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LONG ABSTRACT: 

Site-directed mutagenesis has long been used as a method to interrogate protein structure, 

function and evolution. Recent advances in massively-parallel sequencing technology have 

opened up the possibility of assessing the functional or fitness effects of large numbers of 

mutations simultaneously. Here, we present a protocol for experimentally determining the effects 

of all possible single amino acid mutations in a protein of interest utilizing high-throughput 

sequencing technology, using the 263 amino acid antibiotic resistance enzyme TEM-1 β-

lactamase as an example. In this approach, a whole-protein saturation mutagenesis library is 

constructed by site-directed mutagenic PCR, randomizing each position individually to all 

possible amino acids. The library is then transformed into bacteria, and selected for the ability to 

confer resistance to β-lactam antibiotics. The fitness effect of each mutation is then determined 

by deep sequencing of the library before and after selection. Importantly, this protocol introduces 

methods which maximize sequencing read depth and permit the simultaneous selection of the 

entire mutation library, by mixing adjacent positions into groups of length accommodated by 

high-throughput sequencing read length and utilizing orthogonal primers to barcode each group. 

Representative results using this protocol are provided by assessing the fitness effects of all 

single amino acid mutations in TEM-1 at a clinically relevant dosage of ampicillin. The method 

should be easily extendable to other proteins for which a high-throughput selection assay is in 

place. 

 

INTRODUCTION: 

Mutagenesis has long been employed in the laboratory to study the properties of biological 

systems and their evolution, and to produce mutant proteins or organisms with enhanced or novel 

functions. While early approaches relied on methods which produce random mutations in 

organisms, the advent of recombinant DNA technology enabled researchers to introduce select 

changes to DNA in a site-specific manner, i.e. site-directed mutagenesis1,2. With current 

techniques, typically using mutagenic oligonucleotides in a polymerase chain reaction (PCR), it 

is relatively facile to create and assess small numbers of mutations (e.g. point mutations) in a 

given gene3,4. It is far more difficult however when the goal approaches, for example, the 

creation and assessment of all possible single-site (or higher-order) mutations.  

 

While much has been learned from early studies attempting to assess large numbers of mutations 

in genes, the techniques used were often laborious, for example requiring the assessment of each 

mutation independently using nonsense suppressor strains5-7, or were limited in their quantitative 

ability due to the low sequencing depth of Sanger sequencing8. The techniques used in these 

studies have largely been supplanted by methods utilizing high-throughput sequencing 

technology9-12. These conceptually simple approaches entail creating a library comprising a large 

number of mutations, subjecting the library to a screen or selection for function, and then deep-

sequencing (i.e. on the order of >106 sequencing reads) the library obtained before and after 

selection. In this way, the phenotypic or fitness effects of a large number of mutations, 

represented as the change in population frequency of each mutant, can be assessed 

simultaneously and more quantitatively.   

 

We previously introduced a simple approach for assessing libraries of all possible single amino 

acid mutations in proteins (i.e. whole-protein saturation mutagenesis libraries), applicable to 



genes with a length longer than the sequencing read length11,13: First, each amino acid position is 

randomized by site-directed mutagenic PCR. During this process, the gene is split into groups 

composed of contiguous positions with a total length accommodated by the sequencing platform. 

The mutagenic PCR products for each group are then combined, and each group independently 

subjected to selection and high-throughput sequencing. By maintaining a correspondence 

between the location of mutations in the sequence and the sequencing read length, this approach 

has the advantage of maximizing sequencing depth: while one could simply sequence such 

libraries in short windows without splitting into groups (e.g. by a standard shotgun sequencing 

approach), most reads obtained would be wild-type and thus the majority of sequencing 

throughput wasted (e.g. for a whole-protein saturation mutagenesis library of a 500 amino acid 

protein sequenced in 100 amino acid (300 bp) windows, at minimum 80% of reads will be the 

wild-type sequence). 

 

Here, a protocol is presented which utilizes high-throughput sequencing for the functional 

assessment of whole-protein saturation mutagenesis libraries, using the above approach (outlined 

in Figure 1). Importantly, we introduce the usage of orthogonal primers in the library cloning 

process to barcode each sequence group, which allows them to be multiplexed into one library, 

subjected simultaneously to screening or selection, and then de-multiplexed for deep sequencing. 

Since the sequence groups are not subjected to selection independently, this reduces the 

workload and ensures that each mutation experiences the same level of selection. TEM-1 β-

lactamase, an enzyme which confers high-level resistance to β-lactam antibiotics (e.g. ampicillin) 

in bacteria is used as a model system14-16. A protocol is described for the assessment of a whole-

protein saturation mutagenesis library of TEM-1 in E. coli under selection at an approximate 

serum level for a clinical dose of ampicillin (50 µg/mL)17,18.  

 

PROTOCOL: 

  
Note: See Figure 1 for outline of protocol. Several steps and reagents in the protocol require 

safety measures (indicated with “CAUTION”). Consult material safety data sheets before use. 

All protocol steps are performed at room temperature unless other indicated. 

 

1. Prepare culture media and plates. 

1.1. Prepare and sterilize by autoclaving 1 L purified water, 100 mL Super Optimal Broth (SOB; 

Table 1), 1 L Luria-Bertani broth (LB; Table 2) and 1 L LB-agar (Table 3). Prepare separately 

and sterilize three culture flasks each containing 1 L LB.  

 

Note: Throughout the protocol “water” refers to autoclave-sterilized purified water; SOB, LB 

and LB-agar refer to the autoclave-sterilized solutions. 

 

1.2. Prepare a 12 mg/mL stock of Tet by dissolving 0.12 g tetracycline hydrochloride in 10 mL 

of 70% ethanol. Sterilize using a 0.2 µm filter and store at 4 °C protected from light. 

 

1.3. Cool LB-agar to 50 °C and then add 1 mL of Tet stock (final concentration of 12 µg/mL 

Tet). Pour into petri plates and cool at room temperature protected from light. Store at 4 °C 

protected from light. 

 



2. Construction of the whole-gene saturation mutagenesis library. 

Note: Primers; completed PCRs, restriction digests and ligations; and purified DNA samples can 

be stored at -20 °C. 

 

2.1. Designing mutagenesis primers. 

2.1.1. To mutagenize each amino acid position to all possible amino acids, design a pair of 

complementary mutagenesis primers (sense/forward and antisense/reverse) for each amino acid 

position with the following guidelines:  

 

2.1.1.1. Replace the codon corresponding to the amino acid to be mutagenized by NNS (where N 

is a mixture of all four nucleotide bases and S is a mixture of cytosine (C) and guanine (G)) and 

center in the primer, flanked by approximately 15 nucleotides on each side. 

 

2.1.1.2. Ensure that the 5’ and 3’ ends terminate in C or G and that the melting temperature (Tm) 

is approximately 70 °C3. Use the computational script NNS_PrimerDesign.m (See 

Supplementary Code File) to design NNS mutagenesis primers according to these guidelines. 

 

2.1.2. Order primers from a commercial source. For ease of use, have them synthesized in 96-

well plate format and pre-diluted in water to 50 µM, with one set of plates containing the sense 

mutagenesis primers and another the antisense primers. 

 

2.1.3. Fill a pipette basin with water and use a multichannel pipette to transfer 95 µL to 263 wells 

over three 96-well plates. Dilute the primers 20-fold to 2.5 µM by using a multichannel pipette to 

transfer 5 µL from the 96-well plates containing the sense mutagenesis primers to the cognate 

wells of the plates containing water. 

 

2.1.4. Repeat protocol step 2.1.3 to dilute the antisense mutagenesis primers.  

 

2.2. Synthesis of NNS sub-libraries for each amino acid position by two-step PCR site-

directed mutagenesis. 

2.2.1. Perform the first-round mutagenic PCRs. For each mutagenesis primer, prepare a 25 µL 

PCR reaction using pBR322_AvrII plasmid as template and primers AatII_F or AvrII_R (sense 

mutagenesis primers paired with primer AvrII_R, and antisense mutagenesis primers paired with 

primer AatII_F; total of 526 PCRs). See Table of Materials for AatII_F and AvrII_R sequences. 

 

2.2.1.1. Prepare a PCR “master mix” by adding the reagents from Table 4 to a 15 mL conical 

tube. Transfer to a pipette basin. Use a multichannel pipette to transfer 15 µL to 263 wells over 

three 96-well PCR plates. Use a multichannel pipette to transfer 10 µL from the 96-well plates 

containing the diluted sense mutagenesis primers to the cognate wells in the PCR plates. 

 

2.2.1.2. Cover each PCR plate with a 96-well plate seal. Centrifuge at 200 x g for 2 min. 

 

2.2.1.3. Transfer the PCR plates to thermocycler and run the following program: 98 °C for 30 

sec; 20 cycles: 98 °C for 10 sec, 55 °C for 20 sec, 72 °C for 1 min; 72 °C for 2 min; hold at 4 °C. 

 



2.2.1.4. Repeat protocol steps 2.2.1.1 – 2.2.1.3 for the 96-well plates containing the diluted 

antisense mutagenesis primers. 

 

2.2.2. Perform the second-round mutagenic PCRs. For each amino acid position, prepare a 25 µL 

PCR reaction using primers AatII_F and AvrII_R, and the mixed and diluted first-round 

mutagenic PCR products as a template (total of 263 PCRs). 

 

2.2.2.1. Fill a pipette basin with water and use a multichannel pipette to transfer 198 µL to 263 

wells over three 96-well plates.  

 

2.2.2.2. Combine and dilute 100-fold the mutagenic PCR products for each amino acid position 

by using a multichannel pipette to first transfer 1 µL from the 96-well PCR plates containing the 

PCR products resulting from the sense mutagenesis primers to the cognate wells of the plates 

containing water. Then repeat the transfer for the PCR products resulting from the antisense 

mutagenesis primers. 

 

2.2.2.3. Prepare a PCR “master mix” by adding the reagents from Table 5 to a 15 mL conical 

tube. Transfer to a pipette basin. Use a multichannel pipette to transfer 24 µL to 263 wells over 

three 96-well PCR plates. Use a multichannel pipette to transfer 1 µL from the 96-well plates 

containing the mixed and diluted first-round mutagenic PCR products to the cognate wells in the 

PCR plates. 

 

2.2.2.4. Cover each PCR plate with a 96-well plate seal. Centrifuge at approximately 200 x g for 

2 min. Transfer plates to thermocycler and run the same program as in protocol step 2.2.1.3. 

 

2.2.3. Analyze results of the second-round mutagenic PCRs by gel electrophoresis. Ensure that 

all products are of the correct size and absent of contaminating products. 

 

2.2.3.1. Add 2 mL of 2X gel loading dye to a pipette basin and then use a multichannel pipette to 

transfer 6 µL to 263 wells over three 96-well plates. Use a multichannel pipette to transfer 6 µL 

from the 96-well PCR plates containing the second-round mutagenic PCR products to the 

cognate wells of the 96-well plates containing dye.  

 

2.2.3.2. Prepare a 1.5% agarose gel with 0.2 µg/mL ethidium bromide (CAUTION). 

 

2.2.3.3. Load DNA ladder in first and last lanes of each row. Then use a multichannel pipette to 

load 10 µL of samples from protocol step 2.2.3.1.  

 

2.2.3.4. Run the gel at 100 V for 40 min and image on a UV transilluminator. 

 

2.2.3.5. Repeat protocol steps 2.2.3.2 – 2.2.3.4 until all samples are analyzed.  

 

2.2.4. Accurately measure the concentration of each NNS sub-library PCR product using a 

dsDNA quantitation reagent. 

 



2.2.4.1. Transfer approximately 15 mL EB buffer to a pipette basin. Use a multichannel pipette 

to transfer 49 µL to 263 wells over three 96-well black-walled, clear bottom assay plates. 

 

2.2.4.2. Use a multichannel pipette to transfer 1 µL of each second-step PCR product (protocol 

step 2.2.2) to the cognate wells of the 96-well assay plates. 

 

2.2.4.3. Prepare a DNA concentration standard curve by diluting lambda phage DNA to 2 ng/µL 

in 300 µL EB buffer and then make ten two-fold dilutions (for total of 11 concentrations). 

Transfer 50 µL to first eleven columns of a row of one of the 96-well assay plates from the 

previous step which contains no sample; to the twelfth column add 50 µL of EB buffer (reagent 

blank). 

 

2.2.4.4. Prepare dsDNA quantitation reagent by adding 75 µL of reagent (see Table of Materials) 

to a 15 mL conical tube, then add 15 mL of EB buffer. Mix by inverting tube and then transfer to 

a pipette basin. Protect reagent from light. 

 

2.2.4.5. Use a multichannel pipette to transfer 50 µL of prepared dsDNA quantitation reagent to 

each well of the assay plates. Mix by pipetting up-and-down. Incubate plates at room 

temperature for 5 min protected from light. 

 

2.2.4.6. Measure fluorescence of each sample using a microplate reader and standard fluorescein 

wavelengths (excitation 485 nm, emission 520 nm; 0.1 sec). 

 

2.2.4.7. Subtract the fluorescence value of the reagent blank from all the samples. Generate a 

standard curve from the fluorescence measurements of lambda phage samples. Calculate the 

concentration of each sample using their respective fluorescence measurements and the standard 

curve.    

 

2.3. Cloning of NNS sub-libraries into selection vectors.  

2.3.1. Mix 100 ng of each NNS sub-library PCR product into five NNS sub-library groups. 

Following manufacturers’ instructions, clean up samples using a DNA purification kit and then 

measure concentration using a dsDNA quantitation reagent.  

 

Note: Each group is composed of approximately 53 contiguous amino acids positions spaced 

along the TEM-1 sequence (NNS sub-library groups 1-5 are comprised of positions 26-78, 79-

132, 133-183, 184-236, and 237-290, respectively; numbering according to Ambler et al.19).  

 

2.3.2. Create cloning vectors for each NNS sub-library group. 

 

2.3.2.1. Prepare five 100 µL PCRs according to Table 6, using primers AvrII_F and 

AatII_OP1_R – AatII_OP5_R, and plasmids pBR322_OP1-5 as template (AatII_OP1_R paired 

with pBR322_OP1, etc.).  

 

2.3.2.2. Transfer to thermocycler and run the following program: 98 °C for 30 sec; 25 cycles: 98 

°C for 10 sec, 55 °C for 20 sec, 72 °C for 1.5 min; 72 °C for 2 min; hold at 4 °C. See Table of 

Materials for sequences of AatII_R and AvrII_F.  



 

2.3.2.3. Prepare a 1% agarose gel with 0.2 µg/mL ethidium bromide (CAUTION). 

 

2.3.2.4. Add 20 µL of 6X gel loading dye to each PCR sample. Load the first lane of the gel with 

DNA ladder; load entire volume of each sample, skipping at least one well between samples. 

 

2.3.2.5. Run gel at 100 V for 50 min. 

 

2.3.2.6. Visualize gel using a long-wavelength UV illuminator (CAUTION). Excise slices 

containing the PCR product at ~3500 bp; transfer to separate microfuge tubes. Gel slices can be 

stored at -20 °C. 

 

2.3.2.7. Following manufacturers’ instructions, purify samples using a gel extraction kit and 

measure concentration using a dsDNA quantitation reagent.  

 

2.3.3. For both the NNS sub-library groups (protocol step 2.3.1) and cloning vectors (protocol 

step 2.3.2), set up restriction digests with AatII and AvrII enzymes according to Table 7. 

Incubate at 37 °C for 1 hr. Following manufacturers’ instructions, clean up samples using a DNA 

purification kit and then measure concentration using a dsDNA quantitation reagent. 

 

2.3.4. Set up ligation reactions following Table 8 for each restriction-digested NNS sub-library 

group with cognate restriction-digested cloning vector (NNS sub-library group 1 with 

pBR322_OP1, etc.). Incubate at room temperature for 1 hr. Clean up reactions using a DNA 

purification kit according to manufacturer’s instructions; elute DNA with 20 µL of water. 

 

2.3.5. Transform the entirety of the purified ligation reactions into library-efficient E. coli cells 

by electroporation.  

 

2.3.5.1. Thaw electrocompetent E. coli cells and then place cells and purified ligation reactions 

on ice.  

 

2.3.5.2. Transfer 10 µL thawed cells to each purified ligation reaction and then transfer to 

electroporation cuvette. Electroporate at 1.8 kV.  

 

2.3.5.3. Recover cells by resuspending in 1 mL SOB. Incubate for one hour at 37 °C.  

 

2.3.5.4. Resuspend 10 µL of each recovery culture in 990 µL LB; spread 100 µL on LB-agar 

plates containing 12 µg/mL Tet. Incubate plates overnight (~16 hr) at 37 °C. 

 

2.3.5.5. For each recovery culture, prepare a 250 mL culture flask with 50 mL LB and 50 µL Tet 

stock. Transfer to flask the remaining ~1 mL of recovery culture. Incubate overnight (~16 hr) at 

37 °C with vigorous shaking (~200 rpm). 

 

2.3.6. Count the number of colonies on each plate. Calculate the number of successful 

transformants as
PC VVN  , where N  is the number of colonies, 

CV  is the recovery culture 

volume (1000 µL) and 
PV  is volume of the recovery culture plated (1 µL).  



 

Note: To ensure complete coverage of all mutations, as a rule of thumb the number of successful 

transformants should be ≥100-fold over the number of expected mutations. Each NNS sub-

library has ~53 positions, so the expected number of mutations is 53 positions × 32 

codons/position ≈ 1.7×103; to give a library size ≥100-fold (≥1.7×105) there should be ≥170 

colonies on each plate.  

 

2.3.7. According to manufacturer’s instructions, isolate plasmid DNA from cultures using a 

plasmid purification kit and then measure concentrations using a dsDNA quantitation reagent. 

Mix together 100 ng of each plasmid. This creates the final whole-protein saturation mutagenesis 

library.  

 

3. Selection of the TEM-1 whole-protein saturation mutagenesis library for antibiotic 

resistance. 

3.1. Preparation of the pre-selection culture. 

3.1.1. Dilute the plasmid from protocol step 2.3.7 to 0.5 ng/µL in water and transfer 20 µL to a 

microcentrifuge tube. Perform transformation, recovery, plating and overnight growth as 

previously described in protocol step 2.3.5, except transfer 1 µL of the SOB recovery culture to 

999 µL LB.  

 

3.1.2. Count the number of colonies. To ensure complete coverage of all mutations there should 

be ≥100 colonies, indicating ≥106 successful transformants (100 × 263 positions × 32 

codons/position ≈ 106). 

 

3.1.3. Measure the concentration of the 50 mL overnight culture. 

 

3.1.3.1. Prepare an LB blank by adding 1 mL LB to a spectrophotometer cuvette. Measure 

OD600 on a spectrophotometer. 

 

3.1.3.2. Dilute the overnight culture 10-fold by resuspending 100 µL in 900 µL LB. Measure the 

OD600. Subtract the OD600 reading of the blank and multiply by 10 to give the OD600 of the 

overnight culture.   

 

3.1.4. Pre-warm the three culture flasks from protocol step 1.1 for ~30 min at 37 °C. Dilute the 

overnight culture to OD600 = 0.1 and add 1 mL to one flask (final OD600 = 0.001). This is the 

“pre-selection culture”.  

 

3.1.5. Incubate the “pre-selection culture” at 37 °C with vigorous shaking (200 rpm). 

Periodically monitor growth by measuring OD600 as in protocol step 3.1.3 (it is not necessary to 

dilute culture 10-fold) until OD600 = 0.1 (~2.5 hr). 

 

3.1.6. Transfer 100 mL of the pre-selection culture to two 50 mL conical tubes. Centrifuge at 

4000 x g for 6 min at 4 °C. Remove most of supernatant and combine into a single 15 conical 

tube. Repeat centrifugation and remove all supernatant. Store at -20 °C. 

 

3.2. Selection for ampicillin resistance.  



3.2.1. While the pre-selection culture is incubating, prepare a 50 mg/mL stock of Amp in water 

by dissolving 0.5 g sodium ampicillin in 10 mL water. Sterilize using a 0.2 µm filter and store at 

4 °C.  

 

3.2.2. To the other two flasks, add Tet to a final concentration of 12 µg/mL and a volume of the 

pre-selection culture such that the final OD600 = 0.001. To one flask, add 1 mL Amp, for a final 

concentration of 50 µg/mL – this is the “selection culture”. 

 

3.2.3. Incubate the cultures at 37 °C with vigorous shaking (200 rpm). Monitor growth of the 

culture for which no ampicillin was added in the previous step, until OD600 = 0.1 (~2.5 hr). At 

this time, also measure the OD600 of the selection culture. 

 

3.2.4. Divide the OD600 of the selection culture into 0.1 and multiply by 100 mL. Transfer this 

volume (~400 mL) to 50 mL conical tubes and centrifuge at 4000 x g for 6 min at 4 °C. Remove 

most of supernatant and combine into a single 15 conical tube. Repeat centrifugation and remove 

all supernatant.  

 

3.2.5. According to manufacturer’s instructions, isolate plasmid DNA from the pre-selection 

(protocol step 3.1.6) and selection (protocol step 3.2.4) culture cell pellets and then measure 

concentrations using a dsDNA quantitation reagent. 

 

4. High-throughput sequencing to determine the fitness effects of mutations. 

4.1. Preparation of samples for high-throughput sequencing. 

4.1.1. Prepare 25 µL PCRs to de-multiplex the NNS sub-library groups with orthogonal primers.  

 

4.1.1.1. Prepare a PCR master mix according to Table 9; transfer 23 µL to ten PCR tubes.  

 

4.1.1.2. Add 1 µL of 0.5 ng/µL purified plasmid DNA from the pre-selection culture to PCR 

tubes 1 – 5 and from the selection culture to tubes 6 – 10.  

 

4.1.1.3. Mix together 50 µL of 50 µM forward orthogonal primers OP1_F – OP5_F with the 

respective reverse orthogonal primers OP1_R – OP5_R. In the same order, transfer 1 µL to PCR 

tubes 1 – 5 and 6 – 10. See Table of Materials for sequences of OP1_F – OP5_F and OP1_R – 

OP5_R. 

 

4.1.1.4. Transfer PCR tubes to thermocycler. Run the following program: 98 °C for 30 sec; 20 

cycles: 98 °C for 10 sec, 55 °C for 20 sec, 72 °C for 1.5 min; 72 °C for 2 min; hold at 4 °C.   

 

4.1.2. Prepare 25 µL PCRs to isolate each of the NNS sub-library groups.  

 

4.1.2.1. Dilute 100-fold the ten PCRs from protocol step 4.1.1.4 by transferring 1 µL of each to 

separate PCR tubes and adding 99 µL of water. Mix, then pipette out 99 µL and discard. 

 

4.1.2.2. Mix together 50 µL of 50 µM forward primers Group1_F – Group5_F with the 

respective reverse primers Group1_R – Group5_R. In the same order, transfer 1 µL to PCR tubes 



1 – 5 and 6 – 10. See Table of Materials for sequences of Group1_F – Group5_F and Group1_R 

– Group5_R.  

 

4.1.2.3. Prepare a PCR master mix according to Table 9, transfer 23 µL to each PCR tube. 

Transfer PCR tubes to thermocycler; run the same program as in protocol step 2.2.1.3. 

 

4.1.3. Carry out the final 25 µL PCRs to add indexing sequences.  

 

4.1.3.1. Dilute 100-fold the ten PCRs from protocol step 4.1.2.3 by transferring 1 µL of each to 

separate PCR tubes and adding 99 µL of water. Mix, then pipette out 99 µL and discard. 

 

4.1.3.2. Prepare a PCR master mix according to Table 9, transfer 23 µL to each PCR tube. 

 

4.1.3.3. For tubes with template originating from NNS sub-library groups 1-5, transfer 0.5 µL 

per tube forward primers 501_F – 505_F respectively. For tubes with template resulting from the 

pre-selection and selection cultures, transfer 0.5 µL per tube reverse primers 701_R and 702_R, 

respectively. See Table of Materials for sequences of 501_F – 505_F, and 701_R and 702_R. 

 

4.1.3.4. Transfer PCR tubes to the thermocycler and run the program from step 2.2.1.3. 

 

4.1.4. Mix and purify samples. 

 

4.1.4.1. Measure concentrations using a dsDNA quantitation reagent according to manufacturer’s 

instructions. Mix 100 ng of each PCR product into a single microcentrifuge tube. 

 

4.1.4.2. Prepare a 2% agarose gel with 0.2 µg/mL ethidium bromide (CAUTION). 

 

4.1.4.3. Add 6X gel loading dye to the mixed PCR products sample. Load the first lane of the gel 

with DNA ladder; load entire volume of the sample. 

 

4.1.4.4. Run gel at 100 V for 50 min. Visualize gel using a long-wavelength UV illuminator 

(CAUTION). Excise slice containing the PCR product at ~360 bp; transfer to microfuge tube. 

Gel slice can be stored at -20 °C. 

 

4.1.4.5. Following manufacturers’ instructions, purify sample using a gel extraction kit and 

measure concentration using a dsDNA quantitation reagent. This is the final sample for high-

throughput sequencing. 

 

4.1.5. Sequence on a high-throughput sequencing platform (see Table of Materials for platform 

used in this protocol). 

 

4.1.5.1. Calculate sample concentration in nM as      93 1066010 bpng , where ng  is the 

concentration of the sample in ng/µL and bp  is the sequence length of the sample DNA (~360 

bp). Dilute sample to 4 nM in EB buffer.  

 



4.1.5.2. Follow manufacturer’s instructions to denature sample and dilute to 9 pM in 

hybridization buffer. 

 

4.1.5.3. Load 600 µL of sample into reagent cartridge. Sequence following manufacturer’s 

instructions and on-screen prompts. 

 

4.2. Analysis of sequencing data. 

4.2.1. Download FLASh (Fast Length Adjustment of Short reads)20, place into folder along with 

fastq.gz files obtained from sequencing.  

 

4.2.2. Use FLASh to join the fastq.gz files corresponding to the paired-end reads for each pair of 

indices (forward and reverse reads for each NNS sub-library group for the pre-selection and 

selection cultures).  

 

4.2.2.1. Open Command Prompt and change directory to folder in protocol step 4.2.1. Join each 

pair of reads using command: flash <mates1.fastq.gz> <mates2.fastq.gz>, where mates1.fastq.gz 

and mates2.fastq.gz are the files containing the forward and reverse reads, respectively. 

 

4.2.3. After joining each pair of reads, place the out.extendedFrags.fastq output file into separate 

folders for results from the pre-selection or selection cultures. Rename the 

out.extendedFrags.fastq output file according to the NNS sub-library group to which it 

corresponds (i.e. 1.fastq, 2.fastq, etc.). 

 

4.2.4. Run the computational script NNS_DataAnalyzer.m (See Supplementary Code File) from 

each folder to compute the counts for each single amino acid mutation, and the counts for the 

wild-type, for each NNS sub-library group.  

  

4.2.5. Calculate the fitness effect a

iF  of each mutation a  at each position i  as the base ten 

logarithm of the ratio of counts obtained in the selection ( sela

iN . ) versus the pre-selection ( prea

iN , ) 

condition, relative to the wild-type: 
prewt

selwt

prea

i

sela

ia

i
N

N

N

N
F

,

,

10,

,

10 loglog  .  

 

REPRESENTATIVE RESULTS: 

The plasmid map for the five modified pBR322 plasmids containing orthogonal priming sites 

(pBR322_OP1 – pBR322_OP5) is shown in Figure 2A. To test whether the orthogonal primers 

are specific, PCRs were performed using each pair of orthogonal primers individually, along 

with all five pBR322_OP1-5 plasmids, or with all plasmids minus the plasmid matching the 

orthogonal primer pair. The correct product was only obtained when the matching plasmid was 

included, and no product of any size was obtained in its absence (Figure 2B).  

 

A representative experiment was performed following the protocol described in this text (Figure 

1). Following processing (protocol section 4.2), 6.2×106 reads from the pre-selection condition 

and 6.3×106 reads from the 50 µg/mL ampicillin selection condition were obtained. The counts 

obtained for each amino acid mutation from the pre-selection condition display a characteristic 

log-normal distribution (Figure 3A)13. At least one count from sequencing of the pre-selection 



culture for 98.9% of mutations (58 had no counts), and greater than 100 counts for 91.2% (465 

had less than 100 counts) were obtained. Figure 3B depicts the relative fitness effect ( a

iF ) for 

each mutation at each position of TEM-1; the distribution of a

iF  is shown in Figure 3C. Under 

selection at 50 µg/mL ampicillin, most mutations have a neutral or nearly-neutral fitness effect (
a

iF ≈ 0, corresponding to white pixels in Figure 3B and the large peak in Figure 3C). A small 

fraction of mutations at this concentration have substantial effects on fitness ( a

iF << 0, 

corresponding to blue pixels in Figure 3B and the left tail in Figure 3C); expectedly, these 

include mutations within the highly conserved active site residues (S70, K73, S130, D131, N132, 

K234 and G236)13,14. In contrast, few mutations considerably increase fitness over that of TEM-1 

( a

iF >> 0, corresponding to red pixels in Figure 3B), as might be expected since TEM-1 is highly 

efficient at ampicillin hydrolysis ( mcat Kk ≈ 107 M-1s-1)14. 

 

Figure 1. Outline of whole-protein saturation mutagenesis protocol for TEM-1 β-lactamase 

under ampicillin selection. Actions as described in the protocol are shown in bold. Numbered 

protocol steps are shown at left, for reference to the main text.  

 

Figure 2. Validation of orthogonal priming site plasmid vectors. A. Plasmid map for the five 

modified pBR322 plasmids containing orthogonal priming sites (pBR322_OP1 – pBR322_OP5). 

Location and direction of the orthogonal priming sites are indicated. Locations of several 

restriction sites are labeled; the TEM-1 whole-protein saturation mutagenesis library (which 

includes the entire TEM-1 gene and promoter) is cloned in-between the AatII and AvrII 

restriction sites. Abbreviations: tet tetracycline resistance gene, ori origin of replication. B. Each 

pair of orthogonal primers (OP1-OP5) was tested in a PCR containing all five pBR322_OP1-5 

plasmids (+), or with all plasmids minus the respective plasmid (˗). Shown is an ethidium 

bromide stained agarose gel (1% w/v) loaded with each PCR reaction, size separated by 

electrophoresis. The expected size product is 1628 bp; the first lane is a DNA ladder, sizes of 

relevant standards are indicated. 

 

Figure 3. Results of TEM-1 β-lactamase whole-protein saturation experiment. A. Histogram 

showing the distribution of counts for each amino acid mutation obtained from high-throughput 

sequencing of the library from the pre-selection condition. For simplicity, mutations with zero 

counts (53 mutations) are shown as having a count of one. B. Fitness effects of all single amino 

acid mutations in TEM-1 under selection at 50 µg/mL ampicillin. Shown is the data matrix 

containing the relative fitness effect ( a

iF ) depicted colorimetrically with blue representing 

deleterious effect, red a positive effect and white no fitness effect relative to wild-type. 

Mutations for which no counts were obtained from the pre-selection culture are colored black. 

Rows depict positions along the primary sequence and columns indicate mutation to one of 

twenty amino acids or stop codon (indicated by one-letter code, * is stop codon); the secondary 

structure of TEM-1 is indicated at left and several highly conserved motifs within the active site 

are indicated at right. C. Histogram showing the distribution of relative fitness effects. Shown 

are results for those mutations with >100 counts obtained from sequencing the pre-selection 

culture. 

 



Table 1. Super Optimal Broth (SOB). Reagent names and quantities used in preparing 100 mL 

SOB (protocol step 1.1). 

 

Table 2. Luria-Bertani broth (LB). Reagent names and quantities used in preparing 1 L LB 

(protocol step 1.1). 

 

Table 3. LB-agar. Reagent names and quantities used in preparing LB-agar (protocol step 1.1). 

 

Table 4. First-round mutagenic PCR master mix. Reagent names and quantities for preparing 

the master mix for the first-round mutagenic PCR (protocol step 2.2.1). Total quantity is 

sufficient for 290 25 µL reactions. 

 

Table 5. Second-round mutagenic PCR master mix. Reagent names and quantities for 

preparing the master mix for the second-round mutagenic PCR (protocol step 2.2.2). Total 

quantity is sufficient for 290 25 µL reactions. 

 

Table 6. Cloning vector PCR. Reagent names and quantities for preparing the PCR to make the 

cloning vectors (protocol step 2.3.2). 

 

Table 7. Restriction digests. Reagent names and quantities for restriction digests of cloning 

vectors and NNS sub-library groups (protocol step 2.3.3). 

 

Table 8. Ligations. Reagent names and quantities for ligations of cloning vectors with 

restriction-digested NNS sub-library groups in a 1:3 vector:insert molar ratio (protocol step 

2.3.4). 

 

Table 9. PCR reagents for preparing samples for high-throughput sequencing. Reagent 

names and quantities for preparing PCR master mixes used for de-multiplexing with orthogonal 

primers (4.1.1), isolating NNS sub-library groups (protocol step 4.1.2) and adding indexing 

sequences (protocol step 4.1.3). Total quantity is sufficient for 11 25 µL reactions.  

 

DISCUSSION: 

Here a protocol is described for performing the functional assessment of whole-protein saturation 

mutagenesis libraries, using high-throughput sequencing technology. An important aspect of the 

method is the use of orthogonal primers during the cloning process. Briefly, each amino acid 

position is randomized by mutagenic PCR, and mixed together into groups of positions whose 

combined sequence length is accommodated by high-throughput sequencing. These groups are 

cloned into plasmid vectors containing pairs of orthogonal priming sites, mixed together and 

subjected to selection, then de-multiplexed using the orthogonal primers, and subsequently deep 

sequenced. Since mutations are confined within the sequencing read length limit, this approach 

maximizes the number of useful reads containing mutations for genes of size longer than the 

sequencing read length. In addition, this technique allows for the simultaneous or “one-batch” 

selection of the entire mutational library, reducing the workload as well as the possibility that 

mutations experience different levels of selection. Practically, the critical steps in the protocol 

largely concern organization: during the cloning process (protocol step 2.3) one must ensure the 

correct mixing of mutagenic PCR products into groups and their subsequent cloning into the 



correct orthogonal priming site vector; during the preparation of the sample for sequencing 

(protocol step 4.1), the correct orthogonal primers, as well as primers to isolate each of the NNS 

sub-library groups and add indexing sequences, must be used.    

 

The three main steps of the protocol – library construction, selection, and sequencing – can be 

modified in several aspects. During library construction one could introduce mutations using a 

variety of techniques, for example, by error-prone PCR, or by constructing the gene using 

oligonucleotides synthesized by doping in a small fraction of alternative nucleotides21. One could 

construct the library to include double or higher-order mutations within segments of the protein 

(i.e. NNS sub-library groups), or in alternate genotype backgrounds22. Importantly, all 

modifications to the library construction step however should satisfy the criterion that the 

correspondence between the location of mutations in the sequence and the sequencing read 

length is maintained. This criterion therefore excludes the application of the protocol towards 

comprehensive studies of multiple mutations across a protein. Modifications to the second part of 

the protocol include alternate selection conditions: different β-lactam types (or combinations) 

and concentrations, external stress conditions (e.g. temperature, nutrient levels), host type (e.g. 

different types of bacteria), or different sampling times (hours to days). For example, in previous 

work we examined the fitness effects of all single amino acid mutations in TEM-1 under 

different concentrations of ampicillin, and under the third-generation cephalosporin 

cefotaxime13. With regards to the third step of the protocol, we currently do not recommend 

deviating from the choice of the sequencing platform used here (see Table of Materials). While 

sequencing read lengths are indeed currently longer in other platforms, the number of reads 

obtainable is currently far lower; in general the accuracy to which the effect of a mutation can be 

determined is proportional to the number of reads obtained (see equation in protocol step 4.2.5). 

    

Largely for simplicity, the protocol uses TEM-1 β-lactamase as a model system, however the 

methodology described here can be extended to other systems for which a high-throughput 

selection or screening assay is in place. Constructing such assays is however often non-trivial: 

First, a strategy for compartmentalization of gene (mutation) and protein together must be 

established, for example within a cell, liquid droplet (as in a microfluidics platform), or by phage 

display. Second, and most importantly, a quantitative connection between protein function and a 

selectable phenotype, or fitness, must be established. For enzymes involved in metabolism or 

antibiotic resistance, the ability of cells to grow in nutrient drop-out or antibiotic media is often a 

direct function of enzymatic activity. A more synthetic approach could be used in other systems, 

for example by linking protein-protein binding affinity to reporter gene (e.g. fluorescent protein) 

expression in bacteria or yeast11,23, or using a fluorogenic enzyme substrate in a microfluidics 

system24. Lastly, such an assay must be scalable, to address the size of a whole-protein 

mutagenesis library. 

 

In summary, a high-throughput sequencing-based approach for the functional assessment of 

whole-protein saturation mutagenesis libraries is described here. Central to the approach is the 

construction of the mutagenesis library within segments along the gene, and the utilization of 

orthogonal primer barcodes to tag each segment for multiplexing and de-multiplexing the library. 

We anticipate that this protocol could be readily applied to other proteins for which an 

appropriate high-throughput selection or screen has been developed.   
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Reagent Mass or Volume Comment

Typtone 2 g

Yeast extract 0.5 g

Sodium chloride 0.06 g

Potassium chloride 0.02 g

Magnesium sulfate 0.24 g

Purified water 100 mL

Table Click here to download Table Table 1.xlsx 
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Reagent Mass or Volume Comment

Typtone 10 g

Yeast extract 5 g

Sodium chloride 10 g

Purified water 1 L

Table Click here to download Table Table 2.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=444922&guid=bdb9f1dc-a6c3-40ab-a837-81a8aa32ef90&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=444922&guid=bdb9f1dc-a6c3-40ab-a837-81a8aa32ef90&scheme=1


Reagent Mass or Volume Comment

Typtone 10 g

Yeast extract 5 g

Sodium chloride 10 g

Agar 15 g

Purified water 1 L

Table Click here to download Table Table 3.xlsx 
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Reagent Volume Comment

5X PCR buffer 1450 µL

PCR additive 1450 µL

2 mM dNTPs 725 µL 2 mM each nucleotide

50 µM AatII_F or AvrII_R primer 145 µL

1 ng/µL pBR322_AvrII plasmid 145 µL

2 units/µL DNA polymerase 72.5 µL

water 363 µL

Table Click here to download Table Table 4_rev.xlsx 
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Reagent Volume Comment

5X PCR buffer 1450 µL

PCR additive 1450 µL

2 mM dNTPs 725 µL 2 mM each nucleotide

50 µM AatII_F primer 145 µL

50 µM AvrII_R primer 145 µL

2 units/µL DNA polymerase 72.5 µL

water 2973 µL

Table Click here to download Table Table 5_rev.xlsx 
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Reagent Volume

5X PCR buffer 20 µL

PCR additive 20 µL

2 mM dNTPs 10 µL

50 µM AvrII_F primer 2 µL

50 µM AatII_OP1_R - AatII_OP5_R primer 2 µL

1 ng/µL pBR322_OP1-5 plasmid 2 µL

2 units/µL DNA polymerase 1 µL

water 43 µL

Table Click here to download Table Table 6_rev.xlsx 
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Comment

2 mM each nucleotide

one primer per reaction, paired with respective plasmid

one plasmid per reaction



Reagent Volume Comment

10X restriction enzyme buffer 5 µL

4 units/µL AvrII 2.5 µL

20 units/µL AatII 0.5 µL

DNA to restriction digest volume for 500 ng

water to 50 µL total volume

Table Click here to download Table Table 7.xlsx 
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Reagent Volume Comment

10X T4 DNA ligase buffer 5 µL

purified restriction-digested NNS sub-library group DNA volume for 48 ng

purified restriction-digested cloning vector DNA volume for 52 ng

400 units/µL T4 DNA ligase 1 µL

water to 20 µL total volume

Table Click here to download Table Table 8.xlsx 
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Reagent Volume Comment

5X PCR buffer 55 µL

PCR additive 55 µL

2 mM dNTPs 27.5 µL 2 mM each nucleotide

2 units/µL DNA polymerase 2.75 µL

water 113 µL

Table Click here to download Table Table 9_rev.xlsx 
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Name of Material/ Equipment Company Catalog Number

Typtone Research Products Intl. Corp. T60060-1000.0

Yeast extract Research Products Intl. Corp. Y20020-500.0

Sodium chloride Fisher Scientific BP358-212

Potassium chloride Sigma-Aldrich P9333-500G

Magnesium sulfate Sigma-Aldrich M7506-500G

Agar Fisher Scientific BP1423-500

Tetracycline hydrochloride Sigma-Aldrich T7660-5G

petri plates Corning 351029

MATLAB Mathworks

http://www.mathworks.com/products/mat

lab/

Oligonucleotide primers Integrated DNA Technologies

https://www.idtdna.com/pages/products/

dna-rna/custom-dna-oligos

pBR322_AvrII available upon request

pBR322_OP1 – pBR322_OP5 available upon request

Q5 high-fidelity DNA polymerase New England Biolabs M0491L

15 mL conical tube Corning 430025
Multichannel pipettes (Eppendorf 

ResearchPlus) Eppendorf

PCR plate, 96 well Fisher Scientific 14230232

96 well plate seal Excel Scientific F-96-100

Veriti 96-well thermal cycler Applied Biosystems 4375786

6X gel loading dye New England Biolabs B7024S

Agarose Research Products Intl. Corp. 20090-500.0

Ethidium bromide Bio-Rad 161-0433
UV transilluminator (FOTO/Analyst 

ImageTech) Fotodyne Inc.

http://www.fotodyne.com/content/Image

Tech_gel_documentation

EB buffer Qiagen 19086

Excel Spreadsheet- Table of Materials/Equipment Click here to download Excel Spreadsheet- Table of Materials/Equipment
Stiffler_JoVE_Materials_rev2.xls
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96-well black-walled, clear bottom assay 

plates Corning 3651

Lambda phage DNA New England Biolabs N3011S

PicoGreen dsDNA reagent Invitrogen P7581

Victor 3V microplate reader PerkinElmer

DNA purification kit Zymo Research D4003

Microcentrifuge tubes Corning 3621

Long-wavelength UV illuminator Fisher Scientific FBUVLS-80

Agarose gel DNA extraction buffer Zymo Research D4001-1-100

AatII New England Biolabs R0117S

AvrII New England Biolabs R0174L

T4 DNA ligase New England Biolabs M0202S

EVB100 electrocompetent E. coli Avidity EVB100

Electroporator (E. coli  Pulser) Bio-Rad 1652102

Electroporation cuvettes Bio-Rad 165-2089

Spectrophotometer (Ultrospec 3100 pro) Amersham Biosciences 80211237

50 mL conical tubes Corning 430828

Plasmid purification kit Macherey-Nagel 740588.25

8 well PCR strip tubes Axygen 321-10-551

Qubit dsDNA HS assay kit Invitrogen Q32854

Qubit assay tubes Invitrogen Q32856

Qubit fluorometer Invitrogen Q32866

Ampicillin sodium salt Akron Biotechnology 50824296

MiSeq reagent kit v2 (500 cycles) Illumina MS-102-2003

MiSeq desktop sequencer Illumina

http://www.illumina.com/systems/miseq.h

tml

FLASh software John Hopkins University - open source http://ccb.jhu.edu/software/FLASH/

AatII_F

AvrII_R



AvrII_F

AatII_OP1_R

AatII_OP2_R

AatII_OP3_R

AatII_OP4_R

AatII_OP5_R

OP1_F

OP1_R

OP2_F

OP2_R

OP3_F

OP3_R

OP4_F

OP4_R

OP5_F

OP5_R

Group1_F

Group1_R

Group2_F

Group2_R



Group3_F

Group3_R

Group4_F

Group4_R

Group5_F

Group5_R

501_F

502_F

503_F

504_F

505_F

701_R



702_R



Comments/Description

25 nmol scale, standard desalting
pBR322 plasmid modified to contain AvrII 

restriction site downstream of the TEM-1 

gene
five modified pBR322 plasmids each 

containing a pair of orthogonal priming 

sites
includes 5X PCR buffer and PCR additive 

(GC enhancer)



dsDNA quantitation reagent, used in 

protocol step 2.2.4

dsDNA quantitation reagent

alternatively, one could sequence on 

Illumina HiSeq platform
software to merge paired-end reads from 

next-generation sequencing data

GATAATAATGGTTTCTTAGACGTCAGGTGGC
CTTCACCTAGGTCCTTTTAAATTAAAAATGAA

G



CTTCATTTTTAATTTAAAAGGACCTAGGTGAA

G
ACCTGACGTCCGTATTTCAACTGTCCGGTCTA

AGAAACCATTATTATCATGACATTAAC
ACCTGACGTCCGCTCACGGAGTGTACTAATTA

AGAAACCATTATTATCATGACATTAAC
ACCTGACGTCGTACGTCTGAACTTGGGACTTA

AGAAACCATTATTATCATGACATTAAC
ACCTGACGTCCCGTTCTCGATACCAAGTGATA

AGAAACCATTATTATCATGACATTAAC
ACCTGACGTCGTCCGTCGGAGTAACAATCTTA

AGAAACCATTATTATCATGACATTAAC

GACCGGACAGTTGAAATACG

CGACGTACAGGACAATTTCC

ATTAGTACACTCCGTGAGCG

AGTATTAGGCGTCAAGGTCC

AGTCCCAAGTTCAGACGTAC

GAAAAGTCCCAATGAGTGCC

TCACTTGGTATCGAGAACGG

TATCACGGAAGGACTCAACG

AGATTGTTACTCCGACGGAC

TATAACAGGCTGCTGAGACC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

NNNNNGCATTTTGCCTACCGGTTTTTGC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTNNNNNTCTTGCCCGGCGTCAAC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

NNNNNGAACGTTTTCCAATGATGAGCAC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTNNNNNGTCCTCCGATCGTTGTCAGAAG



ACACTCTTTCCCTACACGACGCTCTTCCGATCT

NNNNNAGTAAGAGAATTATGCAGTGCTGCC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTNNNNNTCGCCAGTTAATAGTTTGCGC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

NNNNNCCAAACGACGAGCGTGACAC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTNNNNNGCAATGATACCGCGAGACCC
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

NNNNNCGGCTGGCTGGTTTATTGC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTNNNNNTATATGAGTAAACTTGGTCTGACA

G
AATGATACGGCGACCACCGAGATCTACACTA

TAGCCTACACTCTTTCCCTACACGAC

AATGATACGGCGACCACCGAGATCTACACAT

AGAGGCACACTCTTTCCCTACACGAC
AATGATACGGCGACCACCGAGATCTACACCC

TATCCTACACTCTTTCCCTACACGAC

AATGATACGGCGACCACCGAGATCTACACGG

CTCTGAACACTCTTTCCCTACACGAC

AATGATACGGCGACCACCGAGATCTACACAG

GCGAAGACACTCTTTCCCTACACGAC
CAAGCAGAAGACGGCATACGAGATCGAGTA

ATGTGACTGGAGTTCAGACGTG



CAAGCAGAAGACGGCATACGAGATTCTCCGG

AGTGACTGGAGTTCAGACGTG



Article & Video License Agreement







December 9, 2015 

 

Dear Sephorah Zaman, 

 

Please find attached our revised manuscript with changes made to incorporate your 

questions and the comments of the reviewers. We have also included revisions to Figure 1, and 

Tables 4, 5, 6, 9 and the Table of Materials. All changes to the revised protocol text have been 

tracked (in Microsoft Word); responses to your comments and those of the reviewers are 

provided below. Thank you again for considering our work. 

 

Sincerely, 

Michael Stiffler 

 

1) All of your previous revisions have been incorporated into the most recent version of the 

manuscript. In addition, Editor may have made minor copy edits to your manuscript and 

formatting changes to comply with the JoVE format. Please maintain these changes. On the 

JoVE submission site, you can find the updated manuscript under "file inventory" and download 

the microsoft word document. Please use this updated version for any future revisions and 

track all changes using the track changes function in Microsoft Word. 

 

Changes were made and followed in track changes on document 54119_R1_100815.docx. 

 

2) With any additional highlighting (see Visualization notes below), please ensure that the length 

of the highlighted portion of the protocol doesn’t exceed 2.75 pg. 

 

We have checked that the length of highlighted text does not exceed 2.75 pgs. 

 

3) Formatting: Email addresses should not be noted with superscripts on the title page. 

 

Subscripts have been removed. 

 

4) Visualization: The highlighting in the manuscript is at times discontinuous. Please check that 

all vital steps in the protocol are highlighted. For example: 

 

We have attempted to make the highlighted portions more continuous, and more focused on the 

vital steps of the protocol. 

 

a) 2.2.1.3-Is centrifugation always performed? 

 

This is now highlighted. 

 

b) 2.2.2.5-Is this step integral to the generation of the sublibraries mentioned in 2.4? 

 

This step is now highlighted. 

 

c) Is Step 2.3.2.2 integral to the production of cloning vectors? 

Rebuttal Comments Click here to download Rebuttal Comments
ResponseToReviewers_09Dec15.docx

http://www.editorialmanager.com/jove/download.aspx?id=444932&guid=53dbd54b-c7f4-40e7-938b-d1b9d50bbc37&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=444932&guid=53dbd54b-c7f4-40e7-938b-d1b9d50bbc37&scheme=1


 

This step is now highlighted. 

 

d) Is 4.1.2.3 a necessary step? 

 

This step is now highlighted. 

 

e) When revising the highlighted portion of the manuscript, note that Section 4.2 should not be 

filmed, given that it deals with running a MATLAB script/complex equations. 

 

This section is not highlighted. 

 

5) Branding: Q5 is a registered trademark of NEB. Please remove the commercial term "Q5" 

from all Tables other than the Table of Materials. (use the general terms of “Reaction Buffer” or 

“DNA Polymerase”). In addition, replace “High QC Enhancer” with the general term “QC 

Enhancer.” 

 

Tables 4, 5, 6, and 9 have been changed accordingly. The table of materials has also been edited 

(to note that “PCR additive” called for in these tables is called “GC enhancer” as included with 

Q5 polymerase). 

 

6) Discussion: Please elaborate on the limitations of this procedure, and emphasize the critical 

steps of the method. 

 

We have stressed in the Discussion the important limitation of this procedure, being its 

application to comprehensive studies of the effects of multiple mutations across a protein (please 

see response to suggested revision 2 for Reviewer #1). We have also made additions to the first 

paragraph of the Discussion to highlight critical steps of the method.   

 

7) Please take this opportunity to thoroughly proofread your manuscript to ensure that there are 

no spelling or grammatical errors. Your JoVE editor will not copy-edit your manuscript and any 

errors in your submitted revision may be present in the published version. 

 

Done. 

 

8) Please disregard the comment below if all of your figures are original. 

If you are re-using figures from a previous publication, you must obtain explicit permission to 

re-use the figure from the previous publisher (this can be in the form of a letter from an editor or 

a link to the editorial policies that allows you to re-publish the figure). Please upload the text of 

the re-print permission (may be copied and pasted from an email/website) as a Word document 

to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please 

also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from 

[citation]."  

 

All figures are original. 

 



 

Response to Reviewers’ comments 

We sincerely thank the reviewers for interesting and valuable comments on our work. We 

hope this protocol will serve as a resource for others wishing to carry-out similar high-

throughput mutagenesis studies. Below we provide a description and point-by-point response to 

each of the reviewer’s comments. We have addressed the points through modifications of the 

text and figures. Please note that reviewers’ comments are italicized and our responses in 

standard font.  

 

Reviewers' comments: 
 

Reviewer #1:  

Manuscript Summary: 

This manuscript presents a comprehensive experimental and computational protocol for 

performing saturation mutagenesis and selection to quantify fitness effects of all possible amino-

acid mutations to a protein of interest. The protocol uses TEM-1 beta-lactamase in E. coli as a 

model protein under the selective pressure of ampicillin, a model system the authors recently 

used in a study of the relationship between selection strength and evolvability (Stiffler et al., 

2015, Cell 160, 882-892).  

 

This protocol represents a technological advance because it allows for sequencing throughput to 

be conserved by splitting the gene into several groups which are each independently 

mutagenized and cloned into a distinct plasmid backbones with unique primer binding sites for 

each subgroup. This allows for each mutation sub-library to be independently targeted during 

preparation of sequencing samples, thus avoiding the sequencing of gene regions that will not 

contain mutations in a given sub-library. 

 

The protocol is detailed enough so that in can be replicated, but there are some areas detailed 

below that require revisions to more clearly depict the technological advance (sub-libraries 

linked to unique orthogonal primers) and its unique strengths. 

 

1. Figure 1 currently depicts all plasmids and DNA fragments identically, without visual 

clarification of the orthogonal primer pairs and sub-library regions. Since the use of orthogonal 

primer pairs physically linked to each sub-library is a key element of this protocol, Figure 1 

should be revised to more clearly convey this idea. The figure can be improved by more precisely 

highlighting the region of each sub-library group in the schematics of the plasmids and PCR 

amplicons. In other words, the red bar (mutagenized region) should be about 1/5th the length of 

the entire gene region and should be placed at the appropriate location within the depiction of 

each sub-library. Furthermore, the orthogonal primer sites are not represented in the diagram 

(all primer binding sites are shown using the same green marker). Each orthogonal primer pair 

could be depicted with a different color, and/or labeled OP-1 F/R, OP-2 F/R, etc, to show that 

there are unique sequences in the backbone for each sub-library. These changes together should 

visually clarify the idea of sub-libraries and how they are amplified with orthogonal primers to 

create targeted sequencing libraries that focus on mutated regions of the gene. 

 



We have modified Figure 1 to more clearly indicate the usage of the orthogonal primers 

pairs. Admittedly, the figure is quite large so we wished to be as conservative as possible in 

terms of adding additional information, labels, etc. For instance, we attempted to label each 

orthogonal primer pair with a different color as suggested, however this became unwieldy when 

attempting to depict the combined plasmid library. We settled on labeling the individual plasmid 

and primers with OP1, OP2, etc as suggested. Likewise, we attempted to more clearly indicate 

the sub-library groups within the gene (the red region is meant to depict the entire gene, the X is 

meant to generically indicate mutation), but this was not amenable to labeling the combined 

plasmid library; in that case we hope that the indication of positions comprising each NNS sub-

library group (26-78, 79-132, etc) will suffice to indicate the sub-library group regions. 

 

2. Regarding the novelty of this protocol, which is the use of orthogonal primer pairs linked to 

each sub-library, I think the authors need to revise their claims about what limitations this 

overcomes vs. what this doesn't achieve. The statement that this protocol "accommodates genes 

of length significantly longer than sequencing read lengths" (line 40) requires further 

explanation and clarification. Indeed, as the authors state in the introduction, more "standard" 

shotgun sequencing approaches can and have been used to obtain mutation frequency data for 

similar experiments, with the disadvantage that many reads are wasted reading wild-type 

sequences. The conservation of sequencing depth by confining reads to regions containing 

mutations seems to be the only advantage in using the orthogonal primer / sub-library system 

over a shotgun approach to sequencing the entire gene. This ability to gain more information 

with less sequencing depth is certainly an improvement over standard protocols, but I suggest 

the authors revise statements such as "this technique overcomes the limitations of short 

sequencing reads" (line 578) since there are other limitations of short sequencing reads (such as 

the inability to observe mutation linkage across an entire gene) which this method does not 

address. 

 

We thank the reviewer for making this point. We have attempted to be clearer about the 

advantages, and limitations, of the methods we proposed.  

Regarding advantages: We have modified the text to focus on the important advantages: 

we state that splitting the gene into sub-library groups (more specifically, creating a 

correspondence between the location of the mutations within the gene and the sequencing read 

length) has the advantage of maximizing sequencing read depth/number of useful reads. The use 

of orthogonal primers to barcode each sub-library group gives the additional advantages of 

reducing workload and assuring that all mutations experience the same level of selection, since 

the sub-library groups can all be combined and subjected to simultaneous selection as opposed to 

having to do selections independently for each sub-library group. We have made changes to the 

short abstract, long abstract, Introduction (paragraphs three and four), and Discussion 

(paragraphs one and four). We have limited stating that the advantage of the protocol is 

“accommodating genes of length significantly longer than sequencing read lengths”. We now 

simply mention in the introduction (third paragraph) that our previous approach of using sub-

library groups for evaluation of whole-protein saturation mutagenesis libraries is “applicable to 

genes of size longer than the sequencing read length limit”, and similarly in the Discussion (first 

paragraph).  

Regarding limitations, we acknowledge that the method is limited in the ability to 

examine the effects of multiple mutations (mutation linkage) across a gene. We stress that one 



could study multiple mutations if such mutations are confined within the NNS sub-library 

groups, or alternatively if the library is re-constructed in an alternate genotype background. We 

have modified the text by italicizing the sentence in paragraph two of the Discussion: 

“Importantly, all modifications to the library construction step however should satisfy the 

criterion that the correspondence between the location of mutations in the sequence and the 

sequencing read length is maintained”. We followed this with the additional sentence: “This 

criterion therefore excludes the application of the protocol towards comprehensive studies of 

multiple mutations across a protein”.          

 

3. The example documented in the analysis code appears to use 10 sub-libraries (there are 10 

"forward" and 10 "reverse" anchor sequences specified, but I might not be understanding the 

meaning of the anchor sequences completely). The protocol in this manuscript describes using 5 

sub-libraries. For consistency I recommend the authors revise the analysis code to match the 

subgroups used in the protocol and/or clarify in the code exactly what the "anchor sequences" 

are. 

 

There should be five “forward” and five “reverse” anchor sequences defined in the code, 

we have fixed the code accordingly and thank the reviewer for catching this. We have added a 

few additional lines to the code to describe the meaning of the anchor sequences (these are 

sequences which directly flank the sub-library groups and are introduced during the preparation 

of samples for high-throughput sequencing (protocol step 4.1). Since they do not contain 

mutations they can be used during the processing of the sequencing data to pull-out the sub-

library groups).  

 

4. On line 582, I believe "mutations" should be replaced with "sub-libraries". In conjunction 

with the revision #2 suggested above, I think the authors can further clarify here that without 

orthogonal primers, if one still wants to conserve sequencing depth by confining reads to regions 

with mutations, each sub-library would need to be subjected to selection separately (raising the 

possibility that sub-libraries experience different levels of selection). 

 

We did mean mutations here, in that sense that since all the sub-library groups are mixed 

and selected together, all the mutations are likewise present during selection and should thus 

experience the same level of selection (as opposed to if the sub-libraries were selected 

independently, then all mutations might not experience the same level of selection, as the 

reviewer points out). We have clarified in the text that this is an advantage of using the 

orthogonal primers in combination with the sub-library strategy (see response to suggested 

revision 2 above). 

 

5. In protocol step 2.3.5.2, it appears that 10 ul of cells are diluted into 20 ul of DNA obtained in 

step 2.3.4 and then electroporated. Is that indeed the case? Just want to make sure this isn't a 

typo and some smaller amount of DNA is meant to be added to the cells, since standard 

electroporation protocols recommend adding no more DNA than some small percentage 

(perhaps 5-10%?) of the total volume of cells. 

 

We do use the entire 20 µL volume obtained after purifying the ligation reaction for 

electroporation, transforming into 10 µL of cells. While typically for transformations the volume 



of DNA in water added is a small percentage of cell volume, in this case we wish to obtain a 

large library (thus the entire ligation is transformed) and, more importantly, are using highly-

concentrated cells. Admittedly, we haven’t carried out a comprehensive examination of the effect 

of DNA and cell volumes on transformation efficiencies, though anecdotally transforming only 

half the volume of the ligation into the same volume of cells produced lower transformation 

efficiency. 

 

Major Concerns: 

N/A 

 

Minor Concerns: 

N/A 

 

Additional Comments to Authors: 

N/A 

 

 

Reviewer #2:  

Manuscript Summary:  

This article presents a protocol for the generation of saturation mutagenesis libraries over a 

length of sequence by dividing up library generation in multiple sublibraries, each covering a 

specific segment. This protocol also optimizes the high-throughput sequencing of the libraries 

even when the length is longer than the typical read length of NGS. Thus, this protocol can be 

very useful for the comprehensive exploration of a protein's fitness landscape. 

The techniques presented here, including the segmental approach for construction of the 

mutagenesis library, have been previously described. There is one significant innovation, 

though, namely the utilization of orthogonal primer barcodes. The barcodes tag each segment 

for multiplexing purposes, allowing the simultaneous selection of all sublibraries and 

maximizing relevant sequencing coverage.  

 

Major Concerns: 

My main criticism is that this article is very hard to follow because Figure 1 does not provide 

enough detail about the different PCR reactions involved. I think the article needs a separate 

Figure 1a explaining these different PCR reactions, particularly the ones involved in the 

generation of NNS sublibraries (with current Fig 1 becoming Fig 1b). 

 

We do admit that Figure 1 is quite large and risks creating confusion (as opposed to its 

intended goal of simplifying communication) with the addition of more information, labels, etc. 

We made a few modest changes in an attempt to address the reviewer’s concerns: we indicated 

the number of PCRs required at the relevant steps, e.g. “create NNS sub-libraries by SOE PCR 

(3 PCRs per position)”. Further, we have indicated to the left of the figure the actual protocol 

steps, for reference to the main text. 

 

 Minor Concerns: 

1. In several places(including the title) authors describe the system for mutagenesis as 

"mutagenesis using high-thorughput sequencing"; this is misleading because mutagenesis is not 



generated by sequencing. It is designed to facilitate sequencing. So I would suggest changing the 

title to: "A Protocol for whole-Protein Saturation Mutagenesis Efficiently Coupled to High 

Throughput Sequencing for Comprehensive Measurement of Fitness Landscape". 

Other sentences that have this problem include: 

Line 572: "mutagenesis, using high throughput sequencing technology" 

Line 621: "high-throughput sequencing-based approach for whole-protein saturation. 

 

We thank the reviewer for making this point. Our original intention was for “saturation 

mutagenesis using high-throughput sequencing” to be short for both the construction of a single-

site randomized amino acid library, as well as the subsequent assessment of the effects of each 

mutation (via selection and high-throughput sequencing). This we acknowledge is confusing and 

requires clarification. We have edited the text (and the title) accordingly, e.g. changing “protocol 

for comprehensive single-site saturation mutagenesis utilizing high-throughput sequencing” to 

“protocol for the functional assessment of comprehensive single-site saturation mutagenesis 

libraries utilizing high-throughput sequencing”. Changes were made to the title, short and long 

abstract, Introduction (paragraph four), and Discussion (paragraphs one and four).     

 

2. The discussion does a good job of explaining the advantages and possible alternative uses of 

the system, but could elaborate more on the disadvantages. For example, restricting 

randomization to individual segments prevents exploration of epistatic interations involving 

mutations outside the specific segments. There is the uneven representation of random individual 

mutants (illustrated in Fig. 3a) also restricts access to sequence space. For example, if you try to 

evolve gain-of-function mutations some solutions may be much harder to find than others.  

 

We acknowledge that the method is limited in the ability to examine the effects of 

multiple mutations across a gene. The first reviewer also pointed this out, and we have attempted 

to clarify this point with changes to the main text (please see our response to suggested revision 

2 for the first reviewer above).  

With regards to an uneven representation of random mutations: Since the accuracy of 

determining a mutational effect in our method is based on the number of read counts (equation in 

protocol step 4.2.5), and we wish to do this for all possible single amino acid mutations, it is 

imperative that the library is constructed in a manner to achieve as even a distribution of 

mutations as possible. Each mutation is created as a separate PCR product (protocol step 2.2.1-

2.2.3) and accurately quantified (protocol step 2.2.4), and all positions mixed in equal amounts 

according to this quantification (protocol step 2.3.1). Given this careful mixing of the library, the 

distribution in Figure 3a should represent a best-case scenario (or fairly close to it) for the even 

mixing of a whole-protein saturation mutagenesis library; we thus feel our method provides a 

fairly even representation of mutations. We acknowledge that the NNS mutation scheme and 

SOE PCR method introduce biases, so some improvement could be had in future work.  

Sequence space (at the single amino acid distance) is relatively unrestricted in our 

representative results, as 98.9% of all mutations had at least one count from sequencing of the 

pre-selection culture. As the effect of each mutation in the library is measured, as long as the 

mutation is in the library to begin with and the effect is sufficient (statistically significant 

increase in number of counts in selected versus pre-selected population), the method should not 

present limitations to evolving (or more specifically, finding) gain-of-function mutations. In fact, 

it should improve identification of such mutations since they do not have to increase to a high 



proportion of the population to be identified, as in a typical directed evolution experiment 

employing selection.  

 

Additional Comments to Authors: 

N/A 

 

 

Reviewer #3:  

Manuscript Summary:  

The current manuscript describes a high-throughput sequencing-based approach for whole-

protein engineering via individual position saturation mutagenesis. Central to the approach is 

the construction of the mutagenesis library within segments along the gene, and the utilization of 

orthogonal primer barcodes to tag each segment for multiplexing and de-multiplexing the 

library. Therefore, the limitation of sequence reading length is mitigated. 

The authors thoroughly detailed the three main steps, library construction, selection, and 

sequence amplification and analysis, involved in the protocol. The presented result clearly 

documents the usefulness of their approach in individual position saturation mutagenesis based 

protein engineering.  

Sequence reading length has been a major limitation of using next-generation-sequencing (NGS) 

approach in protein engineering. The reported approach provides a solution to the problem. 

Future researches could take advantage of the reported concept to further simplify the process. 

For example the reviewer felt that the construction of orthogonal primer restricted sub-library is 

too laborious. Much simpler experiment can be utilized to reach the same goal. 

 

We agree that the method could be simplified in some respects, depending on the goals of 

the researcher. We stress that our protocol takes great pains to ensure that the distribution of 

mutations is as even as possible, such that all mutations are accurately quantified (please see 

response to suggested revisions 2 for Reviewer #2 above). If one relaxes this criterion, along 

with the criterion that the library consists only of all possible single amino acid mutations, library 

construction could be simplified. As we mention to in the Discussion, one could make mutations 

by error-prone PCR or similar technique. As long as the mutations are confined into sub-library 

windows, our approach could be applied. Further, if one performed a standard shotgun 

sequencing approach, construction of the library into sub-library groups could be done away 

with, but with the loss of sequencing depth (please see response to suggested revision 2 for 

Reviewer #1).     

 

Major Concerns: 

N/A 

 

Minor Concerns: 

N/A 

 

Additional Comments to Authors: 

N/A 
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