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While Nature continues to deliver a myriad of potent and structurally diverse biologically active small molecules, the 

cellular targets and modes of action of these natural products are rarely identified, significantly hindering their 

development as new chemotherapeutic agents. This article provides an introductory tutorial on the use of T7 phage 

display as a tool to rapidly identify the cellular targets of natural products and is aimed specifically at natural products 

chemists who may have only limited experience in molecular biology. A brief overview of T7 phage display is provided, 

including its strengths, weaknesses, and the type of problems that can and cannot be tackled with this technology. Affinity 

probe construction is reviewed, including linker design and natural product derivatisation strategies. A detailed description 

of the T7 phage biopanning procedure is provided, with valuable tips for optimising each step in the process, as well as 

advice for identifying and avoiding the most commonly encountered challenges and pitfalls along the way. Finally, a brief 

discussion is provided on techniques for validating the cellular targets identified using T7 phage display. 

Introduction 

 

Natural Products 

Natural products have undisputedly been an invaluable source 

of therapeutic drugs in the past, and despite a substantial 

decline in natural products research and development by 

pharmaceutical companies in recent years, 26% of the new 

drugs approved from 1981–2010 were either natural products 

or natural product derivatives.
1
 A further 24% of these new 

drugs were synthetic, but designed as ligands to proteins that 

were previously identified through their binding to natural 

products; i.e. as mimics of natural product pharmacophores. 

The remarkable success of natural products as drugs and drug 

leads can be explained by the hypothesis that essentially all 

natural products are privileged structures
2
 and therefore every 

natural product must have a biological target; our challenge is 

to identify the biological target of each natural product. If this 

could be achieved in a routine way, many new drug targets 

would be identified and more drugs would be developed 

based on natural product structures. Importantly, once the 

protein target of a natural product is discovered, that protein 

is identified as ‘druggable’ and the full repertoire of medicinal 

and combinatorial chemistry can be applied to the structure-

based design, development and optimisation of a new drug. 

 

The classic approach to finding a natural product’s binding 

partner involves a series of linear steps that must start from 

some sort of known biological activity and then proceed 

through a process of slowly narrowing down the possible 

modes of action until only one possibility remains. For 

example, Jung and co-workers isolated new and known 

sesterterpenes from the sponge Psammocinia sp. through a 

bioassay-guided process.
3
 The brine shrimp lethality assay 

employed suggested to the authors that a mixture of 

strobilinin and felixinin act as cytotoxic agents. A panel of 

cancer cell lines was thus tested and selective activity for the 

mixture was found against SK-MEL-2 melanoma cells at low 

micromolar concentrations. A common mode of anticancer 

activity involves the inhibition of DNA replication, so the 

authors tested their compounds in a 
31

P-based DNA replication 

assay and found that the compounds inhibited SV40 DNA 

replication in vivo. Inhibition of topoisomerase or DNA 

polymerase can affect DNA replication so the authors tested 

their compounds against two enzymes in vitro (topoisomerase 

I and DNA polymerase R) by previously established assays and 

found modest activity against both enzymes at 5 and 10 µM 

respectively. The results have since appeared in several 

reviews, which state that strobilinin and felixinin are ligands 

for topoisomerase and DNA polymerase.
4-10

  

 

The series of linear steps employed by the authors highlights 

some of the problems of a classical approach to the 

determination of natural product modes of action. At each 

step, a series of assumptions must be made about the 

underlying mechanism that depends intrinsically upon the 

current state of knowledge: Only activity for which a test exists 
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can be explored, initiating a somewhat circular argument. For 

all other activities, as Wittgenstein put it “Wovon man nicht 

sprechen kann, darüber muß man schweigen”.
11

 In the 

traditional approach, one can only find activity in places where 

it can be found; that is to say, in systems that we already know 

about and using assays that are already established. As noted 

above, 24% of new drugs are synthetic compounds targeted to 

biomolecules that were identified as binding to a natural 

product. To increase this number, what is needed are unbiased 

genome-wide methods that are capable of agnostically 

identifying natural product-binding proteins.
12-14

  

 

Genome-wide approaches can be classified as either forward 

chemical proteomics, in which a cell’s proteome acts as a 

library from which the natural product’s binding partner is 

isolated, or reverse chemical proteomics, in which the cell’s 

genome (transciptome) is used as a starting point.
12,13,15

 In 

both cases, selection is based on an interaction between the 

natural product and a protein library (proteome) but in the 

latter, the protein is attached in some way to its encoding 

gene. 

 

Forward Chemical Proteomics 

The most common method of linking natural products to their 

cellular targets is forward chemical proteomics, whereby the 

natural product is either fluorescently/radioactively labelled 

and used to identify binding partners from protein 

electrophoresis gels, or is immobilised onto a solid support and 

used to “pull-down” binding partners from entire proteomes. 

This approach was first used in 1965 to identify a previously 

undescribed 57 kDa protein binding partner for the cytotoxic 

natural product colchicine.
16-18

 This protein was later shown to 

be the subunit of microtubules and was named “tubulin”.
19

 

Subsequently, forward chemical proteomics has been used to 

identify cellular targets for numerous other natural products, 

including the immunosuppressants cyclosporin
20-23

 and 

FK506,
24-27

 the cytotoxins didemnin B
28-30

 and halichondrin B,
31

 

the antibiotics fumagillin
32,33

 and myriocin,
34,35

 and many 

others,
13,15,36

 including an off-target for acivicin.
37

 

 

Affinity purification (forward chemical proteomics) remains 

one of the most important methods for isolating natural 

product binding proteins, as it can directly reveal the physical 

interactions between small molecules and their biomolecular 

targets. However, due to the size of the proteome (2 × 10
6
 for 

humans), the dynamic range of protein concentrations (>10
12

 

for plasma) and the range of affinities small molecule–protein 

interactions (pM-mM), affinity purification faces a specificity 

problem: how to identify the true target(s) of a natural 

product in the face of a large number of weak or non-specific 

interactions.
38

 

 

Reverse Chemical Proteomics 

Due to the specificity problem, it is common to isolate the 

most abundant rather than the most avid binding partners 

when using forward chemical proteomics to identify the 

cellular targets of natural products.
28,29

 This can be 

problematic for proteins that are expressed in very low 

concentrations at any given time in a cell. Reverse chemical 

proteomics addresses this problem by employing a physical 

link between each protein and its encoding gene. Using this so-

called “genotype–phenotype link”,
39

 low copy-number 

proteins that are recovered using a natural product affinity 

support can be replicated using the attached gene and 

subjected to subsequent pull-down experiments. This iterative 

approach results in amplification of weak signals (low copy-

number proteins) and therefore allows the most avid binding 

partner to be identified. 

 

Over the past few years, a number of strategies have been 

developed to screen random peptide libraries for sequences 

targeting specific proteins.
40-45

 Peptides with binding 

properties can be serially selected and amplified based on a 

physical link with the encoding cDNA. These technologies 

include phage, mRNA/DNA, viral, ribosomal, and cell display 

technologies, with phage display being the best understood 

and most commonly used. In contrast, the display of human 

proteins on the surface of cells, organelles, and viruses is far 

less common but has very recently provided biologists with 

important tools for the directed evolution of proteins (e.g., 

enzymes and antibodies)
46-52

 and analysis of protein–protein 

interactions.
53-56

 However, the use of display technologies for 

the unbiased isolation of proteins that bind natural products is 

an underutilised technique that holds considerable potential in 

chemical biology. 

 

Phage Display 

The display of peptides on the surface of bacteriophages 

(phages) was first developed with the Escherichia coli-specific 

filamentous phage, M13.
57

 M13 phages replicate without 

killing their host by assembling in the periplasm of the bacteria 

and secreting through the outer membrane. The most widely 

used format for ‘phage display’ is through fusion of the pIII or 

pVIII coat proteins of M13 phage to the peptide of choice. 

These coat proteins (pIII and pVIII) tolerate only N-terminal 

display as the C-terminus is inside the phage particle. This 

means that the display of cDNA libraries of eukaryote proteins 

is not possible because the bacterial ribosome first translates 

the foreign cDNA and terminates when it reaches the 3′-stop 

codon; thus never translating the actual coat protein. The only 

C-terminal display system, where the coat protein is translated 

first is with coat protein pVI.
58

 There are strict limitations on 

the size of the chimera using pVI and consequently this system 

has not proved popular.  

 

In an alternative strategy, Crameri and Suter designed a pIII-

based cDNA display system that utilised the leucine-zipper 

interaction of c-Fos and c-Jun. Here, the cDNA library is fused 

to c-Fos and incorporated into the M13 genome. The pIII 

protein is constitutively fused to c-Jun and, in the cytoplasm, 

the two proteins associate and form a disulfide bond, 

covalently linking the target protein to pIII via c-Fos and c-

Page 2 of 12Natural Product Reports



Natural Product Reports  ARTICLE 

This journal is © The Royal Society of Chemistry 2016 Nat. Prod. Rep.,  2016, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

Jun.
59

 As the pIII protein is also required for bacteriophage 

assembly and infectivity, there are some limits to the size of 

the protein that can be successfully expressed and displayed 

without causing an unacceptable bias toward phage with no 

gene insert. A related limitation is that M13 phage particles 

must be secreted through the bacterial membrane, which can 

act as a barrier to some clones and potentially bias selections. 

These problems have led to the search for alternate display 

systems that are lytic and facilitate C-terminal display to 

overcome the stop codon problem. 

 

T7 Phage Display 

The T7 phage display system invented by Rosenberg et al. and 

commercialised by Novagen (Merck-Millipore) avoids the stop 

codon problem by utilising C-terminal display on the gp10B 

protein.
60

 T7 phage is also lytic, so display and reproduction 

are not dependent on secretion through the bacterial 

membrane. The size of the displayed protein can be quite 

large, with functional enzymes of at least 1200 amino acids 

having been successfully displayed. The number of copies per 

phage particle is also adjustable from 0.1–15 out of 415 copies 

of gp10B in the phage capsid, allowing multivalent 

interactions. These phage also have a rapid life cycle and are 

resistant to severe conditions such as 5 M NaCl, 4 M urea, 2 M 

guanidine-HCl, 100 mM DTT and a pH range between 4 and 10, 

making them perfect for application in a chemistry laboratory. 

However, they can be effectively destroyed using UV light or 

bleach. 

 

The first example, and clear indication of the potential of 

phage display to isolate protein binding partners for small 

molecules, was demonstrated by Austin, who used the 

immunosuppressant drug FK506 to isolate its known protein 

target (FKBP) from a T7 phage display library.
61

 Initially, FK506 

was biotinylated at the allyl group by dihydroxylation of the 

double bond (OsO4), cleavage of the resulting diol (NaIO4), 

reduction of the aldehyde (LiAlH(OCEt3)3 and activation of the 

alcohol (N,N′-disuccinimidyl carbonate). This site was chosen 

because it was already well known that the allyl group is 

exposed to solvent in the FK506-FKBP crystal structure, so 

derivatisation should not interfere with binding to FKBP.
62

 The 

biotinylated analogue (1) was immobilised onto monomeric 

avidin-agarose beads to produce an affinity column. Lysate 

from T7 phages displaying a human brain cDNA library was 

affinity captured onto an FK506-derivatised column, washed 

and eluted with free biotin. The eluate was transfected into 

fresh E. coli and the new sub-library precipitated with PEG to 

remove biotin from the previous elution step. Finally, the 

phages were resuspended in buffer and absorbed onto a fresh 

FK506 affinity column for the next round of selection. 

Following each round of selection (biopanning), random phage 

plaques were picked and their DNA inserts amplified by PCR. 

After the second round of selection, all clones picked gave rise 

to a DNA band of 450 bp, suggesting the library had 

converged. DNA sequencing of these bands revealed identical 

copies of a full-length, in-frame gene coding for human FKBP.  

 

Therefore, it appeared that after only two rounds of selection 

with the FK506 affinity resin, phage particles displaying FKBP 

on their surface had been amplified selectively to become the 

dominant members of the library. However, it was later 

discovered that the FKBP clone isolated was actually a 

synthetic positive control, rather than from the brain cDNA 

library.
63

 Cross-contamination is a common problem 

associated with all phage display systems. T7 phages are 

particularly hardy and can survive on surfaces for many years. 

However, using only disposable plastic ware, minimising the 

formation of aerosols, and disinfecting exposed surfaces with 

bleach or UV light can reduce the risk of contamination. Austin 

repeated the experiment, performing seven rounds of 

selection and taking particular care to avoid contamination. 

Sixteen random clones were picked after the sixth round of 

selection and their DNA inserts amplified by PCR. Five of these 

clones were found to be identical and contained the entire 

coding sequence of FKBP1a.
63

 This number increased to eleven 

out of sixteen clones in round seven. The results of this 

experiment showed that it is possible to isolate the binding 

partner for a small epitope such as a natural product using a 

cDNA library displayed on T7 bacteriophage, thereby providing 

an important proof of concept.  

 

Subsequently, T7 phage display has been employed to identify 

cellular targets for a number of other natural products (Table 

1). Once the cellular target for a natural product is known, T7 

phage display can also be used to identify novel isoforms of 

that target. For example, we have used T7 phage display to 

identify new FKBP isoforms from a plant (Arabidopsis thaliana) 

cDNA T7 library, and a bacterial (Pseudomonas stutzeri) gDNA 

T7 library.
64

 

<Table 1; full page width> 

Procedures 

In this tutorial, we will take the reader through the process of 

reverse chemical proteomics using T7 phage display, from 

preparation of the affinity supports through biopanning to 

validation of hits. We have also provided a comprehensive 

step-by-step guide to this process as Supporting Information, 

including a list of equipment and reagents required, full details 

of reagent preparation, volumes, incubation times and 

temperatures, as well as helpful hints to avoid the most 

commonly encountered pitfalls along the way. 

<Figure 1; full page width> 

Construction of Natural Product Affinity Probe 

The first step in natural product target identification using T7 

phage display is construction of an affinity probe. Affinity 

probes generally contain three domains – a tag, a linker and a 

natural product (Figure 1).
14

 The tag can consist of either a 

radioactive/fluorescent label, to allow visualisation of bound 

proteins on an electrophoresis gel, or a solid-phase 

bead/surface, to allow affinity purification of bound proteins. 

Frequently, biotin is used as the tag as it allows both affinity 

Page 3 of 12 Natural Product Reports



ARTICLE Natural Product Reports 

4 | Nat. Prod. Rep.,  2016, 00, 1-10 This journal is © The Royal Society of Chemistry 2016 

Please do not adjust margins 

Please do not adjust margins 

purification, using a streptavidin resin, and in-gel visualisation, 

using streptavidin coupled to a reporter enzyme such as 

horseradish peroxidase. The natural product and tag are 

usually separated from each other by a linker, which can be 

simply an alkyl chain, a peptide or a polyethylene glycol 

(PEG).
14

 Alkyl chain-based linkers are chemically stable, but 

fold up upon themselves in aqueous environments due to 

hydrophobic effects. Peptide-based linkers are hydrophilic, but 

susceptible to proteolysis in biological media. PEG-based 

linkers are the most commonly used in affinity probes as they 

are both chemically stable and hydrophilic, with the 

alternating C–O dipoles ensuring the linker adopts an extended 

conformation in aqueous environments. The chosen linker 

should also be as long as possible to provide sufficient room 

for large proteins to bind to the immobilised natural product, 

as the binding site for a particular small molecule may be 

deeply buried in the protein target. 

 

The most difficult step in constructing a natural product 

affinity probe is attaching the tag and linker to the natural 

product at a site that does not interfere with its biological 

activity. In most cases, natural products are highly 

functionalised molecules that are available in only very limited 

supply, making synthetic modifications particularly 

challenging. Frequently, the most reactive functional group on 

a natural product (and hence the easiest place to attach a 

linker) is essential for its biological activity and cannot be 

modified. Ideally, it is best to functionalise a C–H bond and 

leave all other functional group untouched. There have been 

recent initiatives that will make this a reality in the near 

future.
65

 While this aspect of identifying cellular targets for 

natural products is beyond the scope of this article, we refer 

readers to an excellent review in this journal by Daniel Romo.
66

 

While probe construction critically depends on the structure of 

the natural product under investigation, there are a number of 

developing areas of research that may make this easier in the 

future.  For example, Marty Burke’s ‘synthesis machine’ 

promises to make automated natural product and derivatised 

natural products a reality.
67

 In parallel, the chemoselective/site 

selective derivatisation of natural products is an active area of 

research
66,68-70

 as is mild C–H bond activation to introduce new 

linkage sites onto complex natural products.
71-73

 

 

If the biological activity of a natural product is known or 

suspected, it is possible to assay the completed affinity probe 

or a simple derivative that masks the site of linker attachment, 

to ensure this activity has not been lost. However, if we wish 

to take a completely unbiased and agnostic approach to 

natural product target discovery, it is clearly not possible to 

determine whether synthetic modifications to a natural 

product will have any impact on binding to its (as yet 

unknown) cellular target. The best way to increase the 

probability of obtaining a functional affinity probe is to attach 

the tag and linker to several different locations on the natural 

product and pool the resulting affinity probes. This approach is 

also useful if the natural product must be presented to the 

cellular target in a particular orientation. 

Immobilisation of Natural Product Affinity Probe 

Before affinity selection from a T7 phage display library can 

begin, the natural product affinity probe must be immobilised 

onto a solid support. For biotinylated probes, the most 

commonly used solid supports are NeutrAvidin/streptavidin-

coated microtitre plates, agarose resins or magnetic beads. For 

this tutorial, we will assume a NeutrAvidin-coated microtitre 

plate is being used. In such a case, a 100× stock solution of the 

affinity probe is prepared in DMSO and then diluted with a 

suitable buffer to give a working concentration containing <1% 

DMSO. The NeutrAvidin-coated plates are then incubated with 

this working solution to immobilise the affinity probe onto the 

solid support. Finally, the plate is washed with buffer to 

remove unbound probe and refrigerated until required. This 

procedure is then repeated for an appropriate negative control 

compound, which usually consists of the biotinylated linker 

terminated with a small fragment of the natural product of 

interest. 

 

Selection of T7 host strain 

The two most commonly used E. coli host strains for T7 phage 

display are BLT5403 and BLT5615, both of which carry an 

ampicillin resistance plasmid that also supplies extra T7 capsid 

protein (gp10A). In BLT5403, gp10A is driven by a T7 promoter, 

yielding large amounts of gp10A upon T7 infection. In 

BLT5615, gp10A is driven by a lacUV5 promoter, which 

requires the addition of IPTG to induce capsid production. Four 

variants strains of BLT5616 are also available for specific 

applications. BLT5615rna has the nonessential RNase I gene 

deleted, allowing RNA to be used as a probe. Origami B 5615 

contains mutations in the thioredoxin reductase and 

glutathione reductase genes, creating a cytoplasmic 

environment compatible with the formation of disulfide 

bonds, thereby facilitates the expression of active, soluble 

proteins in E. coli. Rosetta 5615 enhances the expression of 

eukaryotic proteins by supplying tRNAs for codons rarely used 

in E. coli (AUA, AGG, AGA, CGG, CUA, CCC and GGA). Rosetta-

gami 5615 combines the features of Origami B 5615 and 

Rosetta 5615.  

 

Growth of T7 Lysates 

To obtain a T7 sublibrary suitable for biopanning, an E. coli 

host strain (e.g. BLT5615) is first inoculated with a small 

aliquot of the primary T7 cDNA/gDNA library and the culture is 

incubated until cell lysis occurs (typically 1.5 h), as indicated by 

the culture transitioning from cloudy to almost completely 

clear over a 3–5 min period. Once lysis is complete, the culture 

is immediately cooled on slushy ice to minimise degradation of 

displayed proteins. The addition of a protease inhibitor 

cocktail at this stage is worth considering, although this may 

cause problems if the cellular target of the natural product 

turns out to be a protease. The chilled phage lysate is then 

centrifuged to precipitate cellular debris and the supernatant 

is decanted into a clean tube ready for biopanning. A mild 

detergent (e.g. 0.05% Tween 20) can be added to the clarified 
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lysate to reduce non-specific binding in subsequent biopanning 

experiments. For long-term storage, the phage lysate can be 

kept in 10% glycerol at –80 °C. 

 

Biopanning 

To reduce the number of non-specific binders present in the 

initial T7 sublibrary, an aliquot of the clarified phage lysate is 

first added to a microtitre plate containing the immobilised 

control compound and left to incubate for 1 h. The depleted 

lysate is then transferred to a plate containing the immobilised 

natural product probe and left to incubate for 2 h. The lysate is 

then discarded and the plate is washed quickly with an 

appropriate wash buffer. Finally, the retained phages are 

eluted either specifically, by addition of free natural product or 

cleavage of the probe linker, or non-specifically with 1% SDS. 

The eluted phages (Round 1 sublibrary) are then transfected 

into fresh E. coli host cells and the entire biopanning process is 

repeated. Generally, 5 or 6 rounds of biopanning are sufficient 

for the library to converge to a manageable number of clones. 

In the initial T7 library, there will only be a relatively small 

number of clones displaying proteins capable of binding to the 

probe, so washing too aggressively at the start may result in all 

target phages being lost. Therefore, the stringency of the 

washing step (number of washes and total washing time) 

should be progressively increased with each round of 

biopanning. 

<Figure 2> 

Titring Eluted T7 Phages 

Once biopanning is complete, it is useful to determine the 

number of phage particles recovered from each round of 

selection. To calculate phage titres, the eluted phage solution 

from each round of biopanning is serially diluted from 10
–1

 to 

10
–8

 and a small aliquot of each dilution is dropped onto an 

agar plate inoculated with a lawn of E. coli host cells. The plate 

is then incubated until small clear areas (plaques) are clearly 

visible against the background lawn of bacteria (Figure 2). The 

dilutions that contain a countable number of plaques (usually 

5–50) are identified and the number of discrete plaques visible 

in these dilution are counted. The phage titres are then back-

calculated to give plaque-forming units per millilitre (pfu/mL), 

taking into account the volume of phage solution used and the 

dilution factor. Finally, the calculated titres are plotted against 

the selection round (Figure 2). Generally, a sigmoidal curve can 

be fitted to the data, with a large increase in phage titre 

indicative of a successful selection. A titre that gradually 

decreases as a function of selection round is generally 

indicative of a failed experiment.  

Gel Electrophoresis of T7 Sublibraries 

An indication of the success or failure of a biopanning 

campaign can also be obtained by PCR amplification of the 

phage DNA inserts present after each round of affinity 

selection (Figure 3). The initial T7 library contains a large 

number of unique phage clones and hence the amplified DNA 

inserts appear as a long smear on the DNA gel. The appearance 

of one or more intense bands in the DNA gel coinciding with a 

marked increase in phage titre suggests selective enrichment 

of one or more specific phage clones by the natural product 

affinity probe. 

<Figure 3> 

Picking T7 Plaques 

The final step in the T7 phage display process is to identify the 

cellular targets that were enriched by the natural product 

affinity probe. This can be achieved by isolating a number of 

individual phage clones and sequencing each of their DNA 

inserts to reveal the identity of the proteins being displayed on 

the phage surface. For maximum diversity of cellular targets, 

the sublibrary immediately following the dramatic increase in 

phage titre should be used for picking plaques. Alternatively, 

the final sublibrary can be used to identify the most avid 

binding target. In either case, an aliquot of phage lysate 

containing ~250 plaques is spread over a lawn of E. coli host 

cells and the plate is incubated until clear plaques are clearly 

visible. Micropipette tips are then used to stab the centre of 

each plaque to obtain sufficient phage lysate for PCR 

amplification and DNA sequencing. T7 phages displaying larger 

proteins tend to grow more slowly than those displaying 

smaller proteins, or no proteins at all (überphage). When 

picking plaques, it is best to aim for the smaller ones as these 

are more likely to display intact proteins. 

<Figure 4> 

Digesting an aliquot of the PCR-amplified DNA inserts from 

each individual phage plaque with a frequent cutting 

restriction endonuclease and separating the fragments by gel 

electrophoresis allows a unique DNA fingerprint to be 

generated for each clone (Figure 4). This provides a rapid and 

cost-effective method of determining whether two clones 

contain the same DNA insert, closely related inserts or 

completely different inserts, thereby minimising the number of 

DNA sequencing reactions required. The restriction 

endonuclease HinfI, which cuts DNA at the sequence G|ANTC, 

is robust, relatively inexpensive and produces a suitable 

number of fragments from cDNA inserts in the 100–1000 bp 

size range. 

<Figure 5> 

After sequencing clones containing unique DNA inserts, a 

BLAST nucleotide search is performed to identify the genes 

encoded and hence the proteins being displayed (Figure 5). 

The T7 phage vector restriction site is located near the 

beginning of the DNA sequence (GAATTC for EcoR1). The first 

codon in the same reading frame as the gp10B coat protein is 

AAT. The foreign DNA insert must be in the same reading 

frame as the coat protein, which can be determined by 

counting in groups of three to the start codon (ATG). The 

presence of both start and stop (TAA/TGA/TAG) codons in the 

correct reading frame indicates that a full-length protein was 

displayed, while the absence of one or both of these codons 

indicates that a smaller protein fragment was displayed. If the 

BLAST search shows “Plus/Minus” in the strand column, this 

indicates that the sequence has been inserted backwards into 

Page 5 of 12 Natural Product Reports



ARTICLE Natural Product Reports 

6 | Nat. Prod. Rep.,  2016, 00, 1-10 This journal is © The Royal Society of Chemistry 2016 

Please do not adjust margins 

Please do not adjust margins 

the T7 phage vector and was most likely not displayed 

correctly. 

Validation 

Having identified one or more cellular targets for a natural 

product using T7 phage display, the protein–small molecule 

interaction must be fully characterised and validated. The 

simplest target validation method is the on-phage binding 

assay,
74

 in which equal numbers of the rescued phage clone 

(displaying the putative target protein) and a negative control 

phage (e.g. überphage) are added to plates derivatised with 

either the biotinylated natural product or a control compound 

and are incubated with varying concentrations of free natural 

product. After washing and elution, the phage titres from each 

experiment are used to calculate the protein–small molecule 

binding affinity (KD) from a four-parameter logistic nonlinear 

regression model.
75

 

 

For most other validation methods, the putative target protein 

must be first cloned and overexpressed in a suitable host. In 

some cases, the entire gene encoding the cellular target will be 

contained within the rescued T7 clones and can be directly 

transferred to a suitable expression vector (e.g. E. coli BL21). 

However, if only a fragment of the gene is available, the full-

length gene will first need to be recovered from the source 

organism using suitable primers. 

 

Surface plasmon resonance (SPR)
76

 is a mature technique that 

can provide an estimate of the protein–small molecule 

association and dissociation kinetics using the biotinylated 

natural product immobilised on a streptavidin-coated SPR chip. 

However, the process of derivatising and immobilising the 

natural product may alter the interaction kinetics and the 

values obtained may not be indicative of the true in vivo 

situation. MicroScale Thermophoresis (MST) is a newer 

technique that relies on the directed movement of particles in 

a microscopic temperature gradient. Any change in the 

hydration shell of biomolecules due to changes in their 

structure/conformation results in a relative change in 

movement along the temperature gradient, which can be used 

to determine binding affinities. Importantly, MST allows 

measurement of interactions directly in solution without the 

need of immobilisation to a surface. Analytical 

ultracentrifugation (AU),
77

 which relies on concentration 

gradients produced by the differential sedimentation of 

species with different molecular weights, can also be used to 

quantify protein–small molecule interactions without the need 

to derivatise the small molecule. A variety of other label-free 

biosensors are available for quantifying binding interactions, 

although these vary greatly in terms of cost, maturity and 

accessibility.
78

 

 

The enthalpy and stoichiometry of the protein–small molecule 

interaction can be measured using isothermal titration 

calorimetry (ITC),
79

 without the need to modify the protein or 

natural product. X-ray diffraction of the natural product co-

crystallised with the protein target can also provide valuable 

information regarding the site and mechanism of binding, 

which can facilitate subsequent rational design of therapeutic 

agents based on the natural product scaffold. However, this 

can also be a time-consuming and costly process and is best 

tackled in collaboration with an experienced crystallographer. 

Finally, if the target is an enzyme, a Ki value can be determined 

against a known substrate. 

 

The most challenging (and important) step in the validation 

process is determining the overall significance of the protein–

small molecule interaction in the context of the whole 

organism – only then can the true mode of action of the 

natural product be inferred. Biochemical pathways are highly 

interconnected and perturbing a single protein in a pathway 

can result in far more complex effects than anticipated. On the 

other hand, functional redundancy in cellular systems may 

render the protein–small molecule interaction irrelevant, with 

closely related proteins taking over the function of the 

inhibited cellular target. Quantitative transcriptomics
80

 (e.g. 

microarray, RNA-seq) and proteomics
81

 (e.g. SILAC, ICAT, 

iTRAQ) can be useful in comparing overall differences in levels 

of transcription and translation caused by exposure to the 

natural product, although natural variability in expression 

levels can make the data obtained difficult to interpret. RNA 

interference (RNAi)
82

 can also be used to observe phenotypic 

consequences of silencing the gene(s) encoding the cellular 

target. In most cases, the approach taken to determine mode 

of action will need to be specifically tailored to each natural 

product. Clearly, effective multidisciplinary collaborations are 

critical to the success of such endeavours. 

Limitations 

While T7 phage display is a powerful tool that can rapidly link a 

natural product to its cellular target, the technique does have 

some significant limitations that must be evaluated before 

embarking on a biopanning campaign. Post-translational 

modifications of T7 phage-displayed eukaryotic proteins, 

including N- and C-terminal tailoring, phosphorylation, 

glycosylation and prenylation, are not possible in a bacterial 

host. The claimed upper size limit for proteins displayed on the 

T7Select vector is 1200 amino acids (~132 kDa; 3600 bp DNA 

insert),
83

 although in practise the value is likely to be 

somewhat smaller. Very large proteins, multi-domain proteins 

and membrane-associated proteins are unlikely to be 

displayed correctly on the surface of T7 phage, although 

fragments, single protein domains and extracellular binding 

loops may retain the ability to bind to the natural 

product/small molecule. This has been shown by Austin for the 

α-domain of domain of F1-ATP synthase
84

 and by us for a 

single protein from the human ribosome.
74

 Indeed, identifying 

a protein fragment or domain that retains the ability to bind to 

the natural product can provide valuable information 

regarding the site and mechanism of binding. 
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Statistically, two-thirds of the foreign genes in most T7 phage 

libraries are inserted out of frame with the phage coat protein 

gene, leading to the display of random peptide fragments that 

are not encoded by the attached gene. If non-directional 

cloning methods are used, half of the clones will also have the 

foreign genes inserted backwards. Consequently, only one in 

six clones in a typical T7 library has the potential to display a 

functional protein. This number is further decreased by 

proteolysis of displayed peptides, poor expression in the 

bacterial host due to differences in codon usage, incorrect 

processing of the phage capsule, failure of the inserted gene 

product to fold correctly without the mammalian endoplasmic 

reticulum or chaperone proteins, and very much less likely, 

toxicity of the expressed protein to the host. Some of these 

issues are at least theoretically addressed with the Rosetta-

gami cell lines, which provide thioredoxin reductase and 

glutathione reductase to create a cytoplasmic environment 

compatible with the formation of disulfide bonds, and which 

also supply tRNAs for codons rarely used in E. coli. The 

addition of a protease inhibitor cocktail can reduce proteolysis 

of displayed peptides, although this may cause problems if the 

target of the natural product is itself a protease. 

 

Many of the theoretical limitations of T7 phage display 

described above are actually inconsequential in practice due to 

the very large number of phage particles that can be obtained 

in a small volume. For example, a typical T7 phage lysate 

contains 10
12

 clones/mL, so even if only 0.1% of the clones are 

displaying useful proteins, this is still more than enough 

capacity to display a typical eukaryotic genome with excellent 

coverage. Another significant advantage of T7 phage display is 

its speed, with the entire biopanning procedure outlined 

above taking only 1 week to complete. Consequently, even if 

T7 phage display is unable to identify the cellular target of a 

particular natural product, this conclusion can be reached very 

quickly and the researcher can move on to the next technique 

or next compound with very little time lost. 

Conclusions 

Chemical proteomics approaches, especially affinity 

chromatography, dominate the methods used to identify 

natural product binding proteins. However, it is often difficult 

to minimise contamination due to non-specific binding of 

proteins to an affinity matrix resulting in a large amount of 

background and the inevitable isolation of the most common 

binding partners instead of the most avid binding partner. 

Reverse chemical proteomics approaches, such as phage 

display, are relatively mature and powerful techniques to 

correlate natural products to their binding proteins. While not 

widely used, T7-phage display is relatively easy to adopt into a 

chemistry lab and has a number of distinct advantages over 

forward chemical proteomics and other reverse chemical 

proteomics approaches.
12

 These include a robust expression 

system, rapid life cycle, ease of use and that all analyses are 

performed at the gene level through DNA sequencing. In this 

tutorial we have aimed to provide clear instructions specifically 

for chemists who are interested in identifying the protein 

target(s) of their natural products. We would also be happy to 

collaborate with groups around the world to achieve the same 

result. 
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Figure 2. Titring T7 phage following 6 rounds of affinity selection 
 

 

Figure 3. Gel electrophoresis of PCR products amplified from T7 phage 

sublibraries following 7 rounds of affinity selection. 

 
 

 
Figure 4. Gel electrophoresis of undigested and Hinf1-digested PCR products 

amplified from individual T7 phage plaques following 6 rounds of affinity 

selection. 
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Figure 5. DNA sequencing of T7 phage plaques. In this example, a clone 

displaying FKBP12 has been rescued from an Arabidopsis thaliana T7 library 

using a biotinylated FK506 probe. The rescued clone is full-length, in the 

correct reading frame and contains a leader sequence of 11 amino acids at 

the N-terminus of the protein. The BLAST search shows a perfect match with 

the sequence in GenBank. 
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Figure 1. Components of a natural product affinity probe, as exemplified by biotin-FK506 (1).
61 

 

 

Table 1. Cellular targets for natural products identified using T7 phage display 

Year Natural product Target identified Ref. 

2015 sulfoquinovosyl diacylglyceride focal adhesion kinase (FAK) 85 

2015 (–)-β-O-methylsynephrine nucleoporin 153 kDa (NUP153) 86 

2014 pyrenocine B EpsinR 87 

2013 ridaifen B Grb10 interacting GYF protein 2 (GIGYF2) 88 

2013 doxorubicin methyl-CpG binding protein 2 (MeCP2) 89 

2011 borrelidin spliceosome-associated protein formin binding protein 21 (FBP21) 90 

2011 camptothecin human heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) 91 

2010 terpestacin ubiquinol-cytochrome c reductase binding protein (UQCRB) 92 

2009 FK506 FKBP2, FKBP3, Arabidopsis thaliana FKBP, Pseudomonas stutzeri FKBP 64 

2008 cyclosporine A cyclophilin A (CypA), cyclophilin B (CypB) 93 

2008 kahalalide F ribosomal protein S25 (RPS25) 74 

2007 demethylasterriquinone B1 glyceraldehyde 3-phosphate dehydrogenase (GADPH) 94 

2006 taxol neuronal Ca
2+

 sensor 1 (NCS-1) 95 

2004 HBC calmodulin 96 

2002 doxorubicin human nucleolar phosphoprotein 140 (hNopp140) 97 

1999 FK506 FKBP1a 61 
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A description of the T7 phage biopanning procedure is provided with tips and advice suitable for setup in a chemistry laboratory. 
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