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INTRODUCTION

Antibodies produced by immunizing animals with foreign antigens have been invaluable 

tools for various detection methods. While the importance of their utility is widely accepted, 

there are limitations regarding the production, and reproducibility of monoclonal and 

polyclonal antibodies (Bradbury, 2015; Jones, 2016). To overcome these limitations, 

recombinant antibody development has received increasing attention. Antibody fragment or 

scaffold protein libraries can be displayed on bacteriophage and binders identified through 

affinity selection (Kehoe, 2005; McCafferty, 2015; Shim, 2016). Because the DNA 

sequences of isolated, recombinant antibodies are easily obtained, reagents can be expressed 

in Escherichia coli and their affinity and specificity can be improved through directed 

mutagenesis to yield high-quality, specific affinity reagents. By this approach, affinity 

reagents have successfully been generated to recognize a wide range of targets, including 

cell signaling proteins, membrane proteins, transcription factors, peptides, and post-

translational modifications (Kim 2011; Kummer, 2012; Pershad, 2012; Koide, 2013; Horsby, 

2015; Jones, 2016; Gustafsson, 2017).

Successful generation of affinity reagents is highly dependent on the choice of library 

(Hosse, 2006). Fibronectin type III (FN3) domain scaffold libraries serve as valuable 

options. Protein engineering experiments have shown that it is possible to randomize 

residues within three loops (BC, DE, FG) on one side of the FN3 94-amino acid domain 

(Fig. 1) without loss of stability or folding (Koide, 1998; Batori, 2002). FN3 sequence 

variants, also known as ‘monobodies,’ have been selected from phage display libraries that 

bind tightly and selectively to a wide variety of proteins through these randomized regions, 

such as Abl (Wojcik, 2010), β-catenin (Yeh, 2013), EphA2 (Park, 2015), estrogen receptor 

(Koide, 2002; Huang, 2006), Fyn (Huang, 2012), integrin (Richards, 2003), Pak1 (Huang, 

2012), Ras (Spencer-Smith, 2017), VEGF-R (Fellouse, 2007), and several other human cell-

signaling proteins (Huang, 2015). In addition to its target recognition versatility, the FN3 has 

many practical advantages. It lacks cysteines, it can be overexpressed (≥ 50 mg/L culture) in 

E. coli, it is thermally stable (Tm = 88°C), and it retains binding when absorbed onto 

microtiter plate wells (unlike 95% of monoclonal antibodies, which lose functionality when 

adsorbed onto plastic (Butler, 1993)). These make the FN3 an ideal scaffold for robust 

affinity reagent generation and production. This article describes the procedure for isolating 

FN3 monobodies via phage display, expressing and purifying soluble SUMO-tagged 
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variants, and removing the SUMO-tag to produce affinity reagents that are ready for use in 

future immunoassay applications.

BASIC PROTOCOL 1 AFFINITY SELECTION OF A PHAGE LIBRARY 

DISPLAYING VARIANTS OF THE FN3 MONOBODY

The first step in generating monobodies that bind the target of interest is to screen a phage-

library displaying variants of the FN3 monobody in a process known as affinity selection. 

The protocol described here utilizes a large phage-display library containing 1.0 × 1011 

members (Scholle, 2005; Gorman, 2017) to affinity select for FN3 monobodies against a 

fully-folded, soluble protein target. After two to three rounds of affinity selection, the output 

pool of clones is screened to identify clones that recognize the target of interest. See Figure 

2 for an overview of the selection process.

Materials

Phage library

Biotinylated, soluble protein target

Phosphate-buffered saline (PBS) (see recipe)

4% skim milk solution (diluted in PBS, w/v) (see recipe for buffer)

Streptavidin-coated paramagnetic beads (Promega)

Phosphate-buffered saline with 0.1% Tween 20 (PBST) (see recipe)

Elution solution (see recipe)

Neutralization solution (see recipe)

E. coli strain TG1 (Lucigen)

15 cm by 1.5 cm 2×YT agar plates supplemented with carbenicillin (see recipe)

2×YT liquid media (see recipe)

Carbenicillin (1000×)

M13-KO7 helper phage (New England BioLabs)

Kanamycin (1000× concentrated stock solution)

75% glycerol

PEG solution (see recipe)

NeutrAvidin (Thermo Fisher Scientific)

Anti-FLAG-Biotin conjugate antibody (mouse, Sigma-Aldrich)

Anti-M13-HRP conjugate antibody (Sigma-Aldrich)

Sodium Citrate buffer
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2,2′-Azinobis (3-ethylbenzothiazoline-6-Sulfonic Acid) diammonium salt tablets 

(Thermo Fisher Scientific)

Hydrogen Peroxide 3% (Walgreens)

1.5 mL centrifuge tubes

Rotator

Magnetic bead stand

50 mL conical tubes

Glass spreader beads

Shaking incubator

Cabinet incubator

Centrifuge with conical tube rotor and 96 well plate rotor

Vortexer

96-Well DeepWell™ Polypropylene Microplate (Fisher Scientific)

Nunc™ MicroWell™ 96-Well Microplates (Thermo Fisher Scientific)

Absorbance plate reader (BMG Labtech)

Affinity selection via phage-display (Round 1)

1 Block four 1.5 mL centrifuge tubes with 4% skim milk solution for ≥ one hour 

at room temperature.

This step can be completed the night before, with the filled tubes stored at 

4°C overnight.

2 Remove the soluble, biotinylated target and phage-library aliquot from the 

freezer and thaw on ice.

Target can be biotinylated in vivo or in vitro (Kay, 2011).

3 Separately, remove streptavidin-coated paramagnetic beads from 4°C storage. 

Mix thoroughly by shaking to ensure all beads are suspended in solution.

4 Once the tubes have been blocked, remove the liquid content from one of the 

blocked 1.5 mL centrifuge tubes, and add 500 μL of streptavidin-coated 

paramagnetic beads.

5 Add 500 nmol of biotinylated target to the beads, and bring to a volume (BTV) 

of 1 mL with PBS. Mix for at least 30 minutes on a rotator.

Thirty minutes is the minimum; otherwise mix for 1 hour to ensure 

complete capture of the target to the beads

6 Next, place the tube containing the target/bead mixture on the magnetic 

separator stand. Wait until the supernatant appears clear. Decant the supernatant 
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using a micropipette, taking great care not to aspirate any beads from the bottom 

of the tube.

7 Resuspend the beads with the phage library. Using the Kay monobody library 

(estimated size is 1011), add 1.2 × 1012 phage particles, stored in PBS/16% 

glycerol. BTV 1 mL with PBS.

Determine the phage concentration according to the M13 Titer Protocol 

(New England BioLabs).

8 Transfer the phage/target/bead mixture to the rotator, and incubate for 1.5–2 

hours.

During this step, phage particles displaying variants that bind the target will 

be captured to the beads.

9 Place the mixture on the magnetic separator stand. Wait until the supernatant is 

clear, and again carefully aspirate the supernatant using a micropipette.

It may take longer for the magnet to attract the beads with phage-libraries 

that are stored with glycerol due to the viscosity.

10 Resuspend the beads in PBS to begin the wash steps. Pipette up and down a few 

times using a micropipettor. Then place back onto the magnetic separator stand 

and aspirate the supernatant.

During this step, non-bound virions are washed away.

11 Repeat step 10 until the phage/target/bead mixture has been washed 3 times.

12 After the last washing step, resuspend the beads in 500 μL of the elution solution 

and rotate for 10 minutes.

The acid will denature the displayed reagents, thus releasing them from the 

beads. Phage particles can be subjected to this pH for ~ 10 minutes before 

they lose infectivity.

13 During the elution step, take a new, previously-blocked 1.5 mL centrifuge tube 

and add 25 μL of the neutralization solution.

14 Place the eluted virions/beads mixture onto the magnetic separator stand. 

Remove the supernatant and place it into the tube containing the neutralization 

solution.

The neutralized phage can be stored on ice for >1 hour if necessary.

15 Add the neutralized phage to 2.5 mL of TG1 cells at mid-log growth phase, 

determined by an optical density at 600 nm wavelength (OD600nm) of 0.4–0.6, 

for infection. Mix gently at 150 revolutions per minute (RPM) on a shaking 

incubator for 1 hour at 37°C.

If a shaking incubator is not available, place in a 37°C environment and 

gently mix the tube manually every 10 minutes so that the cells do not settle 

to the bottom.
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16 Spread the infected cells onto the 15 cm by 1.5 cm 2×YT plates supplemented 

with carbenicillin (CB). Add a maximum of 800 μL of cells to each plate. 

Incubate the plates at 30°C overnight for 15–18 hours. Also plate some of the 

uninfected TG1 cells on a 2×YT/CB plate as a negative control.

Preparing virions for subsequent rounds of selection

17 Remove the 2×YT plates from the 30°C incubator. The negative control plate 

should be void of bacteria as uninfected TG1 lack CB resistance.

The large plate should contain a lawn of cells.

18 Mix 4 mL of 2×YT liquid media, 1 mL of 75% glycerol, and 5 μL of 

carbenicillin and add the mixture to the large plate. Use a glass spreader or metal 

inoculating loop to scrape the lawn of cells from the surface of the plate into the 

overlying liquid.

19 When the bacteria are completely dispersed into the mixture (i.e., no clumps), 

use a pipette to transfer the solution into a chilled 15 mL conical tube. Repeat 

the scraping procedure for each large plate, each time placing the scraped cells 

into the same tube.

20 Vortex the scraped cells well. Measure the OD of the mixture.

Typically, the OD is between 30 and 60, well above the limit for most 

spectrophotometers. Thus, dilute the cells 1:100 in the scraping solution, 

measure the OD, and calculate the actual OD.

21 Using the scraped cells, inoculate 60 mL of 2×YT media supplemented with CB 

such that the starting OD is 0.0125. Use a beveled, 250 mL Erlenmeyer flask 

and place in a 37°C shaking incubator (RPM 250–280). Allow the culture to 

grow until the OD reaches 0.4–0.6.

22 While the culture is growing, aliquot the remainder of the scraped cells into 

labelled 1.5 mL centrifuge tubes. Freeze in liquid nitrogen or dry ice/ethanol and 

store at -80°C.

23 Once the culture reaches mid-log phase, dump 30 mL of the culture and infect 

with the helper phage, M13-KO7, such that the ratio of virions to cells is 10:1. 

Infect for 1 hour at 37°C with shaking (150 RPM).

This ratio is also referred to as the “multiplicity of infection,” or MOI. 

Calculate the number of cells present in the culture based on the OD and 

use that value to determine how many M13-KO7 phage particles to add. As 

before, if a shaker is not available simply place the infection culture in a 

37°C environment, and manually mix the solution every 10 minutes.

24 After infection, spin down the culture for 10 minutes at 10,000 xg and 4°C, 

discard the supernatant and resuspend the cells in 30 mL of 2×YT media 

supplemented with carbenicillin and kanamycin.
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The infected cells will now contain two antibiotic resistance genes, one for 

carbenicillin (provided by the phagemid), and one for kanamycin (provided 

by the M13-KO7 phage).

25 Incubate the culture at 25°C with shaking (200 RPM), for 18 to 24 hours.

26 Spin down the virion/cell mixture for 15 minutes at 10,000 xg and 4°C, and 

decant the supernatant into a fresh 50 mL conical tube. Discard the cells. Repeat 

this process two times to ensure all cells have been removed from the 

supernatant.

27 Add the PEG solution to the clarified supernatant at a 1:5 ratio. Vortex the 

solution well and incubate on ice for 1 hour to precipitate the phage particles.

If pressed for time, 30 minutes should be sufficient.

28 Spin the supernatant again. A small, white pellet should be visible; it is 

comprised of precipitated virions.

29 Decant the supernatant and carefully wash the pellet two to three times using 

PBS to wash away any excess PEG.

30 Resuspend the phage particles in 1 mL of PBS, and store on ice.

Affinity selection, Rounds 2 and 3

31. Rounds 2 and 3 of the selection process are performed in the same manner as Round 1 

(Steps 1–30). However, instead of using a complete library, one uses virions recovered 

through each round of affinity selection. Due to amplification of these recovered clones, 

stringency of conditions can be increased to eliminate weak binders. The conditions for each 

round are shown below.

Round 2

• 50 nmol target

• 50 μL streptavidin-coated beads

• Wash steps, in order:

○ 3 times with PBS

○ 3 times with PBST

• Elute in 200 μL of Elution buffer

• Neutralize in 10 μL of Neutralization buffer

• Infect 1 mL of mid-log phase TG1 cells

• Plate 800 μL of TG1 infected cells

Round 3

• 5 nmol target

• 50 μL streptavidin-coated beads
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• Wash steps, in order:

○ 3 times with PBS

○ 3 times with PBST

• Elute in 200 μL of Elution buffer

• Neutralize in 10 μL of Neutralization buffer

• Infect in 1 mL of mid-log phase TG1 cells

• Plate 800 μL of TG1 infected cells

Screening the selection output

32 Along with plating the 800 μL of undiluted, infected TG1 cells from the third 

round of selection, plate dilutions of 10−7, 10-8, and 10-9.

Dilution plates are made to obtain single colonies that are needed to screen 

individual clones to identify variants that recognize the selection target.

33 Add 200 μL of 2×YT/CB solution into a 96 deep-well plate using a multichannel 

pipettor. Pick individual colonies from the dilution plates using sterile toothpicks 

or pipette tips, swirl the tip in the solution briefly, and discard. Repeat 93 times. 

Also inoculate a negative and a positive control well.

34 Grow the cultures in a shaking incubator at 37°C for three hours.

Before moving to the next step, hold the plate up to the light and check that 

each well has sufficient growth (i.e., the solution appears cloudy).

35 When ready, infect the cells with M13-KO7 helper virus, with an MOI of 10, 

assuming the cells are at the mid-logarithmic growth phase. Dilute the M13-

KO7 in 2×/CB, and add the appropriate amount to each well. Incubate for 1 hour 

with minimal shaking.

36 After, spin the cells down 10 minutes at 3000 ×g and 4°C and decant the 

supernatant. Resuspend the pellets in 400 μL of 2×YT/CB/KN. Grow at 30°C 

for 18–24 hours.

37 The same day, coat three MicroWell plates. Prepare 30 mL of NeutrAvidin (5 

ng/μL in PBS), and add 100 μL to each well on all three plates. Store overnight 

at 4°C.

38 The next day, remove the MicroWell plates and dispose of the coating solution. 

Prepare a 4% skim milk (in PBS) blocking solution, and add 150 μL to each well 

on all three plates. Incubate at room temperature for 1 hour.

39 During the block step, remove the selection target from the freezer and thaw on 

ice. Prepare a 10 mL solution of the target in PBS (5 ng/μL). Store on ice.

40 Also prepare a 1:10,000 dilution of the anti-FLAG-biotin conjugated antibody 

using PBS. Store on ice.

Kay et al. Page 7

Curr Protoc Chem Biol. Author manuscript; available in PMC 2019 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41 Once the blocking step is complete, dispose of the solution from the MicroWell 

plates. If necessary, wash once with PBST to remove any leftover blocking 

solution.

42 To one plate, add the biotinylated target solution (5 ng/μL, 100 μL per well). To 

the second, add the anti-FLAG-biotin conjugate antibody (1:10,000 dilution, 100 

μL per well). To the last plate, add PBS. Incubate with shaking for 1 hour at 

room temperature (RT).

43 When the virions are ready, spin down the DeepWell plate for 10 minutes at 

3000 xg and 4°C to pellet the cells. Store at 4°C.

44 When ready, remove the microtiter plates from the shaker and dispose of the 

solution from each plate. Wash each plate once with PBST.

45 Add 50 μL of PBST to each well on all three plates. Carefully pipette 50 μL of 

supernatant from the DeepWell plate, and add to the corresponding row of the 

ELISA plates.

46 When the phage supernatant has been added to all three MicroWell plates, 

incubate for 1 hour at RT with shaking.

47 Remove the phage supernatant from the MicroWell plates, and wash 3 times 

with PBST. Then, add 100 μL of HRP/Anti-M13 Monoclonal Conjugate 

antibody (1:5,000 in PBST) to all wells. Incubate for 1 hour at RT with gentle 

shaking.

48 With 5 minutes remaining in the incubation step, mix 30 mL of sodium citrate 

buffer, 300 μL of 3% H2O2, and three 2,2′-Azinobis (3-ethylbenzothiazoline-6-

Sulfonic Acid) diammonium salt tablets. Vortex well, so that the tablets are 

completely dissolved.

Use the solution within the 10 minutes.

49 When ready, remove the HRP/Anti-M13 Monoclonal Conjugate antibody 

solution from all MicroWell plates, and wash again three times with PBST. 

Then, add the substrate. The solution in the well will turn a noticeable shade of 

green over time (i.e., 5 to 60 minutes). For each plate, measure the optical 

absorbance at 405 nm using a microplate reader.

50 Graph and interpret the data.

The NeutrAvidin only plate serves as negative control signals for each plate 

and can be subtracted from the experimental and α-FLAG plates. The α-

FLAG plate denotes the relative level of display for each clone and can be 

used to normalize the experimental signals.
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BASIC PROTOCOL 2 EXPRESSION AND PURIFICATION OF MONOBODIES 

USING A pET14B-SUMO VECTOR

After the selection and screening process, the next step is to use a cloning method to move 

the FN3 coding region for selected binders into an expression vector. Our lab uses a SLiCE 

cloning scheme (Fig. 3, Zhang 2012) to accomplish subcloning, but more traditional, 

endonuclease-based methods are effective as well. To express the proteins in E. coli, our lab 

uses a pET14b vector which has been modified to contain a SUMO fusion partner at the N-

terminus (Fig. 4a; Huang, 2015). In our experience, fusing the monobody to the SUMO 

protein maximizes the solubility and expression of the recombinant FN3 protein in E. coli. 
This protocol details the steps necessary for expressing and purifying the FN3 monobodies 

after they have been subcloned into the expression vector and subsequently transformed into 

the BL21 strain of E. coli, which has been modified to over-express recombinant proteins.

Materials

2×YT (See recipe)

Carbenicillin (1000× concentrated stock solution)

D-(+)-Glucose (Sigma-Aldrich)

Overnight Express™ Autoinduction System 1 (Novagen)

Equilibration buffer (see recipe)

complete, EDTA-FREE protease inhibitor cocktail tablet (Sigma-Aldrich)

His60 Ni Superflow Resin (Clontech)

Wash buffer 1 (see recipe)

Wash buffer 2 (see recipe)

Phosphate buffered saline (PBS; see recipe)

Elution buffer (See recipe)

2× Laemmli sample buffer (Bio-Rad)

Protein standard ladder (Bio-Rad)

12% polyacrylamide gel (Bio-Rad)

1× SDS-PAGE running buffer (see recipe)

SimplyBlue™ SafeStain (Thermo Fisher)

Shaking incubator

Centrifuge

Centrifuge tubes

Sonicator

IMAC Column
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Rotator

Nanodrop spectrophotometer

Protein Gel apparatus

Power supply

Gel electrophoresis system with white light setting

Recombinant expression of FN3 monobodies

1 Using a 200 μL pipette tip, scrape a small amount of frozen, transformed BL21 

cell stock. Inoculate 6 mL of 2×YT/CB/1% glucose. Grow overnight @ 37°C 

with shaking (250 RPM).

2 The next day, use the 6 mL overnight culture to inoculate 300 mL of 

autoinduction media supplemented with CB.

Alternatively, overnight cells can be added to 300 mL of 2×YT media and 

induced with IPTG.

3 Grow the culture for ~24 hours @ 30°C with shaking (using a 2000 mL, beveled 

flask).

If IPTG is used, conditions will need to be optimized.

4 The next day, spin down the culture at 6000 ×g for 10 minutes at 4°C.

At this point, pellets can be frozen until ready to proceed.

Purification of FN3 monobodies

5 Dissolve one cOmplete, EDTA-FREE protease inhibitor cocktail tablet in 50 mL 

of equilibration buffer.

6 Resuspend the pellet in 25 mL of equilibration buffer.

7 On ice, sonicate the resuspended cells for 5 minutes at 50% amplitude, 10 

seconds on - 10 seconds off.

8 During sonication, prepare the IMAC column. Add 1 mL of His60 Resin to the 

column. Wash the column three times with 1 mL of equilibration buffer. Leave 

the beads suspended in 1 mL of binding buffer.

9 When sonication has finished, spin the crude lysate at 6000 × g for 15 minutes at 

4°C.

10 Set aside 100 μL of the supernatant (lysate) for future analysis. Add the 

remaining supernatant (lysate) to the column and tumble on the rotator at 4°C 

for two hours.

11 After tumbling for two hours, drain the column and set aside 100 μL of the flow 

through for future analysis.
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Begin the wash steps immediately after the column has drained so that it 

does not run dry.

12 Apply 30 mL of Wash buffer 1 to column and let drain. Collect 100 μL of the 

drained supernatant for future analysis. Repeat two additional times.

13 Repeat step 12 using Wash buffer 2.

14 Check the protein concentration of the final drained wash using the NanoDrop 

spectrophotometer. If no protein is present, proceed to step 15. If there is protein 

present, continue to wash until no protein remains.

15 Wash the column two times with PBS.

16 Once the PBS has completely run through the column, add 1 mL of Elution 

buffer. Let sit for 2–3 minutes. Then drain the column into a fresh, labeled 

microfuge tube and measure the protein concentration. Repeat until no protein 

remains.

The first elution will most likely contain little recombinant protein and so it 

is important to repeat the elution step.

SDS-PAGE

17 Using the supernatant samples that had previously been set aside, separately mix 

20 μL of the lysate, flow through, each wash, and each elution with 20 μL of 2× 

Laemmli sample buffer. Heat samples at 95°C for 5 minutes.

18 Load the protein standard ladder and 20 μL of each sample on a 12% 

polyacrylamide gel at 35 milliamps in 1× SDS-PAGE running buffer until the 

dye reaches the bottom of the gel.

This will take ~90 minutes.

19 To stain the gel, cover with SimplyBlue™ SafeStain for 1 hour with gentle 

shaking.

20 Destain the gel for an additional 1–3 hours in water with gentle shaking.

21 After destaining, visualize the gel under white light (Fig. 4b).

22 If appropriate, combine the elution fractions and concentrate if necessary, 

measure concentration with a spectrophotometer, and make 50–100 μL aliquots. 

Snap-freeze in liquid nitrogen and store at −80°C.

If liquid nitrogen is not available, proteins can be snap frozen in a dry ice/

ethanol bath.

Support Protocol 1 SUMO PROTEASE CLEAVAGE

The SUMO fusion tag has not been found to alter the specificity or affinity of monobody 

variants for their targets. However, one may wish to remove the tag when taking biophysical 

measurements or for other immunoassays in which the tag may interfere. The protocol for 

cleaving the SUMO tag by SUMO protease is quick and efficient. The Sumo protease is 
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derived from the Ubi1 protein from Saccharomyces cerevisiae (Li, 1999). It recognizes the 

tertiary structure of SUMO, rather than an amino acid sequence, and cleaves C-terminal to 

SUMO (Mossessova, 2000; Müller, 2001). It is a highly active enzyme that is active from 

2°C to 37°C.

Materials

Purified, FN3-SUMO fusion protein

10× SUMO protease buffer + salt (Thermo Fisher Scientific)

SUMO protease (Thermo Fisher Scientific)

His60 Ni Superflow Resin (Clontech)

Phosphate buffered saline (PBS) (See recipe)

2× Laemmli sample buffer (Bio-Rad)

Protein standard ladder (Bio-Rad)

12% polyacrylamide gel (Bio-Rad)

1× SDS-PAGE running buffer (See recipe)

SimplyBlue™ SafeStain (Thermo Fisher)

1.5 mL centrifuge tubes

Rotator

Microcentrifuge

Protein Gel apparatus

Power supply

Gel electrophoresis system with white light setting

NanoDrop spectrophotometer

Cleaving the SUMO tag

1 Assemble the digestion mixture on ice: 20 μg of the FN3 fusion protein, 20 μL 

of 10× SUMO protease buffer + salt, bring mixture to 190 μL with water, and 

then add 10 μL of SUMO protease (1 U/μL).

2 Once reaction is assembled, incubate at 4°C for two hours.

Purifying the tag-cleaved monobody

3 Add the digested mixture to 10 μL of His60 Ni2+ Superflow Resin and tumble 

for 1 hour at 4°C.

The FN3 monobodies purified from the pET14b-SUMO vector contain an 

N-terminal His tag followed by the N-terminal SUMO tag. This allows the 

cleaved SUMO tag to be removed from the mixture by nickel beads. The 
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SUMO protease also contains a His tag and can be removed by this method 

as well.

4 Once the incubation is complete, spin down the mixture for 10 minutes at 1000 

RPM.

5 Collect the supernatant and discard the beads

Assess purity

6 Separately mix 2 μg of controls: SUMO protease and non-cleaved SUMO-

monobody fusion; and experimental: cleaved monobody; with 20 μL of 1× 

Laemmli sample buffer (dilute to 1× with PBS). Heat samples at 95°C for 5 

minutes.

7 Load the protein standard ladder and 10 μL of each sample on a 12% 

polyacrylamide gel at 35 milliamps in 1× SDS-PAGE running buffer until the 

dye reaches the bottom of the gel.

8 To stain the gel, cover with SimplyBlue™ SafeStain for 1 hour with gentle 

shaking.

9 Destain the gel for an additional 1–3 hours in water with gentle shaking.

10 After destaining, visualize the gel under white light.

Pure, digested monobody will run at ~13 kD. If other bands are present 

such as the SUMO protease band (~25 kD), the SUMO tag (~17 kD), or 

non-cleaved SUMO-monobody fusion (~30 kD), the sample is not pure. 

Repeat the purification process.

11 Repeat the purification process until the cleaved monobody sample is pure. Once 

pure, determine the protein concentration using the NanoDrop 

spectrophotometer, snap freeze in liquid nitrogen, and store at −80°C.

Reagents and Solutions

Use Milli-Q purified water or equivalent for all solutions.

2×YT liquid media

1.6% (w/v) Bacto Tryptone

1% (w/v) Bacto Yeast Extract

0.5% (w/v) NaCl

Sterilize by autoclaving

Store indefinitely at RT or 4°C

2×YT agar plates supplemented with carbenicillin

Add 1.5% (w/v) agar to pre-autoclaved 2×YT broth

Sterilize by autoclaving
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Let cool to 55°C-60°C and add carbenicillin at 1× concentration, swirl the flask 

carefully

Pour petri plates using sterile technique. Store plates upside down at 4°C for up to 

one month.

Elution Buffer

50 mM glycine

Adjust to pH 2 with HCl

Store indefinitely at RT

Equilibration Buffer

300 mM NaCl

50 mM NaP04

20 mM imidazole

Filter sterilize and store at 4°C indefinitely.

Neutralization Buffer

2 M Tris

Adjust to pH 10 with HCl

Store indefinitely at room temperature.

Phosphate Buffered Saline (PBS)

137 mM NaCl

2.7 mM KCl

10 mM Na2HPO4

1.8 mM KH2PO4

Adjust to pH 7.4 with HCl

Sterilize by filtrating

Store indefinitely at room temperature or 4°C.

Phosphate Buffered Saline with 0.1% Tween 20 (PBST)

To 999 mL of PBS, add 1 mL of Tween 20

Sterilize by filtrating

Store indefinitely at room temperature or 4°C.

PEG Solution

24% (w/v) PEG 8000
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Stir mixture and heat at 80°C until the PEG is completely dissolved.

Once cooled, add 3 M NaCl

Filter sterilize and store at 4°C indefinitely

SDS-PAGE running buffer (10×)

30.0 g Tris

144.0 g glycine

10.0 g of SDS

Bring to 1000 ml with H2O.

Store the running buffer at room temperature and dilute to 1× before use.

Sodium Citrate buffer

50mM sodium citrate

Adjust to pH 4 with citric acid

Filter sterilize and store indefinitely at 4°C

Wash buffer 1

50 mM imidazole

0.5% Tween 20

Filter sterilize and store at 4°C indefinitely.

Wash buffer 2

50 mM imidazole

Filter sterilize and store at 4°C indefinitely.

COMMENTARY

Background Information

Since its description in 1985 (Smith, 1985), researchers have spent a great amount of effort 

to improve and expand upon the phage display technique. It is now a tool that can be used to 

generate binding partners (i.e., peptides, antibody fragments, scaffold proteins, protein 

fragments) for a wide variety of targets. The M13 virion is the most popular vehicle for 

display because its structure is well understood (Marvin, 1998). The virion houses its genetic 

code as circular, single-stranded DNA and is covered with five coat proteins: 2700 copies of 

pVIII, and five copies of pVII, pIX, pIII, and pVI (van Wezenbeek, 1980; Barbas, 2001). 

Upon their introduction, phage particles bind the F pilus of E. coli strains containing and 

coded by Fertility Factor genes (Barbas, 2001). When this occurs, the virion’s DNA enters 

the bacteria, which is converted into double-stranded DNA, and synthesis of the M13 

proteins begins (Nakamura, 2003). Coat proteins, which have inserted into the outer 

bacterial membrane, transfer to the inner bacterial membrane while new, single-stranded 
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phage DNA is synthesized and coated by pV, a single-stranded DNA-binding protein 

(Barbas, 2001; Nakamura, 2003). The protein-coated, single-stranded DNA interacts with 

export machinery, including other M13 proteins, to assemble and secrete phage particles by 

utilizing the coat proteins that had previously inserted into the membrane (Feng, 1997; 

Rakonjac, 1998; Marciano, 1999).

Each of the coat proteins have been documented to successfully display fusion scaffold 

proteins, peptides, or cDNA libraries, with pIII and pVIII fusions being the most commonly 

used (Smith, 1985; Gao, 1999; Hayhurst, 1999; Hufton, 1999; Fuh, 2000; Weiss, 2000; Gao, 

2002). It is important to select the proper coat protein fusion as each has its advantages and 

disadvantages. Because pVIII contains 2700 copies, fusions can cause an avidity effect in 

which multiple copies of a variant give the appearance that they have a stronger affinity for 

the target than is the case. This is useful for displaying peptides intended to bind difficult 

targets with low affinity. However, only small peptides can be displayed without steric 

hindrance. pIII is useful for displaying larger peptides or proteins, as there are only five 

copies on each virion. This also helps in the discrimination of tight binders because the 

avidity effect is greatly reduced (Kehoe, 2005).

To further increase success with this technique, multiple phage display systems have been 

created. The traditional phage system displays the fusion protein or peptide with every copy 

of the coat protein to which it is fused (Smith, 1985). To circumvent the avidity effect caused 

by this system, the hybrid and phagemid systems have been developed. The hybrid system 

alters the virion genome to contain both the coat protein DNA sequence with the fusion 

sequence attached and the coat protein sequence alone (Zhong, 1994). This allows for only 

some copies of that coat protein to display the fusion. The phagemid system is unique in that 

it is a plasmid containing the capsid fusion sequence, bacteria and phage origins of 

replication, and the phage packaging signal. However, it lacks coding for all other phage 

proteins needed for assembly and release. Upon infection of helper phage, the replication 

and assembly can begin now that all other phage proteins and the capsid protein without the 

fusion are supplied. Additionally, the capsid fusion protein is synthesized so that the phage 

will display both wild type and fusion capsid (Lund, 2010).

The phage display technique has been applied to solve a variety of problems. Not only have 

they been utilized for affinity reagent generation, but also to improve protein stability 

(Pershad, 2012), generate inhibitors (Huang, 2012), provide insight into potential protein 

binding interactions (Halperin, 2003), and rapidly map transcription factor-DNA interactions 

(Freckleton, 2009). As the technology continues to develop, the opportunities involving 

phage display will as well.

Critical Parameters

Infecting TG1 cells—The state of the TG1 cells should be considered when infecting with 

phage for amplification purposes. In order to successfully infect, the bacteria cells must 

contain F pili, coded by the fertility factor genes. These cells must be treated with caution to 

ensure the pili are not damaged (Holland, 2006). Freeze/thaw cycles should be avoided. It is 

also extremely important to infect the cells during their mid-logarithmic growth phase while 

the F pili are still present.
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Working with phage—Sterile, aseptic technique should be used while working with 

bacteriophage as they can easily contribute to contamination. Filter pipette tips should be 

used and gloves and benches should be wiped down with ethanol after use. Additionally, 

when working with phage, use extreme caution as they are fragile; avoid vortexing or rapidly 

pipetting phage particles.

Confirming proper folding of monobodies—Testing for proper folding of 

monobodies that have been expressed and purified from E. coli cells is very important before 

applying them to immunoassays, as some variants may be unstable. Denatured or misfolded 

proteins can be “sticky” and provide inaccurate binding results. To test for proper folding, 

fluorescence-based thermal shift assays are often used because of their accuracy and ease of 

use (Lo, 2004; Huynh, 2015). Stable FN3 monobody variants have melting temperatures 

near 80°C or above. Optimization during protein expression and purification may be 

required for certain variants to reach this stability threshold.

Troubleshooting

Table 1 describes common problems encountered during selection, possible causes, and 

suggestions for fixing such problems.

Statistical Analyses

Refer to step 50 of Basic protocol 1 for analysis of potential monobody binders. It is 

desirable to retest potential binders in triplicate to determine the average signal of binding 

and standard deviation.

Understanding Results

For Basic Protocol 1, the expected results are as follows: Most of the wells on the plate 

coated with the Anti-FLAG-Biotin conjugate antibody should turn dark green with a high 

signal (absorbance > 1), signifying that virions display a recombinant scaffold protein. If this 

is not the case, the amplification step should be repeated with consideration of critical 

parameters. Some of the corresponding wells on the plate coated with the target protein of 

interest will darken to various degrees (i.e., different ‘signal’), indicating potential FN3 

monobodies that bind the target with different affinities. Note that not all of the wells will 

turn green, because not all clones will bind the target. Wells on the negative control plate 

should have a low signal (i.e., OD405nm <0.25); if the OD values are high, then there may 

have been inefficient washing or a particular clone is displaying a ‘sticky’, denatured variant.

Basic Protocol 2, the expected results are shown in Figure 4b. The lysate sample should 

contain proteins of all sizes with a high level of expression of the FN3 monobody. The flow-

through sample should look like the lysate; however, the amount of FN3 protein should be 

greatly reduced, as most of it will be captured by the beads. High levels of FN3 protein in 

the flow-through sample indicate inefficient capture. The elution sample should contain only 

FN3 protein. Wash steps may vary. Support Protocol 1 expected results are described in step 

10 of this protocol.
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Time Considerations

Basic protocol 1: This protocol can be completed in 7 days. Each round of selection takes 

one day to select phage variants that recognize the target followed by one day to amplify 

those phage clones. After amplifying individual clones isolated from the third round of 

selection, a final day is devoted to testing for binders by ELISA.

Basic protocol 2: Once the FN3 coding region has been cloned into the protein expression 

vector and the sequence is confirmed, which will take about a week depending on the 

cloning method chosen, the protocol will take three days to complete. The first day, an 

overnight culture is started, the next day the FN3 monobodies are expressed, and the third 

day the FN3 monobodies and purified from E. coli cells. When removing the SUMO fusion 

partner, an additional day is required.
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Significance Statement

Antibodies are useful tools for detecting individual proteins in complex samples and 

learning about their location, amount, binding partners, and function in cells. 

Unfortunately, generating antibodies is time consuming, laborious, and their affinity 

and/or specificity is often limited. This protocol offers a fast and inexpensive alternative 

to generate antibody surrogates through phage display of a library of fibronectin type III 

(FN3) monobody variants and affinity selection for binders.
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Figure 1. PyMol representations of the FN3 monobody
Left: cartoon, with β-sheets and loops (color). Middle: surface representation. Right: 
surface representation, viewed from the top. Red, purple, and yellow correspond to FG, BC, 

and DE loops that have been randomized.
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Figure 2. Generation of affinity reagents through phage display
A phage library is incubated with immobilized target protein. Non-binding phage are 

washed away, the remaining phage are eluted, amplified, and subjected to further rounds of 

selection. Then individual clones are amplified and analyzed for binding.
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Figure 3. Subcloning FN3 monobody coding regions into the pET14b-SUMO vector by SLiCE
The FN3 coding sequence is amplified with a set of primers that add external sequences 

homologous to the regions bordering the cloning sites on the pET14b-Sumo vector. The 

insert is gel-purified and cloned into the destination vector via the SLiCE reaction.
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Figure 4. Expression and purification of FN3-SUMO fusion monobodies
a) Cartoon of FN3-SUMO fusion constructs. b) SDS-PAGE gel of FN3-SUMO expression 

and purification at lysate, flow through, and elution steps.
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Table 1

Troubleshooting common problems

Problem Possible causes Solution

No binders obtained • Selection conditions are too 
stringent

• Difficult target

• Loss of binders during 
amplification

• Increase target concentration and decrease 
washes during selection

• Scrape plate completely before amplifying

• Use a different scaffold library

Only weak binders obtained • Difficult target

• Loss of binders during 
amplification

• Selection conditions are not 
stringent enough

• Increase wash steps

• Competitive deselection: Add free, non-
mobilized target in excess to the phage/
biotinylated target mixture

• Scrape plate completely before amplifying

• Use a different scaffold library

Binders are cross-reactive 
with another antigen

• Antigen and desired target have 
similar conformation or 
sequence

• Competitive selection: Add free, non-
mobilized, unwanted antigen in excess to the 
phage/biotinylated target mixture

Low display of recombinant 
phage when testing binding 
in ELISA (anti-FLAG 
binding signal is low)

• Improper techniques or 
equipment used during phage 
amplification

• TG1 cells have lost their F pilus 
(which is needed for infection)

• Use a non-beveled flask during phage release 
to facilitate their release with little cell 
replication

• Grow TG1 cells that have not undergone 
freeze-thaw cycles.

• Infect TG1 cells only when they are in mid-
log growth phase
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