP R 
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(TTATTTCTAGAGGGAAACCGTTGTG) and Taqman probe, SA5 RTP Taq (56-

FAM/ATCTCGATCCCGCGAAATTAATACGACTCA/3BHQ_1). Reactions were run 

on an ABI 7300 real-time PCR machine.  The amount of the reporter gene recovered was 

determined by comparing the Ct (Cycle threshold) value for a given sample obtained 

from real-time PCR reaction performed with the Ct for the corresponding loading control.    

Protein Mass Spectrometry Analysis 

To make sufficient protein for mass spectrometry analysis, 500uL IVTT reactions 

were setup containing either W, 6FW or 5FW for 4 hours at 30 °C and then purified 

using immobilized metal ion affinity chromatography (IMAC) under denaturing 

conditions using 8M urea. IVTT reactions were incubated with washed cobalt-NTA 

(Talon resin, Clontech) and the resin then washed twice with equilibration buffer (50mM 

sodium phosphate, 300mM sodium chloride and 8M Urea, pH 7) and eluted using Elution 

buffer (50mM sodium phosphate, 300mM sodium chloride, 150mM imidazole, 8M Urea, 

pH 7). Purified his-tagged protein was immediately prepared for mass spectrometry using 

filter aided sample preparation (Wisniewski, Zougman et al. 2009). Briefly, purified 

protein was mixed with buffer UA (8M urea, 0.1M Tris-HCl, 0.1M DTT, pH 8.5) 

centrifuged through a Microcon YM-10 (Millipore) at 14000×g for 40 minutes. The filter 

was then washed once with buffer UA. Buffer IAA (0.05M Iodoacetic acid, 8M urea, 

0.1M Tris-HCl, pH 8.5) was then added to the filter and incubated for 1 minute with 

shaking and 5 minutes without shaking and then centrifuged at 14000×g for 40 minutes. 

The filter was then washed twice with buffer UB (8M urea and 0.1M Tris-HCl, pH 8.0) at 
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14000×g for 40 minutes. The filter was then treated with proteomics grade trypsin 

(Sigma) in buffer ABC (0.05M NH4HCO3 in water) and mixed for 1 minute at room 

temperature before incubating at 37˚C for 3 hours. The peptides were recovered from the 

filter by centrifuging at 14000×g for 40 minutes.  Mass spectral analysis was conducted 

by the ICMB Protein and Metabolite Analysis Facility at the University of Texas at 

Austin on an AB 4700 Proteomics Analyzer MALDI-TOF/TOF instrument.  The digested 

sample was mixed 1:1 with the matrix alpha-cyano-4-hydroxycinnamic acid and spotted 

on the MALDI target, where spectra were acquired in reflectron positive mode over the 

m/z range of 500-5000.  

Comparison with PURE system  

PURExpress Δ (aa, tRNA) kits were purchased from NEB and set up according to 

manufacturers instructions.  A 3mM amino acid solution containing all amino acids 

except tryptophan was added to the reactions to a final concentration of 0.3mM and W or 

an analog (as indicated) were added separately to the reactions to a final concentration of 

2mM. For GFP production, plasmid DNA template was added to the reactions at 

250ng/25μL reaction or at the concentrations indicated. S35- Methionine (specific 

activity>1000Ci) was added to the reactions to radiolabel the proteins. For Streptavidin, 

160ng linear PCR product of the streptavidin gene and flanking regions as described 

above was added to a 50µL PURExpress reaction. PURExpress reactions were incubated 

at 37°C according to manufacturer’s instructions unless stated otherwise. Protein yield 

was estimated according to manufacturer’s instructions using Trichloroacetic acid (TCA) 

precipitation and scintillation counting.  Briefly, a 5μL aliquot of the completed reaction 
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was added to 250μL 1N NaOH and incubated at room temperature for 10 minutes.  2mL 

of cold 25%TCA+2%casamino acids was added to this and incubated on ice for 5 

minutes after which the solution was passed through glass filter papers (Whatman) and 

washed thrice with 2mL of 10% cold TCA and once with 90% ethanol. The glass filters 

were then dried and added to scintillation vials with 4mL of scintillation fluid (Bio-Safe 

II, RPI, Mount Prospect, IL) and the counts read on a Beckman LS Liquid scintillation 

counter after overnight incubation.  Reactions for the DNA pull-down were set up and 

conducted as before, but the PURE reactions were made at 50μL to make them 

comparable to the reactions set up in our depleted in vitro transcription and translated 

system.  For GFP fluorescence measurement, 25μL PURExpress and depleted lysate 

IVTT reactions were set up containing 250ng of GFP encoding plasmid (Roche) and W 

or 6FW. 18μL of each reaction was transferred to a black 384-well plate (Thermo 

Scientific) and the GFP fluorescence read on a Tecan Safire. 395nm wavelength was used 

for excitation and 510nm for emission. Reactions were stored at 4°C overnight for 

complete maturation of GFP chromophore and the fluorescence read again as before. 

RESULTS AND DISCUSSION 

Preparation of the S30 lysate.   

 The purpose of this research was to develop a method of depleting 

particular amino acids (in our case, tryptophan) from an in vitro transcription and 

translation system.  This should allow global incorporation of unnatural amino acids in 

place of at least one natural one.  Previous efforts have largely focused on protein 
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production for NMR spectroscopy, and have followed conventional protocols for 

production of a cell-free protein synthesis system except for the substitution of the wild 

type amino acid with the unnatural analog in the low molecular weight mix (Kigawa, 

Yabuki et al. 1999; Neerathilingam, Greene et al. 2005).  However, in these studies the 

background level of natural tryptophan incorporation was never reported, and employing 

a system made in this way gave us a high level of background protein expression in the 

absence of substituted unnatural amino acids (as we will see below).   

 In order to make a tryptophan-depleted in vitro transcription and 

translation (IVTT) system we constructed a tryptophan auxotrophic strain (E. coli BL21 

DE3 ΔtrpC) from a standard BL21(DE3) protein expression strain by knocking out the 

trpC tryptophan biosynthesis gene. We made use of a protein expression strain of E. coli 

to make the tryptophan auxotroph to capitalize on the inherent high protein production of 

the parent strain that we hoped would carry through to our cell-free protein expression 

system. Figure 2-1 (Depleted S30 prep) shows the basic schematic.  Briefly, the culture 

was grown to mid-log in Medium G (Wong 1983), a rich defined medium containing 

tryptophan, supplemented with glucose and phosphates to decrease phosphatase activity 

(Kim and Choi 2001).  At mid-log, the cells were washed and resuspended in the same 

rich, defined medium without tryptophan, and allowed to grow for an additional 50 

minutes.  In doing so, we assumed that translation would continue within the cells and 

deplete the endogenous tryptophan.  

 After lysis, three dialysis exchanges were carried out over a 12 hour 

period in order to further deplete residual tryptophan (and all other amino acids).   IVTT 
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reactions were set up by combining the S30 lysate, LMW mixture, DNA template, T7 

polymerase, methionine (35S-labeled or unlabeled) and either tryptophan, no tryptophan 

or a tryptophan analog.  The remaining 19 amino acids were supplemented back into the 

reaction as part of the LMW mixture.  In a reaction with no exogenously added 

tryptophan, the only tryptophan available to the translation machinery should have been 

that from the lysate and any resultant full-length protein expression seen is referred to as 

“background” protein expression.  This “background” protein expression was used as a 

metric for residual tryptophan in the lysate and is expressed as a percentage of the full 

length protein made in the presence of exogenously added tryptophan.   

 Figure 2-2 shows the protein expression in the amino acid depleted cell-

free system with and without addition of exogenous tryptophan (Lanes 2 and 3, 

respectively).  Our initial attempts to make a cell-free protein synthesis system in the 

conventional manner (Figure 2-1, Standard S30 prep) led to the production of high 

background levels (>20%) even if no exogenous tryptophan was provided in the LMW 

mix (Figure 2-3).  Increasing the number of dialysis exchanges on the S30 lysate from 

three to six, to dialyze away unincorporated tryptophan led to lower background levels 

but also to lower protein production overall (compare Lanes 3 and 4).  

 This led us a seek a new approach that combined the traditional protocols 

followed to make cell-free synthesis systems (Pratt 1985; Kigawa, Yabuki et al. 1999) 

with methods which rely on auxotrophic strains of E. coli for the production of analog-

substituted proteins in vivo (Budisa, Steipe et al. 1995; Link and Tirrell 2005).  By 



 48 

combining relatively few (three) dialysis exchanges with the cell lysate prepared from an 

auxotrophic strain we achieved the lowest levels of background protein expression. 

Production of unnatural amino acid substituted proteins.  

 Once we had an IVTT reaction system that was depleted in endogenous 

tryptophan we attempted to incorporate unnatural tryptophan analogs into proteins.  We 

chose a panel of commercially available candidate analogs that had previously been 

shown to be incorporated into proteins, including 4-methyl tryptophan (4MW), 4-

fluorotryptophan (4FW), 5-hydroxytryptophan (5OHW), 5-methyltryptophan (5MW), 5-

methoxytryptophan (5MOW), 5-fluorotryptophan (5FW), 5-bromotryptophan (5BrW), 6-

methyl tryptophan (6MW), 6 fluorotryptophan (6FW), 7-Azatryptophan (7azaW) and 3-

(thianaphthen-3-yl)-L-alanine (TNA).   

 The target protein chosen for incorporation of unnatural amino acids was 

streptavidin.  Streptavidin was attractive for a variety of reasons.  First, its association 

with its ligand, biotin, is one of the strongest non-covalent bonds known in nature, and 

tight-binding to biotin is mediated, in part, by the presence of tryptophan residues that 

line a deep biotin-binding pocket.  Second, this association has been characterized in 

great detail, and there were already studies that detailed the effects of mutating the 

various tryptophan residues within the binding pocket (Chilkoti, Tan et al. 1995).  Third, 

Panek et al. (Panek, Ward et al. 2009) used molecular dynamics simulations (MDS) to 

study the potential structural and energetic effects of fluorination of tryptophan residues 
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in the biotin-binding pocket.  They predicted that 5FW and 6FW substitution would be 

the least disruptive to biotin-binding, a prediction that we could now test.           

 Streptavidin was translated in our tryptophan-depleted extract 

supplemented with various unnatural tryptophan analogs (Figure 2-4).  We compared the 

yields of full-length protein in the presence and absence (Lane 2) of analog.  Different 

analogs could be utilized by the wild-type tryptophanyl tRNA synthetase in the extract to 

different extents.  The analogs 4FW, 5FW, 6FW, 4MW, 5MW, 6MW, and 7azaW were 

all incorporated into full-length protein above background levels.  Previously, Hartman et 

al. (Hartman, Josephson et al. 2007) have showed successful incorporation of 4FW, 5FW 

and 7azaW into peptides via translation in a PURE system.  6FW has been incorporated 

into proteins in both cell-free systems and cells (Li, Qian et al. 1990; Neerathilingam, 

Greene et al. 2005).   

 The incorporation of methylated tryptophans has proven more problematic 

(see also Table 2-1).  5MW has been incorporated into proteins in L. lactis (El Khattabi, 

van Roosmalen et al. 2008), but other reports suggest that 5MW and 6MW present 

difficulties to cellular uptake systems in E. coli (Budisa and Pal 2004).  In our system, 

4MW, 5MW, and 6MW all seemed to be incorporated into full-length protein, with 4MW 

having a higher apparent yield than 5MW and 6MW.  

 In contrast, 5OHW, 5MOW, 5BrW, 7MW and TNA seemed to be 

incompatible with our system (comparable to the reaction without W).  Of these, 5OHW, 

5MOW, 5BrW, and TNA have been translationally incorporated into peptides in the 

PURE system (Hartman, Josephson et al. 2007).  Previous work indicates that TNA is not 
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a suitable substrate for protein synthesis in vivo (Hall, Hegeman et al. 1974).  The 

differences in analog incorporation between our cell-free synthesis system and the PURE 

system may be explained by the fact that our system more closely mimics the cellular 

environment than the synthetic PURE system.  Our system is capable of incorporating all 

(with the exception of 5OHW) the unnatural tryptophan analogs that have previously 

been incorporated into recombinant proteins in E. coli (Table 2-1). Further 

supplementation of our system with exogenous tRNA synthetases could lead to the 

incorporation of additional recalcitrant unnatural amino acid analogs beyond those 

reported here (Kiick, Weberskirch et al. 2001).  There is also some evidence that the 

panel of unnatural analogs that can be incorporated into a given protein may vary based 

on the protein being translated ((Budisa, Rubini et al. 2002) vs. (Bae, Rubini et al. 2003)).  

Our results were obtained using full-length protein (streptavidin), as opposed to a short 

peptide (Hartman, Josephson et al. 2007).  

Functional assays of amino acid analog substituted proteins.  

 We performed functional assays with analog substituted streptavidins to 

determine if analog substitution had an effect on streptavidin’s ability to bind biotin.  

Since streptavidin normally forms a dimer-of-dimers tetramer we also probed whether 

quarternary structure formation had been perturbed by separating streptavidin-biotin-

FITC complexes under non-denaturing conditions (modified from Humbert at al. 

Electrophoresis, 2005) (Figure 2-5).  As has been observed elsewhere (Bayer, Ben-Hur 

et al. 1989; Bayer, Ehrlich-Rogozinski et al. 1996; Humbert, Zocchi et al. 2005) multiple, 
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different streptavidin assemblies can be observed on the native gel, likely representing 

dimers, tetramers and oligomers of streptavidin.  Of the analogs tested, modified 

streptavidins containing W, 5FW and 6FW were found to be able to bind FITC-biotin.  In 

order to detect additional streptavidin species that may not have bound FITC-biotin, 

Western blot analyses were carried out (Figure 2-6).  As anticipated, the monomer, 

which is known not to bind biotin strongly (Lim, Huang et al. 2011), could be observed 

on the western blots but not on the fluorescent gels.       

 While the fluorescent gel assay gave a quick, qualitative indication of 

functionality, we proceeded to further characterize the highly active 5FW- and 6FW-

substituted streptavidins.  In order to get a more quantitative comparison of the biotin-

binding ability of these proteins, we carried out an assay akin to immuno-PCR (Figure 

5).  IVTT reactions were set up with either W, 5FW, 6FW, no W or an inactive 

tryptophan analog as a negative control (5BrW).  Biotinylated DNA was then captured by 

translated streptavidins, and the protein:DNA complexes were in turn isolated via an anti-

histidine tag antibody.  Salmon sperm DNA was added as a non-specific competitor for 

endogenous nucleases.  The amount of DNA captured was quantitated via real-time PCR.  

The relative amount of in vitro protein production was quantitated by Western blot 

analysis of an 35S-labeled acetone-precipitated aliquot of each reaction (Figure 2-7A).  

The 6FW- and 5FW-substituted streptavidins were generally produced at 100%±20 the 

level of wild-type streptavidin, and thus results with these analogs can be attributed to 

changes in functionality rather than changes in yield.  As expected, 5BrW was not 

incorporated into streptavidin above background levels.  The presence of a PCR product 
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of the correct size (as opposed to an amplification artifact) was confirmed by gel 

electrophoresis (Data not shown).  

 The DNA template that was pulled down by a given translated streptavidin 

was quantitated via real-time PCR (Figure 2-7B), relative to the same amount of DNA 

that was included in the translation reaction (Figure 2-7B, inset).  The three negative 

controls (the reaction containing a non-biotinylated DNA template, the reaction 

containing no W, and the reaction with a tryptophan analog (5BrW) that could not be 

incorporated) all had high absolute Ct values and large delta Ct values relative to real-time 

PCR of the same DNA template without translation and capture, indicating that either 

little streptavidin protein was made (as expected) or the protein that was made was non-

functional.  In comparison, the reaction that contained W had only a ~3 cycle difference 

between captured (Ct = 19.5) and input template DNA.  The reaction that contained 5FW 

and 6FW had Ct values that were comparable to that with W (Ct = 23.7 and 19.9, 

respectively).  It appears as though streptavidin translated with 6FW is as active as the 

wild-type protein with W, while 5FW-substituted streptavidin differed is about ~16-fold 

less active (assuming 1 round of PCR=2-fold amplification), consistent with the 

molecular dynamic simulations done by Panek et al. (Panek, Ward et al. 2009). 

Mass spectrometry of the analog substituted proteins.  

 To confirm that the rescue of full-length protein expression in our system 

was due to the incorporation of the unnatural tryptophan analogs, we examined the 

expressed proteins by mass spectrometry.  Streptavidin was expressed in our cell-free 
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protein synthesis system with tryptophan, 5FW, or 6FW, purified under denaturing 

conditions, and trypsin-digested on the filter membrane of an ultrafiltration centrifugal 

device using FASP (Filter-aided Sample Preparation) (Wisniewski, Zougman et al. 

2009).  This method is used in proteomics analyses to obtain good coverage of the 

peptides in a protein sample, and was chosen over in-gel or in-solution trypsin digestion 

for this reason.   

 The prepared peptides were subjected to MALDI-TOF analysis.  The 

results for a single peptide that was known to contain two tryptophan residues are 

presented in Figure 2-8.  In peptides that contained two tryptophan residues, we expected 

and observed a mass shift of 36 atomic mass units (addition of fluorine and removal of 

hydrogen) upon substitution of 5FW or 6FW relative to the same peptide with 

tryptophan.  Additionally, no peaks for the W substituted peptide were observed in 

samples expressed with 5FW or 6FW.  This leads us to conclude that we obtained 

complete substitution of tryptophan with the unnatural analogs in proteins transcribed and 

translated in our tryptophan-depleted in vitro transcription and translation system.   

Comparison of the tryptophan-depleted in vitro transcription and translation system 

with NEB PURE express.  

 The only comparable in vitro system that can produce proteins with 

globally substituted unnatural amino acids is the recombinant PURE system (Shimizu, 

Inoue et al. 2001) that comprises upwards of 30 different purified and reconstituted 

proteins and other components for transcription and translation.  Since the PURE system 
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is largely defined, amino acids can be substituted into it in a manner similar to our 

dropout lysate.  We examined the relative performance of the PURE system in 

comparison to the amino acid depleted lysate by expressing two different target proteins, 

green fluorescent protein (GFP) and streptavidin, in the two cell-free synthesis systems.  

For GFP protein production, we added equal amounts of GFP-encoding plasmid template 

to 25uL reactions of our system and to PURExpress. Both sets of reactions were set up 

with all amino acids except tryptophan (as described in Materials and Methods) and 

either tryptophan, an analog, or water were added to individual reactions as stated.  

At the end of the incubation period (2 hours at 30˚C for the lysate and 2 hours at 

37˚C for PURExpress, and then overnight at 4˚C to allow for chomophore maturation) we 

observed the production of mature GFP under UV illumination and green fluorescence 

could be clearly seen in the reactions set up using the tryptophan depleted lysate 

supplemented with either W or 6FW but not without the supplemented amino acid 

(Figure 2-9A).  More specifically, the total fluorescence of the GFP samples produced in 

the lysate supplemented with either tryptophan or 6FW was more than 10-fold greater 

than that made in the PURExpress reactions.   Figure 2-9B details the initial kinetics of 

fluorescence increase over the first two hours of the incubation, and again the tryptophan-

depleted lysates were observed to be ca. 10-fold better than PURExpress during the initial 

transcription and translation reaction.  These results demonstrate that transcription and 

translation in the presence of an unnatural amino acid is not only more efficient in the 

tryptophan depleted lysate as compared to the PURExpress system but the overall activity 

of the protein produced is greater as well.      
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One possible rationale for the difference in results, other than the reaction 

components themselves, was that the PURExpress reactions were incubated at 37˚C per 

manufacturer’s instructions while our depleted cell-free synthesis system was incubated 

at 30˚C.  However, when the PURExpress reactions were incubated at 30˚C the observed 

fluorescence was only slightly higher than before, and was still ~4-8 -fold less than the 

same protein expressed in the lysate.   

We also assayed modified streptavidin proteins for function using a biotinylated-

DNA pull-down assay.  The reactions containing the tryptophan auxotroph lysate as well 

as the PURExpress reactions were set up with equal amounts of biotinylated DNA 

template and were performed in parallel.  As can be seen in Figure 2-9c, the streptavidins 

containing 5- and 6- fluorinated tryptophans produced from the auxotroph lysate pulled 

down 4-fold more biotinylated DNA (dCt for 6FW-substituted streptavidin=4.3 in our 

lysate vs 6.6 in the PURE system and dCt for 5FW-substituted streptavidin= 4.8 in our 

lysate vs 6.7 in the PURE system). Negative controls included a tryptophan analog that 

we know is not incorporated into proteins (5BrW) and a tryptophan analog that is 

incorporated but yields non-functional streptavidin (4MW).  

Overall, when we compared total protein production between the amino acid 

depleted cell-free synthesis system and the PURExpress system it was found that for the 

expression of both streptavidin and GFP, the depleted lysate system produced ~10 times 

as much protein as the PURE system (For GFP ~340µg/ml vs ~32µg/ml in the PURE 

system and for streptavidin, ~600µg/ml vs ~52µg/ml in the PURE system).  The yields 

observed here would, of course, vary for other proteins and for different tryptophan 
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analogs.  However, we anticipate that since the depleted cell-free system more closely 

mimics the cellular environment, yields should in general be greater.  While we expected 

background translation in the absence of tryptophan to be better with the PURExpress 

system than with our depleted lysate, because of the use of affinity-purified and 

reconstituted components, we actually found comparable levels of background 

expression.  This is consistent with other reports (Hartman, Josephson et al. 2007) in 

which the authors found a high level of “background” expression of a full-length peptide 

in the PURE system when they omitted one of the constituent amino acids. The 

background was thought to be due to contamination of the reaction by the supposedly 

omitted amino acid or due to misincorporation of another amino acid in its stead.  

CONCLUSIONS 

The incorporation of noncanonical amino acids has become an increasingly 

popular protein engineering strategy to modify proteins for a variety of applications and 

to add addition functionalities to proteins. They have been used to immobilize proteins 

(biotinylated amino acids)(Taki, Sawata et al. 2001; Watanabe, Muranaka et al. 2007) for 

protein-protein conjugation (e.g. “click” chemistry conjugation of proteins for production 

of bispecific antibiodies)(Bundy and Swartz 2010; Kim, Axup et al. 2012), as biophysical 

probes for protein structure and function studies (e.g. F19 NMR, X-ray 

crystallography)(Budisa, Steipe et al. 1995; Xie, Wang et al. 2004; Cellitti, Jones et al. 

2008), and to augment the biophysical properties of existing proteins (Bae, Rubini et al. 

2003).  Others have been used to study structure-function contributions of individual 
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amino acid residues (ion channel studies in neurophysiology (Beene, Dougherty et al. 

2003), to improve chemical and thermal stability of proteins (Montclare, Son et al. 2009) 

and a myriad other applications. Producing unnatural analog-substituted proteins in vivo 

is plagued with problems associated with low protein yield because of toxicity of the 

unnatural amino acids and incomplete replacement of the wild-type amino acid for its 

analog in the target protein.  

Here we describe a cell-free synthesis system that is depleted in endogenous 

tryptophan and that can be used to globally replace tryptophan with unnatural analogs in 

proteins being translated. We tested the success of replacement of W with unnatural 

analogs in our system by mass spectrometry and found 100% incorporation of the 

unnatural analog into proteins. The depleted cell-free synthesis system is highly 

productive and can produce upwards of 0.5 mg/ml of analog-substituted streptavidin. The 

translational incorporation of a range of unnatural tryptophan analogs was tested and we 

found that, in general, the amino acid depleted lysate system is capable of incorporating 

all the analogs that have been previously seen to be incorporated into proteins in E. coli 

and indeed, even incorporate analogs whose incorporation was previously problematic 

because of membrane transport. The functionality of the tryptophan analog-substituted 

streptavidins was tested via their ability to bind to FITC-biotin, as visualized on a gel, 

and also by testing their ability to bind to and pull-down a biotinylated gene. These 

functional assays indicated that 5FW- and 6FW- substituted streptavidins were 

functional, consistent with previously published molecular dynamic models (Panek, 

Ward et al. 2009).  
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The PURE(xpress) system is a recombinant transcription and translation system 

that allows researchers greater control of reaction conditions than do traditional cell-free 

synthesis systems. On the other hand, making the system requires the overexpression and 

purification of upwards of 30 different components, which isn’t always feasible (although 

efforts are underway to simplify the format of production of the components (Du, 

Villarreal et al. 2012; Wang, Huang et al. 2012)). Fortunately, the PURE system is 

commercially available (NEB) at a cost of $29.50 for a 25uL reaction, which is useful for 

small, analytical scale studies but proves to be prohibitive at the preparative scale. We 

estimate that a 25uL reaction of our system costs less than $1.5 and can be made and 

tested for protein production in less than a week. We compared our cell-free synthesis 

system to the commercially available PURExpress system in terms of protein production 

and function and found that, in general, our system produces 10 times more protein than 

the PURE system, with comparable levels of background, at a fraction of the cost.  In 

principle, the methodology presented herein could be applied to make a variety of amino 

acid depleted lysates (with the use of a different amino acid auxotroph strain) for the 

efficient residue-specific incorporation of a variety of amino acid analogs beyond the 

tryptophan analogs presented herein.  This advance should allow for the cost effective 

production and screening of allo-protein variants contain unnatural amino acids for the 

discovery of heretofore seen structures and functions.    
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Table 2-1: Tryptophan analogs used in this study and whether they have been previously 
incorporated into proteins in the literature 

Analog 
In vivo or cell-free 

synthesis system (E.coli) 
PURE system 

(Hartman et al.) 
This 

paper 

W  Y  Y  Y  

4MW Ya  NA Y  

4FW Yb  Y  Y  

5OHW Yc Y  N  

5MW Yd /Na   NA Y  

5MOW   NA Y  N  

5FW Yb  Y  Y  

5BW   Ne Y  N  

6MW  Na  NA  Y   

6FW Yb   NA  Y  

7MW Na   NA N  

7AzaW  Yf  Y  Y  

TNA  Ng Y/N  N  

 
a=(Budisa, Pal et al. 2004) 
b=(Pratt and Ho 1975; Bronskill and Wong 1988) 
c=(Hogue, Rasquinha et al. 1992) 
d=(Lark 1969) 
e=(Kwon and Tirrell 2007) 
f=(Schlesinger 1968) 
g=(Hall, Hegeman et al. 1974) 
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FIGURES: 
        

Figure 2-1:  Schematic representation of S30 lysate preparation  
by the standard (left) and amino acid depleted (right) procedures.  
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Figure 2-2: Comparing cell-free protein synthesis in the auxotrophic lysate system 
with and without the addition of exogenous tryptophan (W).  

Lanes 1 and 2 in the gel autoradiogram (above) show streptavidin production 
from IVTT reactions that contain lysate removed after 3 dialysis exchanges, while lanes 3 
and 4 contain lysate that has been subjected to 6 dialysis exchanges. Lanes 1 and 3 
represent protein production with the addition of 2 mM exogenous tryptophan, while 
lanes 2 and 4 show the background levels of protein production without addition of 
tryptophan.   
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Figure 2-3: Autoradiogram and associated graph comparing cell-free protein 
synthesis in regular cell-free protein synthesis system with and without the addition 
of exogenous tryptophan (W).  
Lanes 1 and 2 show chloramphenicol acetyltransferase (CAT) production from IVTT 
reactions that contain lysate removed after 3 dialysis exchanges, while lanes 3 and 4 
contain lysate which has been subjected to 6 dialysis exchanges. Lanes 1 and 3 represent 
protein production with the addition of 1 mM exogenous tryptophan, while lanes 2 and 4 
show the background levels of protein production without addition of tryptophan.   
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Figure 2-4: Tryptophan analogs and their incorporation into strepavadin.  
Autoradiogram showing cell-free protein synthesis of tryptophan (W) analog substituted 
streptavidins. IVTT reactions were set up with 2 mM tryptophan, no exogenous 
tryptophan or 2 mM of each of the indicated analogs.	  Tryptophan (W), No tryptophan or 
analog (No W), 4-methyl tryptophan (4MW), 4-fluorotryptophan (4FW), 5-
hydroxytryptophan (5OHW), 5-methyltryptophan (5MW), 5-methoxytryptophan 
(5MOW), 5-fluorotryptophan (5FW), 5-bromotryptophan (5BrW), 6-methyl tryptophan 
(6MW), 6 fluorotryptophan (6FW), 7Azatryptophan (7azaW) and 3-(thianaphthen-3-yl)-
L-alanine (TNA) were tested. Structures of the analogs are shown above the gel.  
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Figure 2-5: FITC-biotin binding assay for functional assay of tryptophan analog 
substituted streptavadins.  

Fluorescence gel showing FITC-biotin binding activity of 5-fluorotryptophan and 
6-fluorotryptophan containing streptavidins. Lane 1 contains commercial streptavidin 
incubated with FITC-biotin. Lanes 2 and 3 contain cell-free synthesized streptavidin 
containing tryptophan. Lane 4 contains commercial streptavidin incubated with biotin. 
Lane 5 contains cell-free synthesized streptavidin containing tryptophan incubated with 
biotin. Lanes 6, 7 and 8, 9 contain cell-free synthesized streptavidins containing 5FW and 
6FW respectively, incubated with biotin. Lanes 10, 11 and 12, 13 are the same as 6, 7 and 
8, 9 except the reactions were incubated with FITC-biotin instead of biotin.	  The triangles 
above lanes 2 and 3, 10 and 11 and 12 and 13 indicate a sample concentration gradient 
since the samples run in these pairs of lanes are the same, but diluted from one to the 
other.  
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Figure 2-6: Assay for function of streptavidin produced in our IVTT reactions. 
 (A) Fluorescent SDS-PAGE analysis using FITC-biotin. (B) Western blot 

analysis to detect non-FITC biotin binding species. Lane 1 contains commercial 
streptavidin incubated with biotin. Lane 2 contains cell-free synthesized streptavidin 
containing tryptophan, incubated with biotin. Lane 3 contains a control IVTT reaction (no 
template DNA), incubated with biotin. Lanes 4 and 5 contain commercial streptavidin, 
which was incubated with FITC-biotin. Lanes 6 and 7 contain cell-free synthesized 
streptavidin containing tryptophan, incubated with FITC-biotin. Lanes 8 and 9 contain a 
control IVTT reaction (no DNA), incubated with FITC-biotin. Lanes 10 and 11 contain 
cell-free synthesized streptavidin containing 6-fluorotryptophan, incubated with FITC-
biotin 
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Figure 2-7: Biotinylated-DNA pull down assay for functional assay of tryptophan 
substituted streptavadins.   

Assay of function of streptavidin produced in our IVTT reactions via their ability 
to pull-down a biotinylated DNA molecule. Streptavidin was transcribed and translated 
off a biotinylated-streptavidin gene in our system either in the presence of tryptophan (1), 
no added tryptophan (3) or tryptophan analogs; 5BW (5), 5FW (6) or 6FW (7). (2) is a 
control in which the streptavidin gene added was not biotinylated. (4) is an additional 
control in which no competitor DNA was added. Active streptavidin bound to the 
biotinylated gene. An aliquot was removed to serve as total DNA input controls (loading 
control). An equal aliquot was removed and the 6X his-tagged streptavidins pulled down 
using Anti-his antibody on agarose beads. These pull-downs were subjected to real-time 
PCR to gauge biotin-binding ability. Western Blot (A) shows appropriate protein 
production. (B) delta (Ct) values represent the difference in cycles of amplification 
between the total DNA input and the pulled-down DNA. The graph is a plot of Ct values 
for the pulled-down DNA which compares the samples for their ability to bind 
biotinylated DNA.  
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Figure 2-8: MALDI-TOF mass spectroscopy analysis of analog substituted 
streptavadins.   

Trypsin digested peptide  Y D S A P A T D G S G T A L G W T V A W K from 
streptavidin containing two tryptophan residues  (A) shows a mass shift of 36 amu by 
substitution of  6FW and 5FW (B) and (C). 
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Figure 2-9: Comparison between PURExpress and Tryptophan Auxotroph lysate. 
A) Functional GFP production as visualized under UV-transillumination. The relative 
fluorescence units (RFU) for the reactions are indicated above and below the tubes. B) 
GFP fluorescence intensity read on a plate reader during protein synthesis. “–GFP” 
indicates that no GFP-encoding template was added to the reaction. “–W” indicates that 
water was added instead of tryptophan or an analog.  C) Functional streptavidin 
production as seen by pull-down of biotinylated DNA. 
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CHAPTER 3: DIRECTED EVOLUTION OF STREPTAVIDIN 
IN VITRO 

INTRODUCTION 

Streptavidin is one of the most widely used proteins in diagnostics and 

biotechnology. It was originally isolated from Streptomyces avidinii in 1964 (Chaiet and 

Wolf 1964). It is a tetrameric protein of ~60kDa, in which each monomer binds to a 

molecule of biotin (Weber, Cox et al. 1987; Weber, Ohlendorf et al. 1989; Kurzban, 

Gitlin et al. 1990). The rate of association between streptavidin and biotin is fast and the 

bond is as strong as some covalent bonds (Chilkoti, Boland et al. 1995; DeChancie and 

Houk 2007). This binding has an unusually high affinity (dissociation constant Kd of 10-14 

M); which is one of the tightest non-covalent associations known in biology (DeChancie 

and Houk 2007). It is also resistant to high temperature, pH, proteolytic enzymes and 

organic solvents, and compared to its vertebrate homolog, avidin, is more convenient to 

produce and use since it lacks avidin’s glycosylation, sulphur containing amino acids, and 

has a more favorable pI (Laitinen, Hytonen et al. 2006).  Thus, it finds its use as 

molecular “glue” in various applications including purification, immobilization, and 

imaging (Howarth and Ting 2008; Kuzuya, Kimura et al. 2009). 

Streptavidin in Biotechnology 

Various efforts to engineer streptavidin have been made over the years in order to 

better tailor it to a wider range of biotechnological applications. Altering the valency of 

streptavidin for greater resolution and less cross-linking (e.g. for microscopy) has 
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engendered the engineering of monovalent, (Howarth, Chinnapen et al. 2006), as well as 

monomeric (Wu and Wong 2005) and dimeric (Aslan et al. 2005; Aslan et al. 2007) 

streptavidins.  However, since an adjoining monomer contributes part of the biotin-

binding site, monomeric and dimeric streptavidins also bind to biotin less well and some 

still form tetramers at high concentration or upon biotin binding (Laitinen, Marttila et al. 

2001; Qureshi, Yeung et al. 2001; Qureshi and Wong 2002; Pazy, Eisenberg-Domovich 

et al. 2003; Wu and Wong 2005). Monovalent streptavidin, which consists of a tetramer 

of 3 nonfunctional and 1 functional subunit of streptavidin, seems to fit the role, but is 

tedious to produce, requiring the expression, titration and refolding of different 

streptavidin mutant monomers. Since the streptavidin-biotin bond is well nigh 

irreversible under all except the most denaturing conditions (with one exception 

(Holmberg, Blomstergren et al. 2005) there has also been an effort to engineer 

streptavidin to bind to biotin reversibly (Qureshi, Yeung et al. 2001) as well as to make 

streptavidin variants that bind less well to biotin while still retaining the ability to bind to 

biotin analogs (Reznik, Vajda et al. 1998; Levy and Ellington 2008). Streptavidin binds 

to analogs of biotin like desthiobiotin and imminobiotin, less tightly than it does to biotin 

(Dixon et al. 2002; Hidalgo-Fernandez et al. 2006). These interactions are already 

exploited in molecular biology applications (Hirsch et al. 2002) and are especially 

desirable where one wants a reversal of the binding to streptavidin (Hirsch et al. 2002). 

Having such streptavidin variants would allow the use of the streptavidin-biotin/biotin-

analog chemistry with more flexibility and would enable different strategies for affinity 

purification of biotinylated or biotin-analog conjugated molecules.  
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Streptavidin can be used for the purification of biotinylated proteins using two 

different strategies. The first makes use of biotin to label the protein. Proteins can be 

labeled via chemical modification (using, for example, NHS-ester) or enzymatically. The 

enzymatic route has been especially useful in cell biology studies in vivo where the 

protein of choice can be modified with a peptide tag that is recognized by biotin ligase 

and a biotin group added (de Boer, Rodriguez et al. 2003; Howarth, Takao et al. 2005). 

The second strategy uses a peptide tag that can be expressed on the recombinant protein 

of choice. The StrepTag has simplified recombinant protein expression and affinity 

purification using streptavidin. The StrepTag consists of a short peptide tag that is 

appended onto a protein coding sequence (like a 6X his tag or a T7 tag). A streptavidin 

variant called streptactin has an affinity for this tag and binds specifically to it. 

Desthiobiotin is used to elute bound protein from the streptactin column. Both the 

StrepTag and Streptactin were developed and optimized by directed evolution and are 

one of the few examples of directed evolution using streptavidin (discussed further 

below) (Schmidt, Koepke et al. 1996; Voss and Skerra 1997). In the context of affinity 

purification of recombinant proteins, the use of StrepTag and streptactin wins over 

purification of biotinylated protein and streptavidin because the low dissociation constant 

between streptavidin and biotin does not permit recovery of the bound proteins unless 

denaturing (or other harsh) conditions are used. 

Streptavidin as a model of tight-binding 
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Streptavidin is also studied as a model of strong binding, and the literature is 

fortuitously replete with mutational studies, binding kinetics analyses and 

crystallographic dissections of the factors that make its binding to biotin one of the 

strongest non-covalent bonds in nature (Weber, Ohlendorf et al. 1989; Laitinen, Hytonen 

et al. 2006).This knowledge informs the strategies for many of the streptavidin 

engineering experiments in the literature. These experiments have revealed that the tight 

binding of streptavidin to biotin is mediated in part by hydrogen bonds directly with 

biotin (residues N23, S27, Y43, S45, N49, S88, T90 and D128) (Weber, Ohlendorf et al. 

1989). Mutation of these residues usually results in a significant decrease or loss of biotin 

binding ability (Klumb, Chu et al. 1998; Qureshi, Yeung et al. 2001; Qureshi and Wong 

2002). In addition, there is a “second shell” of H-bonding residues that interact with the 

residues above and effect biotin binding to various extents (DeChancie and Houk 2007; 

Baugh, Le Trong et al. 2010). The biotin-binding site is also lined with aromatic residues 

(W21, W75, W79, W92, W108 and W120, see Figure 1 (A)). These contribute to the 

hydrophobicity of the pocket and form van der Waal’s contacts and other interactions 

with the biotin when it is bound. Streptavidin function is also sensitive to substitutions of 

these residues (Chilkoti, Boland et al. 1995; Sano and Cantor 1995). Shape 

complementarity between biotin and the biotin-binding site is another factor. When biotin 

is not bound, the biotin-binding site is filled with five water molecules that mimic the 

shape of biotin (Livnah, Bayer et al. 1993). Loop L3/4 (residues 45-52) becomes 

structured upon biotin binding and provides a “lid” enclosing biotin in the barrel (Weber, 

Ohlendorf et al. 1989; Livnah, Bayer et al. 1993). On a structural level, W120 is 
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contributed from an adjoining monomer to form part of the binding site and is especially 

critical to biotin binding. This leads to a functional interplay in biotin-binding between 

monomers (Gonzalez, Bagatolli et al. 1997; Williams, Stephens et al. 2003). Thus, 

structurally and functionally, streptavidin can be considered a dimer of dimers.  

Directed Evolution of Streptavidin 

 
 Streptavidin has some features that make it a good target for directed evolution. It 

is a highly stable protein that binds to its ligand with high-affinity. The wealth of 

information in the literature about the contributions and roles of various residues in biotin 

binding and tetramer formation has led to many protein engineering efforts with 

streptavidin, in which an examination of the crystal structure is used to inform the 

choices of regions and residues to mutate. Streptavidin also binds to biotin analogs, albeit 

more weakly. This ligand promiscuity is useful as a starting point for directed evolution 

experiments such as ours as it is easier to enhance a property rather than create one de 

novo. Its great structural stability means that it is fairly robust to modifications and 

mutations and still able to function. The directed evolution approach has seen successes 

such as “traptavidin” where the authors focused on residues adjacent to the biotin 

carboxyl and in the L3/4 loop and obtained a mutant with a double mutation that resulted 

in a 10-fold slower dissociation of biotin (Chivers, Crozat et al. 2010).  The StrepTag and 

Streptactin (described above) were another such effort where, based on crystallographic 

data, the authors mutated 4 residues in order to obtain a streptavidin variant that bound 

better to the peptide tag- StrepTag II (Schmidt, Koepke et al. 1996; Voss and Skerra 



 80 

1997). Meyer and colleagues used site-directed mutagenesis to make a streptavidin 

variant that was less antigenic and so made a series of point mutants that had (what they 

predicted to be) a less antigenic surface and succeeded in making a variant that was 

~20% as antigenic as WT-SA (Meyer, Schultz et al. 2001). Other groups have 

approached the matter from the ligand perspective, using computational drug design to 

optimize and derivitize new ligands for streptavidin with particular characteristics (Weber 

1995; Dixon, Radmer et al. 2002). A previous attempt to evolve streptavidin to bind to 

desthiobiotin (see Figure 1 (B)) in the Ellington lab met with mixed success (Levy and 

Ellington 2008) and since it served as the blue-print for our experiments, is discussed in 

detail later in the chapter. In addition, we would be remiss to not mention the work of 

Sissido and coworkers who have incorporated many unnatural amino acid analogs into 

streptavidin, although their work focuses more on the study of site-specific unnatural 

amino amino acid insertion using 4- and 5- base codons for insertion, as opposed to the 

study of the properties of “unnatural” streptavidins (Murakami, Hohsaka et al. 2000; 

Taki, Hohsaka et al. 2002; Taki, Hohsaka et al. 2002; Hohsaka, Muranaka et al. 2004).  

In the following work, we build on our efforts in the previous chapters to evolve 

streptavidin in the presence of an unnatural tryptophan analog, 6-fluorotryptophan (See 

Figure 1 (C)). In particular we wished to evolve streptavidin to bind to an analog of 

biotin, desthiobiotin. We use an in vitro evolution strategy based on in vitro 

compartmentalization based on water-in-oil emulsions. We employ the amino acid 

depleted cell-free synthesis system developed earlier in this work to enable the entire 
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evolution experiment to be conducted in vitro.  

RESULTS 

Pool construction  

We employed error prone PCR to distribute mutations through the gene to make 

our initial Round 0 (R0) pool. We chose error prone PCR over site directed saturation 

mutagenesis for two reasons: 1) Other studies that have used site-directed saturation 

mutagenesis still recover mutations outside of the originally mutated sequences (Levy 

and Ellington 2008) suggesting that additional mutations outside of the binding pocket 

may be necessary for protein folding or function, and 2) while we could (perhaps) 

identify which residues to target for the selection against desthiobiotin, it is less 

predictable to identify which residues to target for the protein to adapt to/accommodate 

6FW, which in the case of streptavidin, could lie distal to the binding pocket (Meyer, 

Schultz et al. 2001; Avrantinis, Stafford et al. 2002; Taki, Hohsaka et al. 2002), while 

also evolving to bind to desthiobiotin.  We employed the commercially available 

GeneMorph II random mutagenesis kit because of its reduced mutational bias (Agilent 

Technologies). Sequencing of the randomly mutated pool, R0, indicated an error rate of 

3.9 mutations per streptavidin gene.   

Selection procedure 

Figure 2 is a schematic of the selection procedure. R0 pool was subjected to two 

parallel selections, in one, the tryptophan-depleted CFPS was supplemented with 6FW 
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and in the other it was supplemented with W.  This was done to be able to compare the 

outcomes of the selections against desthiobiotin the presence of the unnatural analog, 

6FW, versus the wild type amino acid, W.  Both selections were subjected to the same 

variations from round to round. These variations are illustrated in Table 1. For Round 1 

(R1) 300pg (108 DNA molecules) of desthiobiotinylated R0 was added to a 50μL in vitro 

transcription and translation reaction (IVTT) containing either 6FW (this formed 

selection 1) or a reaction containing W (this formed selection 2). The reactions were 

added to an oil mixture and emulsified under conditions that are known to result in 108 

water-in-oil bubbles, which results in an average of 1 variant DNA molecule per 

emulsion bubble.  Compartmentalized DNA molecules are transcribed and translated 

within the emulsion bubbles and if the resultant protein variants are functional and 

capable of binding to desthiobiotin, they bind to the desthiobiotinylated template DNA 

molecule. By the physical coupling of the desthiobiotin ligand to the gene library, 

functional protein variants will bind to the associated gene within the confines of the 

emulsion bubble. After the emulsion is broken by the addition of diethylether, a 

functional protein remains bound to the gene from which it was coded. The his-tagged 

proteins are pulled down using Anti-his tagged antibody. Thus, functional genes are 

pulled-down at a greater frequency than nonfunctional genes. In order to increase 

stringency, quenching agents/competitors are added to block unbound biotin-binding sites 

during the pull-down phase. Free biotin, free desthiobiotin, biotinylated oligonucleotides 

and/or desthiobiotinylated oligonucleotides were added progressively over the rounds 
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(See Table 1). The DNA templates that encode “successful” protein variants are 

reamplified and subjected to successive rounds of selections.   

We performed an additional round of mutagenesis via error prone PCR between 

R1 and R2 on both pools to increase the diversity in the pools. Each round was also set 

up with a positive and a negative control. The positive control consisted of a reaction 

containing biotinylated streptavidin gene (as opposed to desthiobiotinylated) and the 

IVTT reaction was supplemented with W. The negative reaction consisted of an 

unlabeled streptavidin gene added to a reaction containing W. These reactions were 

emulsified and performed in parallel to the two pools. For the negative control, though 

his-tagged streptavidin would be produced in the emulsion bubbles, since the template 

DNA lacks a biotin or a desthiobiotin, we did not expect to see any pull-down of template 

DNA. This reaction indicated the level of background DNA carry through for each round. 

Results from the PCR cycle-course on DNA recovered from these 4 reactions (two pools, 

positive control and negative control) after round 2 are shown in Figure 3 as an example.  

As can be seen, recovered DNA is amplified by the 30th PCR cycle in the case of the 

positive control, by the 35th cycles in the case of both the selection pools and no 

amplification is seen by the 45th cycle in the case of the negative control.   

 

Round progression 

The variation between rounds is compiled in Table 1. Quenching agents added to 

the reaction were gradually increased from 10 μM free biotin in round 1 to 100 μM in R4 

with the gradual introduction of additional competitors, free desthiobiotin (10 μM) from 



 84 

R4 onwards and desthiobiotinylated and biotinylated oligonucleotide (10 μM) also added 

in R8. The incubation time for the transcription and translation of the emulsion reaction 

was reduced from 2 hrs to 1 hr to reduce the fusion between emulsion bubbles and the 

number of washes increased from four to six by R8. The washes were also incubated for 

5 minutes each beginning with R6. Since the protein variants are not covalently bound to 

the ligand (desthhiobiotinylated gene variant), success of a variant is dependent on the 

off-rate of the interaction formed within the compartment.  

Assay of function 

Functional assays were performed with R7 and R8 populations. The functional 

assays were designed to answer two questions, namely, 1) Had streptavidin evolved to 

bind to desthiobiotin and 2) Was the streptavidin dependent or “addicted” to the 

tryptophan analog that they were selected with. The functional assays closely mimicked 

the final round of selection in terms of format (see Figure 4) and gauged the ability of the 

evolved pool of variants to “pull-down” a desthiobiotinylated or biotinylated reporter 

gene compared to the unevolved parent, wild-type streptavidin.  Unlabeled template 

DNA, either wild-type streptavidin gene or R7 and R8 pools were transcribed and 

translated and then incubated with 10ng of reporter gene, which was either biotinylated, 

desthiobiotinylated or unlabeled (negative control). After 45mins incubation, the his-

tagged proteins were pulled-down using Anti-his antibody agarose beads. The reporter 

genes were eluted and relative quantities pulled-down estimated using Real-time PCR. 

Prior to assaying the pools, the assay was conducted with a positive control (WT-SA 

translated with W pulling down biotinylated reporter gene) and a negative control (WT-
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SA translated with W pulling down unlabeled reporter gene). The stoichiometry of the 

protein produced and the reporter gene was also estimated using quantitative western 

blots and the amount of protein molecules estimated to be in great excess over the 

number reporter gene molecules (>100-fold).  

The first assay tested the WT-SA gene translated with W and with 6FW and the 

pools were translated only with the analog with which they were originally selected for 

their ability to bind to desthiobiotin. Results are presented in Figure 5. The results 

indicate that pools evolved with 6FW (namely, R7-6FW and R8-6FW) perform much 

better than WT-SA translated with 6FW, overall, both when binding to desthiobiotin as 

well as biotin. Similarly, pools evolved with W (R7-W and R8-W) also bind to 

desthiobiotin much better than WT-SA translated with W. This indicates that the pool 

evolved with 6FW has evolved successfully to bind to desthiobiotin.  

Interestingly, none of the pools tested (R7 or R8) bound to desthiobiotin better 

than biotin, and indeed, at the pool level, there seemed to be a preference for biotin-

binding from 2-fold (for R7-W) to ~4-fold for both R7-6FW and R8-6FW pools 

(assuming 1 PCR cycle=2 -fold change).  

The second assay tested whether the evolved pools had become reliant for 

function on the tryptophan analog with which they were selected. In this assay, WT-SA, 

R7 and R8 were translated with 6FW as well as W and their ability to bind to 

desthiobiotinylated and biotinylated reporter gene was assessed. The results are presented 

in Figure 6. As can be seen, pools that were evolved with 6FW (R7-6FW and R8-6FW) 

performed slightly better (on average ~2-fold by comparing dCt) when translated with W. 
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In contrast, pools that were evolved with W performed worse when translated with 6FW 

(on average, 4 -fold by comparing dCt) than when they were translated with W.  Of 

course, in comparing the pools evolved with 6FW to WT-SA translated with 6FW, it is 

clear that the pools have evolved to bind both biotin as well as desthiobiotin from the 

parent gene.  

Sequencing 

Clones (24 for each round for each pool) were isolated and sequenced at rounds 3, 

5 6, 7 and 8, with rounds 7 and 8 showing some mutations having reached apparent 

fixation in the population. (See Table 2 for a tabulation of the most significant mutations 

seen across the rounds.) 

At R3, both R3-6FW and R3-W had predictably high diversity and none of the 

mutations were present in significant level in the clones sequenced. Of note, none of the 

tryptophan residues in R3-6FW were mutated to other amino acids and in both pools, the 

amino acids known to form H-bonds with the ureido oxygen and other residues known to 

bind to the biotin were still wild-type (N23, S27, Y43, S44, T90 and D128). 

At R5, R5-6FW had mutations in W residues and H-bonding residues in less than 

12% of the clones. 18% of the clones contained S52G mutations. R5-W pool, in contrast 

had S52G mutations in 73% of the clones and A100S and A138V mutations in 26% of 

the clones sequenced.  

By R6, R6-6FW had S52G at 72% of clones and 16% of clones contained an 

L56V mutation. In addition, 22% of the clones contained A100S mutations. 90% of the 
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R6-W clones contained S52G mutation and 36% and 31% of clones contained A100S 

and A138V mutations, respectively.   

At R7, both R7-6FW and R7-W had S52G above 90%. R7-6FW also contained 

the L56V mutation at 65% penetrance and S139R at 41% and N103D at 17% of clones. 

R7-W contained 20% E51K, 25% A89V, 35% A100S and 25% A138V mutations. 

At R8, S52G mutation appeared to be fixed in the population for both pools. For 

R8-6FW, the L56V mutation had increased to 73% of clones and A100S was seen in 16% 

of clones. A138V had increased to 16% of clones while S139R had decreased to 11%. 

For R8-W, 16% of clones contained a V55A mutation, and A100S and A138V hovered at 

penetrance levels close to R7 (33% and 27% respectively). 

The S52G mutation was seen in both pools at rounds 6, 7 and 8, while L56V was 

seen as having high penetrance, but only in clones from the selection with 6FW.  

Clonal Assays 

Next, we analyzed 10 clones from each pool from R7 and R8 (See Figures 7 and 

Figure 8). For our initial screen, we screened the clones for their ability to bind to a 

desthiobiotinylated or a biotinylated reporter gene with the analog with which they were 

evolved. The successful clones were then further screened to see if they were dependent 

on the analog with which they were selected for function, again, gauged by their ability to 

bind to a desthiobiotinylated or biotinylated reporter gene. To facilitate a high-throughput 

format, we employed an assay utilizing a NiNTA coated 96-well plate as opposed to 

Anti-His antibody agarose (Figure 9, previous format used for pool in Figure 4) (Levy 
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and Ellington 2008). This assay compared the ability of each variant to bind to a 

desthiobiotinylated or a biotinylated reporter gene and pull it down. This assay also 

included the addition of competitors used in the final round of directed evolution. 

Controls included wild-type streptavidin translated with W as well as 6FW. For the initial 

screen, we translated each variant and the controls with the cognate W analog using 

unlabeled linear template DNA. The reaction was terminated by placing on ice and by the 

addition of Kanamycin. Aliquots of each IVTT reaction were then incubated with 10ng of 

desthiobiotinylated or biotinylated reporter gene.  The reactions containing protein 

variant and reporter gene were then split in half, one half incubated with buffer and the 

other with buffer containing competitors (free biotin, free desthiobiotin, 

desthiobiotinylated oligonucleotide and biotinylated oligonucleotide). These were added 

to a NiNTA coated 96-well plate. After incubation and washing, the His-tagged protein 

bound to labeled reporter gene was eluted and the relative amounts quantitated using 

Real-time PCR. Prior to assaying the clones, the assay was conducted with a positive 

control (WT-SA translated with W pulling down biotinylated reporter gene) and a 

negative control (WT-SA translated with W pulling down unlabeled reporter gene). The 

stoichiometry of the protein produced and the reporter gene was also estimated using 

quantitative western blots and the number of protein molecules estimated to be in excess 

over the number reporter gene molecules (>100-fold). In addition, each experiment was 

conducted at least twice, with the relative position of each sample varied on the plate on 

each run to guard against well-specific results and WT-SA translated with W and WT-SA 
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translated with 6FW were conducted in duplicate to serve as an internal consistency 

control.  

The results from the first screen can be seen in Figure 10 and Figure 11. From 

the selection with 6FW, clones 711 (i.e. R7, pool 1, clone1), 716, 7110, 7111 and 7112 

from R7 and 811, 8111 and 8114 were picked to screen further based on their ability to 

bind desthiobiotinylated reporter gene better than WT-SA translated with 6FW. In 

addition, these clones also bound roughly equivalently to biotinylated oligonucleotide. 

Similarly, from the selection with W, clones 722, 728, 7210, 7214, 7220 and 7222 from 

R7 and 8210, 8211 and 8216 were selected for further screening.  

For the next screen we tested the clones for their “dependence” for function on the 

clone with which they were selected. The procedure was the same as above except that 

each clones was translated with both W as well as 6FW and each reaction was tested for 

its ability to bind to and pull down desthiobiotinylated and biotinylated reporter gene in 

the presence and absence of competitor. The results from this assay can be seen in Figure 

12. Barring a few exceptions, the results from this clonal “analog addiction” assay are 

similar to the results we obtained from examining the whole pools, namely, that clones 

selected with W tend to pull-down labeled reporter genes better when translated with W 

than with 6FW and clones selected with 6FW also tend to function slightly better when 

translated with W than with 6FW.  

Interestingly, there were 3 clones (7112, 7220 and 8216) that bucked the trend 

and functioned equally well (as judged by Ct values) when translated with 6FW or with 

W, and also seemed to bind to desthiobiotinylated and biotinylated reporter genes equally 
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well. Unexpectedly, two of these clones came out of the selection with W, in which the 

pool was never exposed to the selective pressure of being translated with 6FW. The 

sequences of these three clones compared to WT streptavidin are presented in Figure 13. 

All three clones contained the S52G mutation. The clone from the 6FW selection also 

contained the L56V mutation.   

Functional Assay using other unnatural analogs 

We performed functional assays on the evolved clones from the directed 

evolution of streptavidin and found that, in general, clones had evolved to bind to 

desthiobiotin better than their cognate WT-SA (i.e. WT-SA translated with W or WT-SA 

translated with 6FW). In terms of accommodation of (or adaptation to) the tryptophan 

analog, we found that almost all the clones functioned better when translated with W than 

with 6FW. For this reason, we chose to focus on the 3 clones which functioned equally 

well with either biotin analog and with either W analog. These represented true 

“generalists” in terms of our selection. Since all 3 clones functioned well when translated 

with a W analog (6FW and W), we wanted to explore how expansive their ability to 

accommodate W analogs was.  Was their ability to function restricted to only W and 

6FW? We answered this question by translating them with W, 6FW and additional W 

analogs, 4FW, 5FW, 6ClW, 4MW, 7AzaW or 5BrW. From previous assays (Chapter 2) 

we knew that 5FW substituted streptavidin is functional and can bind to biotin, but 16-

fold less so than WT-SA (since it pulls-down ~16-fold less biotinylated reporter gene 

than WT-SA). 4FW, 6ClW, 4MW and 7AzaW substituted streptavidins were non-
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functional when subjected to the same assay and 5BrW is a negative control because it is 

not translationally incorporated into protein. Desthiobiotinylated WT-SA gene and 

desthiobiotinylated clones 7112, 7220 and 8216 were translated with W, 6FW, 5FW, 

6ClW, 4MW, 7AzaW and 5BrW. If the analog-substituted streptavidin variants were 

functional, they bound to the desthiobiotinylated gene. After the incubation, a portion of 

the reaction was removed and the DNA processed to serve as the loading control, 

representative of the total DNA. An equal portion of the reaction was incubated with 

Anti-his antibody agarose beads that bound to the his-tagged streptavidins. After washing 

the beads, the his-tagged streptavidin-DNA complexes were eluted. This represented the 

“pulled down” DNA and when compared with the total DNA (loading control) would be 

a quantitative indication of the activity of the analog-substituted streptavidin/variants.  

The results from this assay are presented in Figure 14a and 14b. The difference 

between the Ct values for loading control and pull down for each sample, presented in 

Figure 14b (dCt) are presented in Figure 14a. The dCt value represents how much of the 

total DNA was recovered in the pull down samples. A small dCt value indicates that there 

were little difference between the loading control and pull-down, so almost all the DNA 

was bound and pulled down- indicating high activity, and vice versa.  

The dCT value for WT-SA translated with W was 2.3, while the values for WT-

SA translated with the other analogs were all above 11, indicating that these were ~500-

fold less active against desthiobiotin than WT-SA translated with W. An examination of 

the dCt values of clones 7112, 7220 and 8216, it is clear these streptavidin variants can 

bind desthiobiotin even when translated with 4FW and 5FW. This is a marked difference 
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from WT. All the evolved clones also seem to exhibit fairly high activity with 5FW, 

higher even than W or 6FW. Clone 7220 also appears to be active when translated with 

6ClW. Interestingly, clone 8216 shows ~16-fold less activity when translated with 4FW 

than with W, but is ~2 -fold more active when translated with 5FW.  

DISCUSSION 

The tryptophan residues in streptavidin (specifically W79, W92, W108 and W120 

which line the biotin-binding pocket) are thought to be responsible for the hydrophobic 

interactions with the ligand, biotin. In addition, W120, contributed from an adjoining 

monomer, is known to be important for subunit association in tetramer formation. 

Mutational studies confirm the importance of the tryptophan residues. W79F and W108F 

resulted in a ~10 -fold reduction in the Ka and a W120F mutation led to a ~100 -fold 

reduction in the Ka value compared to wild type streptavidin (Ka~1013 M-1) (Chilkoti, Tan 

et al. 1995).   Previous attempts by our lab to evolve streptavidin in vitro using in vitro 

compartmentalization employed site directed mutagenesis of residues W79, T90, W92, 

W108 and L110 that line the biotin-binding pocket of streptavidin. At the end of seven 

rounds of directed evolution to select for variants that could bind to desthiobiotin, many 

of the successful variants contained additional amino acid substitutions, outside of the 

originally mutated residues. This previous study used a commercially available cell-free 

synthesis system for the transcription and translation of streptavidin variants in water-in-

oil emulsions. The emulsion bubbles, each containing on average one desthiobiotinylated 

streptavidin-variant template, mimicked the spatial separation afforded by cells employed 
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in in vivo selections, but removed the complications involved in expressing streptavidin 

in cells. Streptavidin is usually expressed as insoluble inclusions bodies in E.coli. We 

recently developed a cell-free protein synthesis system that is depleted of endogenous 

tryptophan. We used this cell-free protein synthesis system to incorporate various analogs 

of tryptophan into streptavidin. We tested the function of these analog-substituted 

streptavidins and found that 5-fluorotryptophan (5FW) and 6-fluorotryptophan (6FW) 

substituted streptavidins retained biotin-binding ability. Upon mass-spectrometric 

analysis, we found 100% replacement of W for 5FW or 6FW. The added hydrophobicity 

of fluorinated amino acids has been previously shown to lead to greater structural 

stability for proteins when incorporated into hydrophobic cores of proteins such as coiled 

coil domains e.g. trifluoroleucine incorporation instead of leucine in leucine-zippers 

(Montclare and Tirrell 2006). Additionally, molecular dynamic simulation (MDS) of the 

replacement of the tryptophans with fluorinated tryptophans (4FW, 5FW and 6FW) in the 

biotin-binding core of streptavidin suggests that 5FW and 6FW would lead to even 

tighter binding of biotin in part, by enhancing the hydrophobicity of the biotin-binding 

pocket of streptavidin (Panek, Ward et al. 2009). However, the streptavidin-biotin 

disassociation constant is ~10-14 M, and, since it is already on the order of a covalent 

bond, wouldn’t be a very useful feat of engineering. Streptavidin also binds to analogs of 

biotin, albeit, much more weakly. The presence of a tight-binding protein-ligand pair, 

orthogonal to streptavidin-biotin would find wide application in biotechnology. We thus 

decided to evolve 6FW-substituted streptavidin, in vitro, to bind to the biotin analog, 

desthiobiotin.  In our case, we expected that successful variants would not only bind to 
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desthiobiotin, but would also undergo some structural compensation for the mutation of 

tryptophan to 6FW.  

The selection procedure we employed has been successfully used before to evolve 

streptavidin to bind to desthiobiotin. The procedure employs water-in oil emulsions to 

mimic the spatial separation afforded by cells in in vivo selections and is called in vitro 

compartmentalization. Similar to cells, it allows spatial association between a genotype 

and the resultant phenotype. In contrast to cells, it has the distinct advantage of being able 

to resist toxic selection conditions which include insoluble proteins (such as streptavidin) 

and the presence of unnatural amino acids. Streptavidin, when expressed in E.coli, is 

expressed as insoluble inclusion bodies, possibly due to the cytotoxic effects of soluble 

streptavidin binding tightly to cellular biotin. It is recovered by isolation of the inclusion 

bodies and then refolding the protein, a scheme that is incompatible with an in vivo 

selection. In vivo selections involve transforming cells with a library of protein variants 

and then screening the library of transformants for desired properties such as improved 

enzyme kinetics or altered substrate specificity, but (usually) require the functional 

protein to be expressed in the cell. Our selection also included amino acid analogs that 

are known to be cytotoxic to varying degrees. Thus we concluded that the directed 

evolution of streptavidin in the presence of unnatural amino acids was best conducted in 

vitro using in vitro compartmentalization and cell-free protein synthesis to circumvent the 

cytotoxic effects of the streptavidin as well as the unnatural amino acids.  
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Streptavidin evolved to bind to desthiobiotin in the presence of 6FW, but still prefers W 

for function 

We performed two parallel directed evolution experiments to evolve streptavidin 

to bind to desthiobiotin, one in which the streptavidin was translated with W and the 

other, with 6FW. Functional assays performed with R7 and R8 pools (Figure 8), indicated 

that both pools had evolved to bind to desthiobiotin significantly better than WT-SA 

translated with W. Pools R7-6FW and R8-6FW also had improved binding to biotin 

compared to WT-SA translated with W, even though biotin was not the target of our 

selection.  Comparing dCt values, the 6FW evolved pools R7-6FW and R8-6FW have 

improved ~30-fold in their binding to biotin compared with WT-SA (translated with 

6FW) and ~200-fold in their binding to desthiobiotin, which was the target of the directed 

evolution experiment. While retention of strong binding to biotin was not a desirable 

outcome of our evolution experiment, an examination of the mutations present in the 

evolved clones (below) provides an explanation. Translation of the R7 and R8 pools with 

the opposite analog (in Figure 9) revealed that both pools functioned better when 

translated with W. Pool 2, evolved with W performed ~4-fold worse when translated with 

6FW while pool 1, evolved with 6FW, performed ~2-fold worse when translated with 

6FW, perhaps indicating that some accommodation had occurred for the presence of the 

unnatural analog in the proteins.  

We next examined the functional properties of individual clones from R7 and R8 

for both pools and found that the selected clones were also proficient at binding to biotin 

as well as desthiobiotin. When translated with the opposite analog with which they were 
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selected however, there were three clones, 7112, 7220 and 8216 that seemed to be true 

generalists, binding equally well to desthiobiotin as well as biotin when translated with 

either W or 6FW, in contrast to the rest of the clones from both pools that functioned 

poorly when translated with 6FW, compared to their function when translated with W.  

Directed evolution can yield stabilizing mutations that allow protein function with 

unnatural amino acids  

A similar result was seen by Tirrell and coworkers in work done with 5’,5’,5’-

trifluoroleucine (TFL) incorporation into chloramphenicol acetyltransferase (CAT) and 

Green Fluorescent protein (GFP) (Montclare and Tirrell 2006; Yoo, Link et al. 2007). 

Incorporation of TFL into CAT resulted in a destabilized protein that was more sensitive 

to thermal denaturation and had compromised protein function. Similarly, incorporation 

of TFL into GFP resulted in a non fluorescent protein. In both cases, error prone PCR 

mutagenesis of the gene and directed evolution restored function to the proteins that was 

similar to the wild-type. In the case of GFP, however, some of the leucine residues were 

lost during the evolution process, perhaps indicating sites at which the presence of the 

unnatural was not tolerated. Interestingly, translation of the unnatural analog variant with 

leucine resulted in a GFP protein that had better expression and folding compared even to 

wild-type GFP. The authors concluded that the directed evolution process had itself led to 

an improvement in overall protein stability, so when the unnatural analog was 

incorporated, it led to less disruption of the protein structure and function. In other 

attempts that involved whole-cell evolution, a previous experiment in our lab to evolve E. 
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coli to grow exclusively on 4-fluorotryptophan yielded mutants that were capable on 

growing almost exclusively on 4FW (99.97%), but still grew on media that contained 

only tryptophan (Bacher and Ellington 2001). Bacher and coworkers also observed that 

their evolved strain grew better when provided with other fluorinated W analogs, namely, 

5FW and 6FW compared to the unevolved parent strain. A similar attempt to evolve B. 

subtilis to grow exclusively on the same analog resulted in a strain that was adapted to 

growing exclusively on 4FW, and to which W was now toxic (Wong 1983). Perhaps a 

significant difference between these two studies was the presence of a negative selection 

in the Bacillus evolution study that completely removed any pool members that grew on 

tryptophan.   

These results are quite compelling in light of our observations evolving 

streptavidin. The evolved clones are certainly more functional when binding to 

desthiobiotin than the parent protein, especially so with the pool evolved with 6FW when 

compared to WT-SA translated with 6FW. Similarly, the clones evolved with 6FW bind 

better to desthiobiotin than WT-SA when both are translated with W. The three 

exceptional generalist clones are remarkable because only one of the three clones was a 

result of evolution with 6FW, while the other two, evolved with W, apparently underwent 

some mutational change during the experiment that now allows them to function when 

translated with 6FW. These observations argue strongly in favor of the theory that the 

mutations present (especially in the clones 7220 and 8216) are likely stabilizing 

mutations.  
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To test our hypothesis, we also translated the three generalist variants with an 

expanded panel of tryptophan analogs that included W, 6FW, 4FW, 5FW, 6ClW, 4MW 

and 5BW. Of these, we already know the WT-SA and generalist variants to be functional 

with W and 6FW. WT-SA was previously seen to be functional with 5FW (weakly so) 

but not with any of the other analogs. We wanted to see if the mutations in the evolved 

clones stabilized them (as gauged by retention of function) to the structurally disruptive 

insertion of other unnatural analogs. We found that all the generalist variants were highly 

functional when translated with 5FW as assayed by their binding to and pull down of 

their desthobiotinylated genes. 7112 and 7220 were also functional when translated with 

4FW as was 8216, albeit less so.  This is remarkable because while the 5FW substituted 

streptavidin variants improved their existing function compared to WT-SA translated 

with 5FW (see chapter 2), previously WT-SA translated with 4FW was completely 

inactive/nonfunctional as examined by two different functional assays (fluorescent gels 

using FITC-biotin as well as pull down of biotinylated DNA) and is now seen to be 

almost as functional as the mutant clones translated with W against desthobiotin. The 

results obtained with 6ClW are quite interesting because the chloride ion represents a 

much larger substitution compared to fluorine, but the results were not very clear because 

from our examination of the loading control Ct values that 6ClW might quench RT-PCR 

fluorescence and skew the data. This is represented by green asterisks over the dCt values 

in the figure. However, after correcting for the skew in the loading control Ct, it still 

appears that 7220 might be slightly active when translated with 6ClW, a result that surely 

warrants further investigation.   
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Mutations in the L3/4 loop of streptavidin are known to have an effect on ligand 

binding characteristics 

A comparison between the mutations accrued during the evolution experiment 

and residues known to be important for streptavidin-biotin interaction, tetramer formation 

and ligand specificity (listed in the introduction) revealed the following: 

1) None of the primary H-bonding residues that interact with biotin were lost 

and D128, known to form a H-bond with the biotin ureido nitrogen was not mutated in 

any of our clones. This observation foreshadowed our functional assay results in which 

the evolved pools (and individual clones) all retained their ability to bind to biotin and 

none of the pools (or individual clones) bound to desthiobiotin better than they did to 

biotin.  

2) None of the W residues had been mutated to other canonical amino acids 

and no additional W residues were introduced into the pool. While the W residues are 

known to be important for maintaining the hydrophobicity of the biotin-binding site, the 

previous directed evolution experiment to alter the substrate specificity of streptavidin to 

desthiobiotin resulted in a W018V mutation, which we did not see (Levy and Ellington 

2008). In addition, previous directed evolution work with GFP substituted with TFL 

resulted in some of the leucine residues being mutated to other canonical amino acids, 

probably at positions where the analog was not tolerated (Yoo, Link et al. 2007). We did 

not see any such mutations.  

3) The L3/4 loop has previously been the target for mutational modification 

to affect a change in streptavidin ligand binding (Voss and Skerra 1997; Levy and 
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Ellington 2008; Chivers, Crozat et al. 2010). The L3/4 loop acts as a lid that becomes 

ordered upon biotin binding. The S52G mutation lies within the L3/4 loop of streptavidin 

and was previously seen in successful clones when evolving streptavidin in vitro to bind 

to desthiobiotin (Levy and Ellington 2008). Levy also observed that his mutants had 

altered binding kinetics such that there was no observed increase in affinity for 

desthiobiotin, instead, there was a 50-fold decrease in both the on and off rates for 

desthiobiotin compared to WT-SA. Follow up work suggested that the S52G mutation 

destabilizes the loop such that it can adopt a “closed” conformation even in the absence 

of bound ligand and confers a ~7 to 11 -fold decrease in the off-rate (depending on the 

ligand used) (Magalhaes, Czekster et al. 2011).  Further, a recent streptavidin engineering 

paper employed S52G and R53D to make “traptavidin”, a streptavidin mutant with 10-

fold slower off rate for biotin (Chivers, Crozat et al. 2010). The StrepTag-Streptactin 

system uses a streptavidin mutant that can bind to a short peptide on a protein for affinity 

purification or labeling and so on. The Streptactin mutant of streptavidin was also 

evolved using saturation mutagenesis of 4 residues in the L3/4 loop (44-47, inclusive) to 

obtain a mutant that had a lower Kd for the StrepTag II than WT-SA.  

Evolving a “generalist” variant 

Streptavidin’s natural role (when secreted by Streptomyces avidinii) is still 

unknown, and thus, despite its exquisite design, we still cannot say for certain that its 

primary role is biotin-binding or that its primary ligand is biotin. We do know that it also 

binds to desthiobiotin (very tightly, Kd~10-13), which is found in nature, and a variety of 

man-made ligands and other analogs/moieties (iminobiotin, diaminobiotin, urea, FITC-
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biotin, peptides containing HPQ residues etc.) to varying degrees, a fact exploited in 

applications using streptavidin. Such flexibility of function is not unusual in nature and it 

is theorized that early in evolution, a small group of ancient proteins and enzymes with 

broad substrate specificity diversified through gene duplication, mutation, and selection 

to increase metabolic efficiency with a single (or small group) of substrates, leading to 

the specialized enzymes we see today (Jensen 1976).  That modern enzymes might still 

retain some latent, suboptimal functions (Jacob 1977) seems to be borne out by studies 

such as one by Matsumura and coworkers in which knockout strains of E. coli were 

complemented by overexpression of a library of E. coli genes on plasmids. In most cases, 

the knocked out gene and the gene responsible for suppression were unrelated and the 

complementation of function probably provided by the promiscuous function of the 

suppressor. Their results implicated promiscuous function by other enzymes, through 

increased transport of metabolites and even alternative metabolic pathways (Patrick, 

Quandt et al. 2007).  It was precisely this promiscuity in ligand specificity in streptavidin 

that we wished to exploit in order to evolve a streptavidin variant that would bind better 

to desthiobiotin than biotin. This natural promiscuity in proteins in nature is also context 

dependent. So a protein might evolve away from a promiscuous activity that is 

detrimental to function or fitness, such as is seen in tRNA synthetases in which charging 

of a noncognate amino acid onto tRNA would lead to detrimental effects on the protein 

being translated, but unnatural amino acid analogs that cells and the tRNA synthetases 

have probably not been exposed to in nature, might act as substrates for tRNA charging. 

(Indeed, we exploit this very loop-hole in our selection since wild-type tryptophanyl 

tRNA synthetase in E. coli can charge the 6FW onto tryptophanyl tRNA.) By evolving 

the streptavidin variants under conditions where only variants that bound to desthiobiotin 

were carried through to the next round, and variants that bound to biotin or biotinylated 
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oligonucleotides (added as quenching agents and competitors) were washed away, we 

hoped to select for desthiobiotin binders and against biotin binders. The variants we 

obtained however, indicated an improvement in desthiobiotin binding, but no 

concomitant reduction in biotin-binding ability, leading us to conclude that we had 

evolved a “generalist” binding streptavidin. Indeed, a profiling of the mutations that our 

evolved variants had accrued (discussed above) argues for a more general strategy of 

improvement of binding to desthiobiotin that has more to do with an increased rigidity of 

loop L3/4 leading to a slower off-rate (and on-rate) of any ligand bound than with a 

specific alteration in the molecular recognition of our variants for desthiobiotin. Our 

selection did not include a negative selection against biotin binding variants owing to the 

technical difficulties of performing such a step in our system. Such an outcome is not 

unusual in directed evolution experiments (Khersonsky and Tawfik 2010) and we see 

other examples in the literature in which a successful improvement in the promiscuous 

function takes place with a simultaneous improvement in “native” function (Rothman and 

Kirsch 2003; Wei, Yang et al. 2005; Delmas, Robin et al. 2006; Larion, Moore et al. 

2007). In other instances improvement in promiscuous function leaves no change in the 

native function (Aharoni, Gaidukov et al. 2004; Aharoni, Gaidukov et al. 2005; 

Samuelson, Morgan et al. 2006), and the ideal, where the improvement in the desired 

function occurs with a concomitant decrease of the “native” function (Wang, Minasov et 

al. 2002; Rowe, Geddie et al. 2003; Schmidt, Mundorff et al. 2003). Intriguingly, some of 

these papers also report an expansion of the substrate specificity to include substrates that 

were not part of the original selection (Rowe, Geddie et al. 2003; Samuelson, Morgan et 

al. 2006; Khersonsky and Tawfik 2010). 
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CONCLUSIONS AND FUTURE DIRECTIONS 

Even though we were unable to succeed in evolving streptavidin variants that 

were dependent on incorporation of 6FW and bound desthiobiotin better than biotin, 

there are still some interesting questions that are engendered by our study that we believe 

deserve further investigation. 

 First, it would be interesting to confirm our hypothesis that the mutations we 

observe in our generalist clones are indeed stabilizing mutations. A simple experiment 

whereby the mutations are introduced into WT-SA and the gene translated with unnatural 

amino acids (W, 6FW, 4FW and 5FW) would reveal whether the mutations in and of 

themselves confer stability to structural (and functional) perturbations in the protein 

caused by the unnatural amino acids. A more conventional approach would be to 

introduce errors in the gene containing the stabilizing mutation and compare its function 

to the WT-SA that has been similarly mutated (Goldsmith and Tawfik 2009). If 

stabilization has indeed occurred, a similar level of mutagenesis would allow for better 

function in the stabilized protein than in the WT protein. Such stabilizing mutations 

would be very useful to incorporate into any streptavidin that is going to be subject to 

mutagenesis or modification to confer structural and functional robustness to the protein. 

Second, while L56V is seen only in the pool evolved with 6FW, might well 

represent nothing more than a general stabilizing mutation, its occurrence, at a high 

penetrance in the population only in the pool evolved with the unnatural amino acid is 

interesting and warrants further exploration for its role.  

Third, it would be interesting whether our streptavidin variants are capable of 

binding to other biotin analogs that were not the object of the selection and how the 

mutations alter the binding properties to these ligands compared to WT-SA. Since our 

selection led to generalist biotin-analog binders (that perhaps use a mechanism that 
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increases the koff of any bound ligand), it would be interesting to explore how widespread 

the effects are in terms of biotin analogs.  

MATERIALS AND METHODS 

T7 RNA polymerase was obtained from Epicentre Biotechnologies (Madison, 

WI) or made in-house with appropriate steps taken to control quality.  All chemicals and 

reagents were either molecular biology or ACS grade and obtained from Sigma-Aldrich 

(St. Louis, MO) or Fisher Scientific (Rockford, IL). All primers and oligonucleotides 

were purchased from IDT (Coralville, IA). Solutions were made in sterile, deionized 

water in triple-rinsed glassware.     

Pool construction  

Error prone PCR was used to generate a pool of randomly mutated streptavidin 

coding genes. GeneMorph II random mutagenesis kit (Agilent Technologies, Santa Clara, 

CA) was used in order to reduce mutational bias.  PCR reactions were set up following 

manufacturers’ instructions using pSA (Levy and Ellington 2008) as template and 

primers SA1 RTS F (TACGATGCCGGCCACGATGCGT) and SA2 RTS Rev 

(GGCGACCACACCCGTCCTGTGGATATCC). The PCR reactions were run in 20 μL 

aliquots. After the reaction the PCR product was gel purified using 1% agarose gel in 

TBE buffer and Promega SV Gel and PCR clean up system and designated the R0 pool. 

A portion of the fresh, purified PCR product was cloned into pCR2.1 plasmid using the 

TopoTA cloning kit and transformed into Top10 cells using manufacturer’s instructions 

(Invitrogen Inc). 24 transformants were picked from the LB-Amp plates and grown up 
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individually overnight at 37°C in LB broth with 50 μg/ml ampicillin. Plasmids was 

prepped from the individual cultures using the Qiagen MiniPrep kit and submitted for 

sequencing by the ICMB sequencing core facility at the University of Texas at Austin. 

M13 Universal Primer (-20) Forward, (5’-GTAAACGACGGCCAGT-3’) was using for 

sequencing. Sequence analysis was performed on Geneious Pro software package.  

The desthiobiotinylated R0 pool was made by PCR amplification of the unlabeled 

R0 pool using a desthoibiotinylated primer, SA7 5DTB RTS F (/5DTB/ 

TACGATGCCGGCCACGATGCGT) (Biosearch Technologies, Inc) and primer SA2 

RTS Rev (GGCGACCACACCCGTCCTGTGGATATCC). Excess primers and 

nucleotides were removed using the Promega Wizard SV gel and PCR clean up system.  

Selection Procedure 

For each round, 300 pg (or as indicated in Figure 3) of either biotinylated, linear 

WT-SA gene, unlabeled WT-SA gene or desthiobioinylated pool were added to a 50 µl 

IVTT reaction contained 17.5 µl of S30 lysate, 2.5 µl of Ampliscribe T7 RNA 

polymerase (Epicenter Biotechnologies), 55mM Hepes-KOH (pH 7.5) containing 1.7 

mM DTT, 1.2 mM ATP (pH 7), 0.8 mM each of CTP, GTP and UTP, 4.0% PEG 8000, 

0.64 mM 3’, 5’-cAMP, 68 µM L(-)-5-formyl-5,6,7,8-tetrahydrofolic acid, 80 mM 

Creatine phosphate (Roche), 250 µg/ml Creatine Kinase (Roche), 175 µg/ml E. coli total 

tRNA (Roche), 210 mM potassium glutamate, 27.5 mM ammonium acetate, 10.7 mM 

magnesium acetate, 0.5% Sodium deoxycholate and 2.0 mM of all the amino acids except 

tryptophan. Tryptophan or 6FW analog were added to a final concentration of 2 mM. The 

IVTT reaction was emulsified by adding it to 500 μL oil mixture containing mineral oil, 
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4.5% Span 80, 0.5% Tween-80 and 0.1% Triton X-100. The reaction tube, in an ice bath, 

was stirred on a stir-plate at maximum speed for 4 minutes, after which the emulsion was 

put in a 2 ml tube and incubated in a 30°C water-bath for 2 hours. After the incubation, 

the emulsion was broken in the presence of competitors/quenching agents (that varied 

from round to round as indicated in Figure 3). The competitors in 500 μL TBST were 

added to the emulsified reaction. The emulsion was then broken with three, 1 ml ether 

extractions and remaining ether removed using a centrifugal evaporator (SpeedVac) for 

10 minutes.  

The extracted mixture was then incubated with 100 μL washed anti-His antibody 

agarose beads in 500 μL TBST for 45 minutes at room temperature with end-over-end 

rotation. The beads and bound protein-DNA complexes were then washed with TBST 

(number of washes and duration thereof as varied from round to round are also described 

in Figure 3). The bound protein-DNA complexes were then eluted and purified from the 

beads by subjecting the beads to the Promega Wizard SV PCR clean up system.  

5 μL eluted DNA from each reaction was then subjected to a PCR cycle course in 

which aliquots were removed every 5 cycles starting at cycle 15 or 20 and ending at cycle 

45. The results of the PCR cycle course were visualized on a 1% agarose gel. The rest of 

the eluted DNA was then amplified using the earliest number of cycles of PCR at which 

amplification was seen in the cycle course. The amplified DNA was purified using gel-

purification and extraction (Promega SV Wizard Gel purification system). Gels were 

visualized only with blue-light to minimize the formation of DNA adducts. The pool was 

then desthiobiotinylated via another PCR reaction with the desthiobiotinylated forward 



 107 

primer, SA7, and SA2 Rev, cleaned up using the promega PCR clean-up kit. Pool DNA 

was quantified by a quantification gel using DNA quantification standards (Genusra).        

Sequencing 

At the conclusion of rounds indicated in the text, a portion of the pool was 

sequenced. A portion of the gel-purified, extracted DNA was cloned into pCR2.1 vector 

using the TopoTA cloning system into Top10 cloning cells. 24 colonies from each plate 

were grown up in 96-well culture plates and the plasmids extracted using the QIAprep 96 

Turbo Miniprep Kit and submitted for sequencing by the ICMB sequencing core facility 

at the University of Texas at Austin. M13 Universal Primer (-20) Forward was using for 

sequencing. Sequence analysis was performed on Geneious Pro software package.  

Assay of function 

A schematic of this procedure is presented in Figure 7. 160ng of unlabeled, linear 

pool DNA from R0, R1, R7 and R8 was added to 50μL IVTT reactions and W or 6FW 

added as indicated. The reactions were incubated at 30°C for 1hr and then placed on ice 

and the translation reactions terminated by the addition of kanamycin. 9 μL of each IVTT 

reaction was incubated with 1μL of 10ng/μL desthobiotinylated/biotinylated or unlabeled 

reporter streptavidin gene for 45 minutes and then the reaction was split in half and 5μL 

subjected to PCR clean-up (loading control) and the other half added to 20 μL washed 

Anti-His antibody agarose beads in 50μL TBST. This was incubated at room temperature 

for 45 minutes and then washed 4X200μL and then the DNA eluted by subjecting the 
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beads to PCR clean-up. 25μL real-time PCR reactions were set up using 2X Universal 

FastStart Probe Master (Roche) using primers SA3 RTS F 

(TCCGGCGTAGAGGATCGA) and SA4 RTP R 

(TTATTTCTAGAGGGAAACCGTTGTG) and Taqman probe, SA5 RTP Taq (56-

FAM/ATCTCGATCCCGCGAAATTAATACGACTCA/3BHQ_1). Reactions were run 

on an ABI 7300 real-time PCR machine.  The amount of the reporter gene recovered was 

determined by comparing the Ct (Cycle threshold) value for a given sample obtained 

from real-time PCR reaction performed with the Ct for the corresponding loading control.  

Clonal Assays 

A schematic for this procedure is presented in Figure 10. Individual clones were 

assayed by adding 160ng of plasmid DNA to a 50μL IVTT reaction containing either W 

or 6FW as indicated. The reactions were incubated at 30 °C for 1 hr and then terminated 

by placing on ice and adding kanamycin. 13.5 μL of each reaction was incubated with 1.5 

μL of 10ng/μL desthiobiotinylated or biotinylated reporter gene for 20 minutes. 6 μL of 

each reaction with reporter gene was then added to 50 μL TBST or 50 μL TBST 

containing 100 μM D-biotin, 10 μM desthiobiotin, 10 μM biotinylated oligonucleotide 

and 10 μM desthiobiotinylated oligonucleotide. Each of these reactions were then added 

to a 96 well Ni-NTA coated plate (HisSorb 96-well plates, Qiagen) and incubated on a 

rotary shaker at room temperature for 2.5 hrs. The wells were then washed with 5X200 

μL TBST with each wash incubated for 5 minutes. The bound protein-DNA complexes 

were then eluted by the addition of 100 μL TBST containing 250nM Imidazole. Again, 
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relative amounts of reporter gene was quantitated using Real-time PCR as described 

above. Controls included the wild-type streptavidin gene translated with 6FW and W.   

Functional Assay using other unnatural analogs 

Desthiobiotinylated WT-SA gene or variant gene was prepared by amplifying the 

streptavidin gene from the plasmid via PCR with a 5’ desthiobiotinylated primer SA7 

5DTB RTS F (/5DTB/ TACGATGCCGGCCACGATGCGT) and primer SA2 RTS Rev 

(GGCGACCACACCCGTCCTGTGGATATCC). PCR products were purified using the 

Wizard SV gel and PCR clean up system (Promega) and quantified by running on a gel 

alongside 300bp quantification standards (Gensura). A 160ng aliquot of each gene was 

added to a 50uL IVTT reaction and either W, 6FW, 4FW, 5FW, 6ClW (Santa Cruz 

Biotechnology), 4MW, 7AzaW or 5BrW added to a final concentration of 2mM.  

Reactions were allowed to proceed for 1 hours at 30°C, after which the reaction was 

placed on ice.  A 5 μL aliquot of the IVTT reaction was subjected to PCR clean-up to 

serve as a loading control, and a 5 μL aliquot was transferred to 50uL of TBST 

containing 20ul of washed anti-His antibody agarose (Sigma).  After incubation for thirty 

minutes at room temperature, the resin was washed four times with 200uL aliquots of 

TBST and the protein and bound reporter gene were eluted by subjecting the resin to 

PCR clean-up. The amount of the reporter gene recovered was determined by comparing 

the Ct (Cycle threshold) value for a given sample obtained from real-time PCR reaction 

performed with the Ct for the corresponding loading control as described above.   
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FIGURES 
 

Figure 3-1: A) Biotin binding pocket of streptavidin with tryptophans shown 
(Freitag, Le Trong et al. 1998), B) Structures of Biotin and Desthiobiotin (Levy and 
Ellington 2008) and C) Structures of tryptophan and 6-fluorotryptophan 
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Figure 3-2: In vitro selection scheme used to direct the evolution of streptavidin to 
desthiobiotin in the presence of 6FW (left) and in the presence of W (right) 
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Table 3-1: Variations in the directed evolution selection scheme from round to round are 
documented above 

  

Round! Quenched with! Number of washes! IVTT duration! Other!

1! 10μM biotin! 4! 2! Additional round of 
PCR mutagenesis!

2! 10μM biotin! 4! 2!  !

3! 10μM biotin! 4! 2!  !

4! 10μM biotin + 10μM desthiobiotin! 4! 2!  !

5! 10μM biotin + 10μM desthiobiotin! 4! 2!  !

6! 100μM biotin + 10μM desthiobiotin! 5 with 5 minute 
incubation between! 1!  !

7! 100μM biotin + 10μM desthiobiotin! 5 with 5 minute 
incubation between! 1!  !

8!
100μM biotin + 10μM desthiobiotin + 10μM 

biotinylated oligonucleotide + 10μM 
desthiobiotinylated oligonucleotide!

6 with 5 minute 
incubation between! 1!  !
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Figure 3-3: Results for the PCR cycle course performed after Round 2 are displayed 
above. Biotin-Streptavidin gene +W is the positive control and Unlabeled Streptavidin 
gene + W is the negative control. 
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Figure 3-4: Schematic of the functional assay used to test function of the evolved 
pools 
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Figure 3-5: Results of the functional assay of the evolved pools (R7 and R8) to 
evaluate their binding to desthiobiotinylated and biotinylated reporter genes. WTSA 
is the wild-type, unevolved streptavidin gene. Unlabeled reporter gene serves as the 
negative control. All samples were translated with the tryptophan analog used during the 
directed evolution. The bars above represent the Ct values obtained from Real time PCR, 
thus a lower cycle number indicates greater DNA recovery which corresponds with 
higher function. 
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Figure 3-6: Analog addiction assay. In this assay, the pools were tested for their 
dependence of being translated with the analog with which they were selected for 
function, measured by their ability to bind to and pull-down reporter gene (b-
SA=biotinylated DTB-SA=desthiobiotinylated reporter genes). As in the previous figure, 
the results represent Ct values from real-time PCR. 
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Table 3-2: Penetrance of mutations in the two pools seen over rounds 5, 6, 7 and 8.  

  

Penetrance(
Pool( 15A30%( 30A50%( >50%(

(( R5(1)( S52G( (( ((
6FW( R6(1)( L56V,(A100S( (( S52G(
(( R7(1)( N103D( S139R( L56V,(S52G(
(( R8(1)( Y83H,A100S,(A138V( (( L56V,(S52G(
(( (( (( ((
(( R5(2)( A100S,(A138V( (( S52G(
W( R6(2)( (( A100S,(A138V( S52G(
(( R7(2)( E51K,(A89V,(A138V( A100S( S52G(
(( R8(2)( V55A,(A138V( A100S( S52G(
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Figure 3-7: The sequences for the clones selected for further characterization from 
Pool 1 (+6FW) are detailed above. Please note that the first Alanine in the sequence 
corresponds to residue 13 in core streptavidin. Thus, S52G is at number 40 in the 
sequence above. 
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Figure 3-8: The sequences for the clones selected for further characterization from 
Pool 2 (+W) are detailed above. Please note that the first Alanine in the sequence 
corresponds to residue 13 in core streptavidin. Thus, S52G is at number 40 in the 
sequence above. 
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Figure 3-9: Schematic of the functional assay used to test individual clones in a high-
throughput format for their ability to bind to desthiobiotinylated and biotinylated reporter 
genes. 

 
  

Unlabeled((Streptavidin(gene/(R1(/R7/R8(DNA(clone(

50uL(IVTT(reac?on,(1hr,(30degreesC,(

reac?on(terminated((by(addi?on(of(

Kanamycin(and(placing(on(ice(

+50uL(TBST( +50uL(TBST+(compe1tors(

9uL(

+10ng((desthiobio1nylated((
Streptavidin(gene(

+10ng((bio1nylated((
Streptavidin(gene(

+50uL(TBST( +50uL(TBST+(compe1tors(

(Incuba1on(with(reporter(
gene(@RT/10(mins)(

96(well(NiINTA(coated(plate(

Orbital(shaker(for(2.5(hrs(

Wash(4X250uL(TBST(

Elute(with(100uL(TBST+250mM(imidazole(

PCR(clean(up(and(RTAPCR(

Compe?tors(are(same(as(used(in(

Round(8:(

100uM(bio?n(

10uM(desthiobio?n(

10uM(desthiobio?nylated(oligo(

10uM(bio?nylated(oligo(



 121 

Figure 3-10: Functional assay of selected clones from R7 translated with the W analog 
with which they were selected. Clones were assayed for their ability to bind to 
desthiobiotinylated (DTB-SA) or biotinylated (B-SA) reporter genes. Only results for the 
samples that contained competitors are shown above.  
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Figure 3-11: Functional assay of selected clones from R8 translated with the W analog 
with which they were selected. Clones were assayed for their ability to bind to 
desthiobiotinylated (DTB-SA) or biotinylated (B-SA) reporter genes. Only results for the 
samples that contained competitors are shown above. 
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Figure 3-12: Clonal analog addiction assay. The assay tested the ability of the above 
clones to bind to and pull-down desthiobiotinylated and biotinylated reporter genes when 
translated with the analog they were selected with as well as the opposite analog. Clones 
with names starting with R71 or R81 came from pool 1: the directed evolution with 6FW 
and clones with names starting with R72 or R82 came from pool 2: the evolution with W.  
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Figure 3-13: Amino acid sequences of the 3 generalist clones that were able to bind 
both desthiobiotinylated as well as biotinylated reporter genes equally well regardless of 
which tryptophan analog they were translated with. The WT streptavidin sequence is at 
the top. The first alanine is A13 in core streptavidin and thus S52G is at position 40 as 
seen above. All the clones have S52G mutation. Clone R7112 also has mutations L56V 
and A89V. Clone R8216 also has mutations E14G and E51K. Clone R7220 also has 
mutations E51K and A89V.  
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Figure 3-14: Streptavidin stabilization to unnatural amino acid incorporation. The 
generalist clones were translated with a panel of other tryptophan analogs and found to be 
able to now be functional with additional analogs as seen above. A) dCt plotted above is 
the difference between Ct for the loading control (LC, total DNA in the reaction before 
pull down) and the Ct value for the pull-down (DNA pulled down). The red bars indicate 
the analog the corresponding variant was selected with (=positive control). See the text 
for an explanation for the green asterisks. B) Please see next page 
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Figure 3-14: Streptavidin stabilization to unnatural amino acid incorporation. The 
generalist clones were translated with a panel of other tryptophan analogs and found to be 
able to now be functional with additional analogs as seen above. A) Please see previous 
page. B) Loading control (Blue bars) and Pull down Ct values (red bars) used to calculate 
dCt values in Figure 14 (A).  
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APPENDIX  

PROTOCOLS FOR RESIDUE-SPECIFIC INCORPORATION OF 
UNNATURAL AMINO ACIDS INTO PROTEINS IN VITRO AND IN 

VIVO 

 
1.  Introduction 

The incorporation of unnatural amino acids into proteins has become a powerful 

tool for augmenting protein function (Chin, Martin et al. 2002; Chin, Santoro et al. 2002; 

Deiters, Cropp et al. 2004), studying protein and cellular processes (Lin, Zhang et al. 

2011), creating novel functional proteins (Bae, Rubini et al. 2003), and expanding the 

functionality of laboratory-evolved proteins and peptides (Yoo, Link et al. 2007; Tianero, 

Donia et al. 2012).  Over the last few decades, three major methodologies have been 

developed to introduce unnatural amino acids into proteins (illustrated in Figure 1).  

These methodologies include global amino acid replacement, site-specific incorporation, 

and semi-synthetic incorporation.  These methods differ primarily in how the unnatural 

amino acid is introduced into proteins.  Global or residue-specific amino acid 

replacement takes advantage of the natural (or partially modified) substrate flexibility of 

aminoacyl tRNA synthetases, the enzymes responsible for attaching amino acids to their 

appropriate tRNAs (Abbyad, Shi et al. 2007; Johnson, Lu et al. 2010).  These 

methodologies replace one of the twenty canonical amino acids with an amino acid 

analog via removing or limiting the availability of the natural amino acid such that the 

unnatural amino acid analog is incorporated into proteins instead of the natural amino 

acid.  Residue-specific (global) amino acid replacement will incorporate the unnatural 
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amino acid analog at every position within the protein in which the natural amino acid 

was encoded (e.g. tryptophan analogs would replace tryptophan at every UGG codon 

encoded in the messenger RNA).  This would lead to the incorporation of multiple 

unnatural amino acids into a target protein of interest. This methodology has been used 

for years to incorporate over a hundred amino acid analogs into proteins (Budisa 2006), 

and has also been used to evolve proteome-wide incorporation and tolerance of unnatural 

amino acids by entire organisms(Wong 1983; Bacher and Ellington 2001; Bacher, Bull et 

al. 2003).  In contrast, site-specific incorporation methodologies insert an unnatural 

amino acid at a ‘unique’ codon position within the protein sequence as defined by the 

researcher (usually a translation termination codon or ‘stop codon’ such as UAG).  This 

is usually done using a non-sense suppressor tRNA which has been mutated to recognize 

the natural translation termination codon sequence as a sense codon.  Additionally, a 

mutant orthogonal aminoacyl tRNA synthetase is often used in combination with its 

cognate suppressor tRNA to increase the productivity and specificity of protein expressed 

with an unnatural amino acid (Wang, Brock et al. 2001; Hughes and Ellington 2010).  

This methodology has led to the translational incorporation of over 50 amino acids with a 

variety of functionalities into proteins (Young and Schultz 2010).  The last group of 

methodologies used to incorporate unnatural amino acids into proteins are the semi-

synthetic methods which link the unnatural amino acid to a suppressor tRNA via a 

combination of chemical synthesis and enzymatic ligation(Heckler, Chang et al. 1984; 

Taki, Hohsaka et al. 2001), rather than relying on the amino acylation activity of a tRNA 

synthetase.  While semi-synthetic methods can be used to incorporate diverse unnatural 
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amino acids beyond the somewhat limited specificities of aminoacyl tRNA synthetases, 

the amount of protein that can be produced is stoichiometrically limited to the amount of 

chemically-acylated tRNA added to the translation reaction.            

In this chapter, we will present protocols for the global, residue-specific 

incorporation of unnatural amino acids into proteins produced by Escherichia coli or in 

vitro translation systems derived from E. coli.  In particular, we will detail the 

replacement of tryptophan in proteins with unnatural tryptophan analogs.  While the 

protocols outlined herein are specific for the global incorporation of tryptophan analogs 

into proteins, in theory and in practice one can adapt these protocols for any unnatural 

amino acid analog that is translationally compatible with the E. coli translation system 

(Reviewed in (Budisa 2006)).  This can be done by using a different amino acid 

auxotrophic strain and modifying the stated protocols to include tryptophan (where 

applicable) and exclude the natural amino acid you wish to replace.  Both the in vitro and 

in vivo protocols in this chapter make use of a tryptophan auxotroph to control the 

availability of endogenous tryptophan and force the translational machinery to 

incorporate the analog that is supplied in molar excess (Figure 2).  While the E. coli 

tryptophanyl tRNA synthetase present in cells and lysates primarily recognizes 

tryptophan analogs that are similar in structure to tryptophan itself (Table 1, Figure 3), 

engineered aminoacyl tRNA synthetases could be introduced into cells to expand the list 

of compatible analogs.   

An overview of the in vitro and in vivo methods of incorporating unnatural amino 

acid analogs into proteins that are described in this chapter is presented in Figure 2. The 
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choice of which protocol to employ depends on the desired outcome. The in vitro (cell-

free) synthesis protocol will yield a system that can be used to test a variety of different 

amino acids in different target proteins. By setting up small batch reactions with template 

DNA coding for different proteins and various tryptophan analogs a number of different 

combinations can be screened in short order.  The template DNA used in cell-free 

synthesis can be a PCR product or plasmid. Depending on the protein produced, the 

function of the analog-substituted protein can be even be assayed directly from the cell-

free synthesis reaction. The in vitro format is also compatible with amino acid analogs 

that present difficulties in cellular uptake such as methylated tryptophans or analogs 

which are cytotoxic to the cells. Similarly, cytotoxic proteins can be expressed in vitro as 

long as it does not inhibit the transcription and translation processes in the reaction. The 

in vivo synthesis protocol requires the choice of target protein (and corresponding DNA 

template) and analog to be made in advance but the protein yields are much higher which 

would make it the procedure of choice if a large amount of purified analog-substituted 

protein is required.   

 

2.  Materials  

2.1. Materials for the in vitro incorporation of unnatural amino acids into proteins 

All solutions and reagents were made using sterile, deionized water in glassware that has 

been triple rinsed with sterile, deionized water.  The protocol below should yield between 

7.5 and 8.5 ml of S30 lysate, which in turn can be used for 450-500 (50µL) in vitro 

transcription and translation reactions.   
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2.1.1. Medium G-PG 

Lysates are made from cells grown in a rich, defined medium supplemented with 

phosphates and glucose (modified from references (Wong 1983; Kim and Choi 2001)). 

1. Nucleoside Solution (100X):  to 50ml of water, add 0.5g each of guanosine, 

adenosine, cytidine and uridine, and 2.5g of thymidine.  Add KOH dropwise to 

solubilize (only a few drops should be necessary), and then make up the volume 

to 100ml.  Store at 4°C. 

2. Vitamin Amide Solution (100X):  to 50ml of water add 0.1g thiamine, 0.1g 

niacinamide, 0.1g pyridoxal, 0.2g panthothenic acid, 0.01g biotin, 0.01g α-lipoic 

acid, 0.01g p-aminobenzoic acid (PABA), 0.001g folic acid, 0.001g riboflavin, 

1.5g ribitol, 0.5g glutamine, and 0.5g asparagine.  Add a few drops of KOH to 

solubilize and then make the volume up to 100ml with water. 

3. CaCl2 Solution (1000X):  Add 0.2g CaCl2 to a final volume of 10ml of water. 

4. Alanine Solution (400X):  Make a 40mg/ml solution by adding 0.4g DL-alanine 

to 100ml of water. 

5. Amino Acid Solution (400X):  Add 0.4g of all L-amino acids except tryptophan 

and tyrosine to 30mL water (see Note 1).  Make the volume up to 50mL with 

water. 

6. MnSO4 Solution (1000X):  Add 0.22g MnSO4.4H2O to a final volume of 10ml of 

water. 

7. FeCl3 Solution (10,000X):  Add 0.06g FeCl3.6H2O to a final volume of 10ml of 

water.  
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8. Fill a 4L beaker with 2.5L of water. Add components according to Table 2 below. 

9. Adjust the pH of the medium to 7 (with 10 M KOH) and bring up to 4L with 

water. 

10. Filter sterilize the Medium G-PG through a 0.2µm filter.  

11. Dispense 1L each into 4x 4L autoclaved, baffled flasks.   

12. Store at 4°C.  

13. Prepare 2ml of 0.02g/ml tryptophan solution by dissolving 40mg of L-tryptophan 

in 1.5mL of water. Add drops of KOH till the tryptophan goes into solution. Make 

the volume up to 2mL with water.  Store at -20°C. 

2.1.2. Buffers and consumables for making the lysate:  

1. E. coli strain that is auxotrophic for tryptophan. 

2. 30mls of Luria Bertani broth (per liter:  10g tryptone, 5g yeast extract, 10g NaCl). 

3.  Buffer A and B:  Make stocks of 3M magnesium acetate, 6M potassium acetate, 

and 1M Tris-acetate, pH 8, 1M DTT. For Buffer B, add 20ml of 3M magnesium 

acetate, 40ml of potassium acetate, 40ml of Tris-acetate, pH 8, and 4ml 1M DTT 

a to a final volume of 4 liters. Add 0.5ml of β-mercaptoethanol to 1L Buffer B to 

make Buffer A  

4. Slide-A-Lyzer dialysis cassette, with a 7000MWCO, syringe, needle (18 gauge). 

 

2.1.3. Low Molecular Weight mix:  
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Prepare stock solutions of the components and mix them according to Table 3 to obtain 

the Low Molecular Weight (LMW) Mix for 800x 50µl IVTT reactions.  Adding 23µl of 

the LMW mix to a 50µl reaction yields the appropriate final concentrations.  Aliquot 

reactions into tubes and freeze at -80°C. (see Note 2) 

2.1.4 DNA template:  

The DNA template used to express your protein of interest can be a plasmid (from a 

mini-prep) or a linear DNA such as a PCR product. The plasmid should be one suitable 

for expression in a cell-free synthesis system.  For example, pIVEX plasmids contain a 

T7 promoter and ribosome binding site upstream of the protein coding sequence, and a 

T7 terminator downstream.  Alternatively, many of the pET vector series are compatible 

with in vitro transcription and translation reactions (see Section 3.2.1 for more 

information on cloning your gene of interest into a pET vector).  If you are using a linear 

template generated by PCR amplification, then the gene should again have a T7 promoter 

and ribosome binding site upstream of the protein coding region, and a T7 terminator 

downstream (see Note 3).  These regulatory regions may need to be added during 

amplification of the linear template with appropriate primers that encode them. 

2.1.5 Equipment: 

1. 37°C incubator shaker  

2. French pressure cell press  

3. SpeedVac  

4. SDS-PAGE gel running equipment  
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5. Storage Phosphor screen  

6. Storage Phosphorimager imaging device  

2.2. Materials for the in vivo incorporation of unnatural amino acids into proteins 

1.  Tryptophan auxotrophic E. coli strain BL21(DE3)ΔtrpC pLysS (Genotype: F-  trpC 

(Ins::GrpII intron dfrA (trimethoprim)) ompT gal dcm lon hsdSB(rB
-mB

-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]) (pLysS: T7 LysS cat) is used for protein expression 

experiments (see Note 4).   

2. DH10B strains are used for plasmid manipulation and storage.  

3.  Luria-Bertani media (per liter: 10g tryptone, 5g yeast extract, 10g NaCl, and 1.5% 

agar for plates).   

4. M9 minimal media base (5X stock solution, per liter: 64g Na2HPO4-7H2O, 15g 

KH2PO4, 2.5g NaCl, 5g NH4Cl), supplemented with 2mL/L 1M MgSO4, 20mL/L 20% 

glucose, 100µL 1M CaCl2 and 1mL/L Trace Mineral Supplement (ATCC, Manassas, 

VA) and 0.1-1.0mM tryptophan analog or 0.1mM tryptophan (see Note 5).  The media 

was further supplemented with 100µg/mL ampicillin. 

5.  Tryptophan analogs:  7-azatryptophan, 4-, 5-, 6-, and 7-fluorotryptophan (See Table 1 

for translational compatibility).   

6.  Nickel-NTA resin. 

7. Polypropylene protein purification columns (2 ml bed volume). 

8.  Benzonase nuclease). 

9. 1M MgSO4  
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10.  Sonic homogenizer or French Press (see Note 7). 

11.  Buffers for Ni-NTA (His-Tag) purification: 

 a. Binding Buffer (1X):  20mM Tris-HCl, pH 8.0, 300mM NaCl, and 10mM 

imidazole. 

 b. Wash Buffer (1X):  20mM Tris-HCl, pH 8.0, 300mM NaCl, and 50mM 

imidazole. 

 c. Elution Buffer (1X):  20mM Tris-HCl, pH 8.0, 300mM NaCl, and 250mM 

imidazole. 

12.  Materials and equipment for denaturing polyacrylamide gel electrophoresis (PAGE). 

 

3.  Methods 

3.1: In vitro Incorporation of Unnatural Amino Acids into Proteins 

3.1.1 Making a S30 lysate depleted in endogenous tryptophan  

The procedure to make the Tryptophan Auxotroph S30 lysate takes ~3 days and will be 

described chronologically (see Note 8).  Unless otherwise specified, all procedures are 

carried out at room temperature. 

1. Grow a starter culture of the tryptophan auxotroph in at least 20mls of Luria 

Bertani broth overnight at 37°C on a shaker.  

2. Inoculate 1L of Medium G-PG + tryptophan solution to a final concentration of 

20mg/L with 10mls (1:100 ratio) starter culture. 

3. Prepare 1xPBS and keep at room temperature.   
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4. Prepare 4L of 1xBuffer B.  Remove 1L of this and make Buffer A by adding 

0.5ml β-mercaptoethanol.  Store Buffer A and Buffer B at 4˚C. 

5. Grow the cells at 37°C on a shaker at 200rpm until the cells reach mid-log phase 

(see Note 9). 

6. Spin down cells at 6000×g at 16°C and immediately wash with 500mls 1xPBS 

per liter of culture.  The cell pellet should be resuspended gently with minimal 

shear (see Note 10). 

7. Spin down again at 6000×g and 16°C.  

8. Resuspend the cells gently in 1L Medium G-PG, this time without tryptophan. 

9. Grow cells at 37°C with shaking at 200rpm for 50 minutes.  

10. Spin down the cultures at 6000×g at 4°C.  Wash the cells twice with cold S30 

buffer A (1L).  After the second wash, flash freeze the cells (see Note 11). 

11. Weigh the cell pellet and store at -80°C. (see Note 12). 

12. Thaw the cells on ice with 1ml of buffer B for every gram of cell pellet.  

Resuspend the cells until they form a smooth cell paste. 

13. Transfer the cell paste to a chilled French press cell and lyse the cells with a 

single pass through the French press at 1100psi.  Collect the lysate in tubes on 

ice. 

14. Centrifuge the lysate twice at 30,000×g at 4°C.  After the first spin, carefully 

transfer the supernatant to a new tube, taking care to avoid the pellet.  
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15. After the second spin, transfer the lysate to a tube wrapped in foil and incubate at 

37°C on a rotary shaker at 150rpm for 90 minutes.  Take note of the volume of 

lysate. 

16. Carefully pipette the lysate into a dialysis cassette with between MWCO of 7000 

or 8000 Daltons, attach a floatation device, and place in 80× volume of cold 

Buffer B in a beaker or other suitable container.  Place a clean stir bar in the 

beaker and dialyze for 12 hours with gentle stirring at 4°C. 

17. Subsequent to the first 12 hour dialysis, perform two buffer exchanges for 45 

minutes each. 

18.  During the third dialysis exchange, set up a tray with ice.  From the estimate of 

the volume of final lysate (Step 12) set up tubes on ice to aliquot the lysate into 

(see Note 2). 

19. Transfer the lysate to the chilled centrifuge tubes and spin at 4000×g for 10 

minutes.  

20. Aliquot the lysate into new tubes on ice and store at -80°C.  

3.1.2 Setting up a cell-free translation reaction 

Set up each 50µL reaction according to the recipe in Table 4. Control reactions should be 

set up and run in parallel with the sample reactions.  The controls should include a 

positive control containing DNA template and tryptophan, and two negative controls, viz. 

a reaction containing tryptophan but no DNA template and a reaction containing DNA 

template but no exogenous tryptophan or analog.  (also, see Note 13) 
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1. Thaw the lysate and LMW mix on ice (see Note 16).  Thaw the remaining 

components at room temperature. 

2. Combine all the components (except the lysate) on ice.  Take appropriate 

precautions and dispose of contaminated materials as necessary when using 

S35 methionine. 

3. Add the lysate last.  

4. Incubate at 30°C for 1-4 hours and store at 4°C thereafter.  

5. For purification of His-tagged protein products see Note 17 

The easiest assay for protein production is gel electrophoresis.  Functional assays can also 

be very useful, but are many and varied and beyond the scope of this protocol.  

6. Remove 5uL of the cell-free synthesis reaction and add it to 50µL of ice cold 

acetone. 

7. Incubate on ice for 10 minutes. 

8. Spin at 8000×g for 10 minutes. 

9. Remove the remaining acetone by evaporation at room temperature for 20 

minutes or in a SpeedVac (Thermo Fisher) for 5 minutes. 

10. Resuspend the pellet in 1xSDS loading buffer and heat at 95°C for 15 

minutes. 

11. Run the samples on an SDS-PAGE gel with an appropriate protein ladder 

and/or size standards.    
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12. Transfer the gel to a nitrocellulose membrane and expose the transferred 

membrane to a storage phosphor screen screen overnight.  

13. After reading the screen on the Phosphorimager use ImageQuant or other 

image quantitation software to quantitate the bands and analyze the results 

(see Note 13).   

 

3.2 In vivo Incorporation of Unnatural Amino Acids into Proteins 

The methods described below detail:  

1. The creation of an expression plasmid for a gene of interest (see also Note 

18) 

2. The expression of proteins that incorporate unnatural amino acids 

(tryptophan analogs) in place of one of the natural amino acids. 

3. The purification and characterization of proteins containing unnatural 

amino acids. 

3.2.1 Construction of an expression plasmid encoding the gene of interest 

 The expression system described herein relies on a tryptophan auxotrophic mutant 

of the commonly used BL21 (DE3) strain, and hence can support the overexpression of 

genes driven by the T7 RNA polymerase promoter.  This strain is compatible with any of 

a number of commercially available E. coli expression vectors, especially the pET series 

(Novagen-EMD) (see Note 18 for an example of how to clone into pET21 using XhoI 

and NdeI restriction sites).    
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3.2.2 Expression of proteins containing unnatural tryptophan analogs in vivo.   

 This protocol relies on the forced incorporation of a tryptophan analog into a 

protein of interest using a tryptophan auxotroph under conditions where tryptophan is 

removed from the media and replaced with a tryptophan analog.  To achieve high levels 

of incorporation of the unnatural amino acids into proteins the bacterial strain should first 

be grown under permissive conditions (tryptophan in media) and then switched to 

restrictive conditions (analog but no tryptophan in the media) at the time that protein 

expression is induced.  Careful monitoring of the bacterial growth cycle is required to 

obtain optimal results.   

1. Transform the pET21 expression construct into the BL21(DE3)ΔtrpC pLysS 

strain and plate onto LB + 100µg/mL ampicillin, 34µg/mL chloramphenicol 

plates.  Incubate at 37°C overnight.   

2. Inoculate a 3mL LB + ampicillin/chloramphenicol culture by transferring a 

colony from the transformed plate into the liquid media.  Incubate the culture 

overnight with shaking at 37°C. 

3. Inoculate a 250mL culture of M9 media supplemented with 0.1M 

tryptophan,100µg/mL ampicillin, and 34µg/mL chloramphenicol with a 1:100 

(v/v) (2.5mL) sample from the overnight starter culture. 

4. Grow the bacteria at 37°C with shaking to mid-log phase (optical density at 

600nm ≈ 0.5-0.6). 

5. Transfer the culture to an appropriate centrifuge tube/bucket and spin at 6000×g 

for 20 minutes to pellet the cells.  Discard the media. 
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6. Wash the cells with 50mL of phosphate buffer (room temperature) to remove any 

residual tryptophan-containing media.  Centrifuge the cells at 6000×g for 20 

minutes to repellet the cells.     

7. Resuspend the cell pellet in 250mL of M9 media (room temperature) with 

supplements and antibiotics plus 0.3mM tryptophan analog (see Note 5).  

Transfer resuspended cells to a shake flask. 

8. Incubate the resuspended cell culture with shaking at 37°C for 40 minutes. 

9. To the shake culture add IPTG to 1mM final concentration.  Incubate the culture 

at 37°C with shaking for an additional 16hrs (overnight) (see Note 19). 

10. Pellet the cells by centrifugation and discard the media.  Either immediately 

proceed to the next section, for isolation of the protein containing the unnatural 

amino acids, or store the bacterial cell pellet at -80°C until purification can be 

performed. 

3.2.3 Purification of proteins containing unnatural amino acids.    

 Proteins bearing unnatural amino acids can be isolated in much the same way as 

other overexpressed proteins.  In this example, we recommend purification of proteins 

with C-terminal poly-histidine tags (HisTAG; encoded on the pET21 expression vector) 

via immobilized metal affinity chromatography (IMAC).  In principle, any affinity tag 

can be used for purifying the protein of interest, though one should avoid affinity tag 

sequences where there is a possibility of replacing one of the natural amino acids in the 

tag with an unnatural amino acid that could disrupt binding.  As with many protein 
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purification procedures, the exact conditions for isolating highly-purified protein 

containing unnatural amino acids will rely in part on the properties of the protein itself.   

Thus, the protocol below is a guide that will likely require further optimization based on 

the properties of the protein of interest.   

1. Resuspend the bacterial cell pellet in 30mL of binding buffer and lyse the cells 

using a sonic homogenizer (see Note 7). 

2. Centrifuge the lysed cells at 15,000×g for 15 minutes to pellet the cell debris. 

3. Decant the cleared lysate into a clean Oak Ridge-style centrifuge tube and add 

30µL of 1M MgSO4 to yield a final concentration of 1mM Mg2+.  Mix gently 

by inversion and store on ice. 

4. Add Benzonase to the lysate to a final concentration of 8U/mL (240U total for 

30mL).  Incubate on ice for 10 minutes with occasional mixing by inversion. 

5. Centrifuge the lysate at 25000×g for 20 minutes to pellet any remaining cell 

debris. 

6. While the lysate is being clarified set up an IMAC column by adding 2mL of 

Ni-NTA (Qiagen) to an empty poly-prep chromatography column.  Allow the 

resin to settle and then wash the column with 10mL (5 column volumes) of 

sterile water to remove residual buffer and ethanol from the IMAC matrix. 

7. Equilibrate the column by gravity flow with 4 column volumes (8mL) of 

binding buffer. 

8. Carefully add the cleared cell lysate to the column and allow it to flow through 

the IMAC resin. 
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9. After all of the lysate has flowed through the resin, wash the column with 4 

column volumes (8mL) of binding buffer followed by 8 column volumes 

(16mL) of wash buffer. 

10. Elute the protein from the column using 4 column volumes (8mL) of elution 

buffer.  Collect 0.5mL fractions from the column, and analyze 5-10µL fractions 

by electrophoresis on an SDS-PAGE gel.   

11. Pool all of the fractions that contain the protein of interest at 95% or greater 

purity and concentrate (if desired) using an Amicon ultrafiltration column.  

Quantitate the isolated protein via the BCA (bicinchoninic acid) Protein assay 

or Bradford Protein assay using known standards. 

3.3 Analysis of Proteins Containing Unnatural Amino Acids 

Following purification it is often desirable to determine the extent to which the 

natural amino acid in the protein has been replaced by the unnatural amino acid analog.  

This is commonly done by mass spectrometry to determine the mass difference between 

the proteins (or their substituent peptides).  A detailed protocol for mass spectrometry 

will be highly dependent on what facilities are available to the user, and is beyond the 

scope of this work.  However, a general protocol for preparation of protein samples for 

MS would be as follows: 

1. Lyophilize 5-10µg samples of your protein of interest that either contain the 

unnatural or natural amino acid, and resuspend the dried protein in 0.1M 

NH4HCO3 . 
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2. Digest the resuspended protein with L-tosylamido-2-phenylethyl chloromethyl 

ketone-treated trypsin at 37°C for 10 hours.   

3. Remove the trypsin via centrifugation in a spin column with a 0.45µm filter.  The 

immobilized trypsin will be retained on the membrane while the digested peptides 

from your protein of interest will be contained in the eluate. 

4. Lyophilize the digested peptides, and resuspend them in water to a final 

concentration of 210µM. 

5. Analyze the digested samples by LC-ESI-MS or MALDI-TOF-MS.  Compare the 

peptide masses obtained with samples containing the unnatural amino acid to 

those lacking the unnatural amino acid and note any mass differences between the 

two.  An example is shown in Figure 4 (see Note 20).   

Alternatively, a detailed protocol for characterization of proteins containing unnatural 

amino acids via protein hydrolysis and HPLC can be found in reference (Bacher and 

Ellington 2007). 

4.  Notes 

1. Add the indicated amounts of valine, phenylalanine, and isoleucine to water and 

incubate at 37˚C for 15 minutes with shaking.  Then add leucine and cysteine and 

incubate at 37˚C for 15 minutes with shaking.  Add methionine, alanine, arginine, 

asparagine, aspartic acid, glutamic acid, glycine, and glutamine to the solution.  Add 

drops of 10N KOH until all amino acids go into solution.  Finally, add histidine, lysine, 
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proline, serine, and threonine and incubate at 37˚C with shaking until all of the amino 

acids are in solution.  

2. We usually set up 6x reaction and 12x reaction aliquots.  However, your requirements 

may dictate different scales.   Keep in mind that it is best to not subject the lysate or 

LMW mix to repeated freeze-thaw cycles. 

3. The RTS 100 E.coli LinTempGenSet, His-tag (5 Prime) is a commercially available kit 

containing DNA primers that can be used to append appropriate regulatory sequences to 

the coding sequence of your protein via PCR. 

4. The plasmid pLysS contains an expression cassette for T7 lysozyme, which is a natural 

inhibitor of the T7 RNA polymerase expressed in a DE3 strain.  This allows for tighter 

control of the expression of target proteins under the control of T7 RNA polymerase 

promoters.  Induction of T7 RNA polymerase expression and concomitant production of 

the target protein only when unnatural amino acid is added to the media should result in 

greater incorporation of the unnatural amino acid.  

5. Unnatural amino acid preparations are often supplied as racemic mixtures of D/L 

isomers. Since only the L-enantiomer is compatible with cellular translation the 

concentration of the unnatural amino acid used should be doubled to compensate for the 

decreased concentration in the mixture.   

6. This can be genomic DNA, a plasmid containing the gene of interest, or a PCR product 

containing the gene of interest. 

7. Bacterial cells can be lysed using any method of choice including using commercial 

lysis solutions such as BugBuster (Novagen-EMD) or BPER (Pierce).  



 161 

8. If the growth characteristics of a bacterial strain are not known, a growth curve should 

be performed, either on a plate reader or manually to get an estimate of how quickly the 

cells might reach the mid to late log phase of growth.  The OD600 at stationary phase 

should also be determined.   

9. We check the OD600 periodically during growth to ensure that the cells do not 

overgrow to stationary phase. 

10. Gently pipetting with a 10ml pipette seems to work best.  Do not vortex. 

11. The cells should be kept cold and the washes performed with a total of 1L of Buffer 

A.  The washes can be performed in any kind of centrifuge bottle but the final wash 

should be in a bottle or 50ml tube that can be flash frozen. 

12. We have stored the cell pellet at -80°C for up to 3 days before proceeding to the next 

step with no measurable loss in cell-free protein synthesis activity in the final lysate. 

13. Besides the usual controls (containing and omitting template DNA) we find it useful 

to gauge the levels of endogenous tryptophan remaining by setting up a control that 

contains template DNA, but does not contain tryptophan or an analog.  This provides a 

measure of how much full-length, “background” expression occurs in the absence of 

exogenous tryptophan.  The protein yield from a reaction containing template DNA and 

tryptophan is considered the positive control, while the protein yield from a reaction 

containing template DNA and no tryptophan or analog is considered the negative control.  

In our hands the background protein expression level is usually around 10% of the 

positive control.  Reactions containing template and an analog will generally fall 

somewhere in between these two controls.  The relative level of incorporation is a basal 
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metric for how well the analog is taken up into cells and utilized by the translation 

machinery.   

14. For a quick check of whether the cell-free synthesis system is working, a plasmid 

encoding GFP can be used as template.  After the reaction, observe the tubes under UV-

transillumination (comparing tubes with and without template) and check for green 

fluorescence.  For a more quantitative assay of lysate activity or protein yield, monitor 

S35 incorporation.   

15. Salmon sperm DNA is only needed if the template is linear DNA, such as a PCR 

product. 

16. Do not vortex or spin down the lysate.  Pipette gently to mix the lysate.  For the 

LMW mix, mix thoroughly before dispensing because tyrosine (which is not very 

soluble) may have settled to the bottom of the tube as a whitish precipitate.  

17. The small amounts of protein produced in these reactions can still be purified using 

IMAC affinity resin, as described in Section 3.2.3, by scaling down the amount of resin 

and volumes of washes.  Instead of a column, Ni-NTA resin can be added directly to the 

reactions and the purification performed in a batch as opposed to a column format.  Set 

up 500µL of cell-free synthesis reactions.  Add 50µL Ni-NTA resin (washed with 

Binding Buffer 1, without imidazole) to the reaction and incubate at room temperature 

with end-over-end rotation for 45 minutes.  Pellet the resin by centrifugation at 2000×g 

for 1 minute.  Remove the supernatant (save a small aliquot for analysis) and wash 

sequentially with 750µL Binding Buffer 1 without imidazole, and then 750µL Binding 

buffer 1.  Incubate the wash buffers with the resin for 5 minutes with end-over-end 



 163 

rotation before pelleting the resin.  Again, save a small aliquot of each wash for analysis.  

Elute using 200µL Elution Buffer.  Analyze 5-10µL of the washes and eluate on an SDS-

PAGE gel.     

18. The following protocol details a simple scheme to clone your gene of interest (GOI) 

into a pET21 vector or similar vector with Xho1 and Nde1 cloning sites.  

1. Amplify the GOI from the source DNA with a high-fidelity polymerase such as 

Phusion DNA polymerase (NEB). 

2. Verify that the PCR product for the GOI is the correct size via agarose gel 

electrophoresis with an appropriate DNA ladder or size standards. 

3. Purify the PCR product with a PCR cleanup kit. 

4. Quantify the DNA by measuring absorbance at 260nm using a spectrophotometer.   

5. Digest the GOI DNA and the pET21 vector DNA with NdeI and XhoI restriction 

enzymes (NEB), employing the reaction conditions recommended by the supplier. 

6. Run the NdeI/XhoI double-digested GOI and plasmid DNA on a 0.8% TAE low-

melt agarose gel and purify the correct size bands from the agarose using a gel 

extraction kit.  

7. Quantify the recovered DNA by measuring absorbance at 260nm using a 

spectrophotometer. 

8. Ligate the GOI into the digested pET21 vector using T4 DNA ligase following 

conditions recommended by the enzyme supplier.  

9. Transform 2uL of the ligation mixture into DH10B cells (Invitrogen) and plate on 

LB/Ampicillin selective media.  Incubate the plates overnight at 37°C.   
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10. Inoculate 3mL LB/Amp cultures from the transformation plates and grow 

overnight at 37°C. 

11. Isolate the plasmid DNA from the overnight cultures using a Plasmid Mini Prep 

Kit following manufacturer’s instructions.   

12. Verify the sequence of your GOI within the pET21 expression plasmid.    

19. Some optimization of the analog concentrations and the time of induction and length 

of expression may be needed to maximize the production of proteins containing unnatural 

amino acids.  Typically tryptophan analog concentrations between 0.1-1mM yield 

sufficient protein that largely contains the unnatural amino acid.  Induction time and the 

length of the induction period are more critical.  Typically the IPTG inducer should be 

added during mid-log phase.  The optimum induction period (incubation time after the 

IPTG has been added to the cells) can be determined empirically.  Generally an overnight 

induction period (~16 hours) is a good place to start, although for some proteins a shorter 

induction period may be desirable.  It is advisable to set up a series of smaller expression 

cultures to find the optimum induction time and analog concentration prior to preparing 

the protein in bulk.  The solubility of the protein containing the unnatural amino acid may 

be an issue, as amino acid substitution can lead to protein mis-folding and aggregation.  

The expressed state (soluble, insoluble, in inclusion bodies, etc…) of your protein of 

interest should be determined via running fractions of the lysed cells on a gel and 

Western blot analysis to detect the C-terminal HisTag using an anti-polyhistidine 

antibody  
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20. Analysis of the spectra obtained from a mass spectrometry experiment will depend on 

the target protein and the unnatural analog used.  In general, in cases where complete 

substitution of the analog occurs, comparing the spectra of the peptide containing W with 

that of the peptide containing the unnatural analog will show a complete “shift” in mass 

of the analog, as shown in Figure 4.  However, in cases where incomplete substitution 

has occurred, some peptides will contain the analog while others will contain tryptophan.  

The spectrum obtained from proteins in which incomplete incorporation has occurred 

will correspondingly have at least two different sets of peaks (and if the peptide contains 

more than one tryptophan, there may be additional peaks reflecting mixtures of the 

natural and unnatural amino acid). However, depending on the analog used, additional 

peaks may not reflect incomplete incorporation, but instead species produced by neutral 

mass-loss.  Interpretation of such results are best done in consultation with someone who 

has extensive experience in mass spectrometry.  The presence or absence of peaks of the 

predicted mass provide a qualitative indication of the success of unnatural amino acid 

incorporation.  More quantitative assessments can only be made if it is known that both 

the analog containing peptide and the W containing peptide comparably ionize.  

Standards generated by synthesizing peptides containing W and the appropriate analog 

can help both with peak identification and quantitation.     
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Figures  
 

Figure 1: Incorporation of unnatural amino acids into proteins.  Global incorporation 
or residue-specific incorporation (left panel) requires only the addition of exogenous 
unnatural amino acid. The unnatural amino acid is charged onto the cellular tRNA by the 
endogenous tRNA synthetase and incorporated into proteins instead of the wild-type 
amino acid. Site-specific incorporation (middle panel) requires an exogenous tRNA and 
tRNA synthetase pair which function orthogonally to the cellular machinery. The 
exogenous tRNA synthetase charges the unnatural amino acid onto its cognate tRNA 
which recognizes a unique codon like a stop codon or a 4-base codon on the mRNA 
being translated. Semi-synthetic incorporation (right panel) makes use of chemical or 
enzymatic acylation to charge a suppressor tRNA with the unnatural amino acid. This is 
added to the translation system and is inserted at a unique site like a stop-codon.  
  

STOP 
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Figure 2: Procedure for in vitro and in vivo incorporation of unnatural amino acid.  
The work-flow for in vitro and in vivo protocols for production of unnatural amino acid-
substituted protein presented in this chapter are contrasted above. Further details are 
presented within the text.   
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Figure 3: Chemical structures of tryptophan analogs. The chemical structures of 
tryptophan (1) and its analogs (2-15) presented in Table 1 are listed above.  
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Figure 4: Sample MALDI-TOF spectra of two hypothetical peptides.  The first, 
ARHTGPWEPDSQ contains a single tryptophan residue. Its spectrum (Mass=X) shifts to 
the right upon substitution by a tryptophan analog W*. For illustration, we have 
substituted it above with a fluorotryptophan (e.g. 4-,5- or 6- fluorotryptophan) so the 
mass of the substituted peptide is different by a single fluorine (Mass=X+16). Similarly, 
the second peptide, TGPWEPWARYDE, containing two tryptophan residues (Mass=X) 
shifts to the right (Mass=X+36) upon replacement with two fluorinated tryptophans.  
 
Tables 
 
Table 1: Unnatural analogs of tryptophan. The structures of these analogs are 
presented in Figure 3. This table lists some commonly available tryptophan analogs and 
whether they are known to be incorporated into proteins based on reports in the literature 
as well as how to source them.  
 

Mass (m/z) 

Mass=X Mass=X+16 Mass=X+36 

ARHTGPWEPDSQ ARHTGPW*EPDSQ 

TGPWEPWARYDE TGPW*EPW*ARYDE 

Structure 
in 

Figur
e 3 

Analog 

In vivo or cell free 
synthesis 
system 
(E.coli) 

Supplier/Synthesis 

1 L-tryptophan Y  Commercially 
available 

2 4-Methyl-DL-tryptophan Ya Commercially 
available 
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a= Reference (Budisa, Pal et al. 2004),  b= (Pratt and Ho 1975), c= (Hogue, Rasquinha et 
al. 1992), d= (Lark 1969), e= (Kwon and Tirrell 2007), f= (Schlesinger 1968), g= 
(Budisa, Alefelder et al. 2001), h= (Phillips, Cohen et al. 1995), i= (Hall, Hegeman et al. 
1974)  
 
Table 2: Medium G-PG components 

Component Stock concentration Final concentration Amount to add to 
4L Medium G-PG 

3 4-Fluoro-DL-tryptophan Yb  Commercially 
available 

4 5-Hydroxy-L-tryptophan Yc Commercially 
available 

5 5-Methyl-DL-tryptophan Yd /Na   Commercially 
available 

6 5-Methoxy-DL-
tryptophan   NA Commercially 

available 

7 5-Fluoro-L-tryptophan Yb  Commercially 
available 

8 5-Bromo-DL-tryptophan   Ne Commercially 
available 

9 6-Methyl-DL-tryptophan Na  Commercially 
available 

10 6-Fluoro-DL-tryptophan Yb   Commercially 
available 

11 7-Methyl-DL-tryptophan Na   Commercially 
available 

12 7AzaW  Yf  Commercially 
available 

13 3-(thianaphthen-3-yl)-L-
alanine Ni Commercially 

available 

14   L-β(thieno[3,2  
b]pyrrolyl)alanine   Yg Synthesizedh  

15   L-β (thieno[2,3 
b]pyrrolyl)alanine  
 

Yg Synthesizedh 
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Glutamic Acid N/A 0.15g/L 0.6g 
Glycerol  0.15g/L 0.6g 
KH2PO4 N/A 1.36g/L 5.44g 
Na2SO4 N/A 0.11g/L 0.44g 
NH4Cl N/A 0.54g/L 2.16g 
NH4NO3 N/A 0.095g/L 0.38g 
MgSO4.7H2O N/A 0.1g/L 0.4g 
Glucose N/A 18g/L 72g 
NaH2PO4 N/A 3.03g/L 12.12g 
Na2HPO4 N/A 10.72g/L 42.88g 
L-tyrosine N/A 0.02g/L 0.08g 
CaCl2 20mg/mL (1000X) 20mg/L 4mL 
MnSO4 22mg/mL (1000X) 22mg/L 4mL 
FeCl3 6mg/mL (10,000X) 0.24mg/L 400µL 
Nucleoside solution 100X 1X 40mL 
Vitamin Amide 
solution 

100X 1X 40ml 

DL-alanine 40mg/mL (400X) 25mg/L 2.5mL 
Amino Acid solution 8mg/ml (400X) 0.02g/L 10mL 

 
Table 3: Low molecular weight (LMW) mix components 

Component Stock 
concentration 

Final 
concentration 

Volume to add to 
LMW mix (µl) 

Hepes-KOH pH 7.5 1M 55mM 2200 
DTT 1M 1.7mM 68 
ATP, pH 7 100mM 1.2mM 480 
CTP, GTP, UTP 100mM 0.8mM 320 
Creatine Phosphate 0.8M 80mM 4000 
PEG-6000 40% 4.0% 4000 
cAMP 50mM 0.64mM 512 
tRNA 175mg/ml 175µg/ml 400 
Ammonium Acetate 1.4M 28mM 800 
Magnesium Acetate 3M 10.7mM 142.4 
Amino Acids (-W,Y)(see 
Note 1) 

50mM 2mM 1600 

Tyrosine N/A 2mM 0.012g 
Folinic Acid 57mM 68µM 48 
Potassium Glutamate 3M 210mM 2800 

 
Table 4: Each 50µL cell-free synthesis reaction contains the following components: 

Component Final 
concentration 

Volume (uL) 

S30 lysate  17 
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LMW Mix  23 
T7 RNA polymerase (Epicenter, Madison, 
WI) 

~500units 2 

W/W Analog (100mM) (see Note 5) 2mM 1 
Methionine (8mg/ml) 0.016mg 2 
S35 labeled Methionine (>1000Ci/mmol)  1-2 
DNA Template (see Note 14) 50-500ng  
Water  Rest 
Salmon Sperm DNA (see Note 15) 1-2µg 1-2 
   
Total Volume  50µL 
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