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Abstract: The identification of all protein targets of a given drug or bioactive molecule within the human body is a 
prerequisite for an understanding of its beneficial and deleterious activities. Current approaches to reveal protein 
targets often fail to reveal physiologically relevant interactions. Here we review a recently introduced yeast-based 
approach for the identification of the binding partners of small molecules. We discuss the advantages and limita-
tions of the approach using the clinically approved drug sulfasalazine as an example.
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Target Deconvolution of Drugs and 
Bioactive Small Molecules

Most approved pharmaceutical drugs are 
small molecules that are usually either de-
rived from natural products or are entirely 
synthetic. The great majority of these small 
molecule drugs elicit their therapeutic ac-
tivity by interfering with the function of 
one or more proteins by physically binding 
to them.[1,2] Interfering with multiple pro-
tein targets can either enable a drug to be 
therapeutically used for multiple diseases 
or increase the efficacy of a drug to a par-
ticular disease if several of the targets are 
involved in pathways relevant to that dis-
ease.[3] However, harmful side effects can 
also arise from binding to multiple protein 
targets in addition to the protein target re-
sponsible for the efficacy of the drug. The 
identification of all protein targets of a 
small molecule drug, i.e. target deconvolu-
tion, therefore provides the basis for un-
derstanding its beneficial or deleterious ac-
tions. The discovery of unknown molecular 
targets of small molecule drugs could be 
useful for both compensating harmful side 

effects by prescribing adjunct therapies or 
by dose adjustments, and for repurposing 
drugs for new therapeutic uses. Target de-
convolution of bioactive molecules has also 
become of greater importance in academia, 
mainly due to the advent of chemical ge-
netics in which libraries of compounds are 
routinely screened for molecules capable 
of generating a certain cellular phenotype 
of interest. In these experiments, the iden-
tification of the target protein(s) is crucial 
as it opens the path towards the discovery 
of new biological insights. In conclusion, 
target deconvolution is an important aspect 
of research involving bioactive small mol-
ecules.

Current Approaches for Target 
Deconvolution of Drugs and other 
Bioactive Molecules

As outlined above, the identification of 
the binding partners of bioactive molecules 
or drugs is the focus of intensive research 
in academia and industry. In the following 
we will list some of the methods that have 
been successfully used for target deconvo-
lution in the past years.[4,5] One approach 
towards target deconvolution is the analy-
sis of gene expression after exposure of 
cells to a bioactive molecule, even if gene 
expression signatures of cells upon drug 
exposure are no direct proof for a physical 
interaction between a drug and a protein. 
Conceptually similar to the analysis of the 
transcriptome, protein or metabolite lev-
els can be measured through proteomics 
strategies.[6–8] Another approach that can 
be used for the identification of proteins 
or pathways that are (again directly or in-
directly) affected by bioactive molecules 
takes advantage of the ease with which the 
model organism yeast can be manipulat-
ed.[9–11] Here, the growth rate of different 

yeast strains in which a defined gene is de-
leted or overexpressed is measured in the 
presence of a drug. This approach requires 
that the molecule of interest binds both the 
human and yeast protein. Furthermore, 
different computational or cheminformat-
ics-based approaches have shown great 
potential for identifying drug–protein in-
teractions.[5,12,13] A recent example is the 
use of a computational chemical similar-
ity approach to identify new targets for old 
drugs. So far the most successful approach 
for the direct identification of binding 
partners of bioactive molecules is chemi-
cal proteomics.[3] Chemical proteomics 
combines small molecule affinity chroma-
tography for isolation of binding proteins, 
modern high-resolution mass spectrometry 
(MS) for identification of binding proteins, 
and statistics or bioinformatics for subse-
quent analysis of the data generated by 
MS. This approach benefits not only from 
the tremendous technological develop-
ments in MS during recent years but also 
from the experience that the community 
has gathered through the characterization 
of protein–protein interactions using affin-
ity purification and MS (i.e. classical pro-
teomics). The study of the binding proteins 
of the BCR-ABL inhibitors dasatinib, ni-
lotinib and imatinib or the identification of 
the protein cereblon as a primary target of 
thalidomide teratogenicity are illustrative 
examples of the power of modern chemical 
proteomics.[14,15] Nevertheless, the use of 
chemical proteomics remains difficult for 
the identification of low-abundance target 
proteins or for proteins with low solubility 
or stability in cell extracts. 

In summary, a variety of different 
methods for identifying the protein targets 
of bioactive molecules exist. However, as 
testified by (i) the large number of drugs 
with unknown mechanism of action and 
unexplained side effects and (ii) the ac-
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knowledged difficulty to identify the tar-
gets of bioactive compounds identified in 
chemical genetics experiments, there still 
is an urgent need for new approaches to 
identify small molecule–protein interac-
tions.

A Yeast Three-hybrid System for 
Identifying the Protein Targets of 
Small Molecules

One potentially attractive alternative 
for target deconvolution of bioactive mol-
ecules is the so-called yeast three-hybrid 
system. The yeast three-hybrid system is 
an adapted version of the yeast two-hybrid 
system.[16] In the two-hybrid system the 
interaction of two proteins leads to the re-
constitution of an active transcription fac-
tor and the subsequent transcription of a 
reporter gene (Fig. 1a). This can then be 
exploited for the identification of binding 
partners of a given protein by selecting 
genes out of cDNA or genomic libraries. 
In the yeast three-hybrid system, the re-
constitution of an active transcription fac-
tor is linked to the interaction of a small 
molecule with a protein (Fig. 1b). For this, 
the small molecule of interest needs to be 
derivatized with a specific ligand that per-
mits its binding to one of the partners of the 
original two-hybrid system. The approach 
has a number of attractive features: (i) in-
teractions are detected in intact eukaryotic 
cells; (ii) the abundance of proteins with 
low expression levels is increased through 
expression in yeast; (iii) cDNA libraries 
from various human tissues and other or-
ganisms are commercially available; (iv) 
the identification of ligand-binding do-
mains of proteins is possible; and (v) it re-
quires no specialized equipment. However, 
it was found experimentally that initial 
yeast three-hybrid experiments suffered 
from limited sensitivity and presence of 
high levels of false positives. As a conse-
quence, only very few successful examples 
of yeast three-hybrid-based target decon-
volutions have been published so far.[16,17] 

In the past few years we have devel-
oped a robust yeast three-hybrid system 
for the selection of small molecule–pro-
tein interactions that overcomes the short-
comings mentioned above.[18] Our system 
uses SNAP-tag as an anchor protein and 
O6-benzylguanine (BG) derivatives of the 
bioactive molecules of interest.[19] SNAP-
tag is a self-labeling protein tag that can be 
covalently labeled with BG derivatives in 
living cells (Fig. 2a).[20] In the SNAP-tag-
based three-hybrid system the molecule 
of interest is first coupled to BG and then 
covalently linked to a SNAP-tag fusion 
protein in yeast, thereby coupling the inter-
action of the bioactive molecule with a pro-
tein to transcription of a gene (Fig. 2b). To 
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Fig. 1. Basic principle of the yeast two- and three-hybrid system. (a) Identifi cation of protein–
protein interactions using the yeast two-hybrid system. In yeast cells, the protein of interest (X) 
is expressed as a fusion with a DNA-binding domain and a cDNA library clone (Y) is expressed 
as a fusion to a transcriptional activator domain. The interaction of protein X with a protein Y 
induces the activation of transcription of a reporter gene by bringing the two fused domains into 
close proximity. Fruitful protein–protein interactions can be selected using auxotrophic markers 
or screened using colorimetric markers. (b) Identifi cation of small molecule–protein interactions 
using the yeast three-hybrid system. In yeast cells, the receptor for a specifi c ligand (RA) is ex-
pressed as a fusion with a DNA-binding domain and a cDNA library clone is expressed as a fusion 
to a transcriptional activator domain. A synthetic hybrid molecule composed of the specifi c ligand 
(A) linked to the small molecule of interest (B) is used to anchor B onto the DNA-binding domain. 
The interaction of B with a protein (Y) induces the activation of transcription of a reporter gene by 
bringing the two fused domains into close proximity. Fruitful small molecule–protein interactions 
can be selected using auxotrophic markers or screened using colorimetric markers.
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Fig. 2. The SNAP-tag-based yeast three-hybrid system. (a) Representation of the SNAP-tag la-
beling technique to label fusion proteins with small molecules of interest inside living cells. The 
protein of interest is expressed as a fusion protein with SNAP-tag and the small molecule of inter-
est (label) is chemically synthesized as an O6-benzylguanine (BG) derivative. Inside living cells, 
an active cysteine residue of SNAP-tag reacts with BG derivatives, resulting in the transfer of the 
label to the fusion protein. (b) Scheme of the SNAP-tag-based yeast three-hybrid system. Two 
fusion proteins consisting of a DNA-binding domain (LexA) fused to SNAP-tag and of a transcrip-
tional activator domain (GAL4AD) fused to a target protein (or fused to a cDNA library clone) (X) 
are expressed in a reporter yeast strain. SNAP-tag reacts in living yeast cells with a BG derivative 
of the small molecule drug of interest (D), which results in the covalent anchoring of the molecule 
to LexA. A fruitful interaction of the small molecule with a target protein is detected by specifi c 
activation of a reporter gene.
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thritis, it was shown that sulfapyridine, and 
not 5-aminosalicylic acid, had a therapeutic 
effect similar to that of sulfasalazine.[31,32] 
The mechanism by which sulfasalazine and 
sulfapyridine affect the inflammation that 
characterizes rheumatoid arthritis is un-
clear.[33]

The medical importance of sulfasala-
zine combined with its obscure mechanism 
of action made it an attractive candidate 
for target deconvolution using our three-
hybrid system. To subject sulfasalazine to 
three-hybrid screening, the drug needed 
to be derivatized first with BG. Based on 
practical considerations and the observa-
tion that sulfapyridine on its own also has 
activity against rheumatoid arthritis we 
decided to derivatize sulfasalazine via its 
carboxyl group (Scheme 1b). It should be 
noted that the chemical derivatization of a 
bioactive molecule might affect its bind-
ing to target proteins. This is an inherent 
limitation of all target deconvolution ap-
proaches that require drug derivatization. 
To minimize that risk, a bioactive molecule 
should ideally be derivatized at different 
positions and each derivative should be 
subjected to a screening. In the SNAP-tag-
based yeast three-hybrid screening of sul-
fasalazine, three hits from a kidney cDNA 
library were identified as being dependent 
on BG-sulfasalazine for growth on selec-
tive medium. All three hits encoded the 
enzyme sepiapterin reductase (SPR, 261 

make this system suitable for screenings, 
it needed to be optimized by engineering 
the yeast strain through deletion of multi-
drug export pumps and by modifying the 
conditions of selection. Model selections 
showed that using these engineered strains, 
interactions with dissociation constants in 
the low micromolar range can be detected. 
This sensitivity is about 100 times better 
than what has been reported for initial 
yeast three-hybrid systems and is well-
suited for detection of biologically rel-
evant interactions. In order to reduce false 
positive levels, the reporter yeast strain 
used for three-hybrid selections was fur-
ther engineered by incorporation of a new 
reporter gene. The incorporated reporter 
gene URA3 allows (i) positive selection on 
medium lacking uracil and (ii) negative se-
lection on plates containing 5-fluoroorotic 
acid. The overall selection strategy is based 
on a negative selection step against unspe-
cific interactions in the absence of BG de-
rivative prior to the positive three-hybrid 
selection. This modification decreases the 
rate of false positives by a factor 10–100. 

The workflow of our yeast three-hybrid 
system is depicted in Fig. 3. There are two 
key steps of the procedure that should be 
noted: A simple respotting step can be used 
for the elimination of the remaining false 
positives. This step consists in respotting 
each colony on selective plates contain-
ing the drug derivative and on selective 
plates not containing the drug derivative. 
Specific three-hybrid interactions are char-
acterized by growth which is dependent on 
the presence of the drug derivative. This 
step combined with the negative selection 
step reduces the false positive rate to very 
low levels. Furthermore, the versatility 
of SNAP-tag allows the use of the same 
drug derivatives in yeast selections and in 
validation experiments (Fig. 3b). The vali-
dation of the hits is routinely performed 
by affinity chromatography: recombinant 
SNAP-tag covalently labeled with a drug 
derivative can be immobilized on beads 
and the specific binding of the hit protein 
to the immobilized drug can be detected 
by Western blot. Competition experiments 
with underivatized drug furthermore con-
firm the relevance of the identified inter-
action. These straightforward pull-down 
experiments are important for an indepen-
dent confirmation of potential interactions.

 
Sulfasalazine and 
Tetrahydrobiopterin Biosynthesis

In the following we discuss the target 
deconvolution of the anti-inflammatory 
drug sulfasalazine as a representative ex-
ample of our approach. Sulfasalazine is 
widely used against ulcerative colitis and 
rheumatoid arthritis. Introduced in 1942, 

it was generated by linking the antibiotic 
sulfapyridine with 5-aminosalicylic acid 
(mesalamine) through an azo bond.[21] 
Sulfasalazine is incompletely absorbed 
from the small intestine and carried to the 
colon where it is split by gut bacteria at the 
azo linkage, releasing 5-aminosalicylic acid 
and sulfapyridine (Scheme 1a).[22] It is be-
lieved that sulfasalazine serves as a vehicle 
to deliver its possible active components 
to the colon in higher concentrations than 
could be achieved by oral administration of 
either one alone.[23] With respect to the phar-
macokinetics of the two molecules released, 
5-aminosalicylic acid is believed to act lo-
cally in the colon, as it is poorly absorbed 
and rapidly eliminated.[24] In contrast, sul-
fapyridine is mostly absorbed and may act 
both locally, during mucosal absorption, 
and systemically.[23,25] In ulcerative colitis, 
it is believed that the therapeutic effect of 
sulfasalazine is, at least partially, due to the 
topical release of 5-aminosalicylic acid in 
the colon.[26] Sulfasalazine and mesalamine 
differ however, in their therapeutic proper-
ties. For example, whilst both drugs show 
similar efficacy in inducing remission of 
ulcerative colitis,[27] sulfasalazine shows 
superior efficacy in maintaining that remis-
sion.[28] Such differences between sulfasala-
zine and mesalamine might be due to their 
respective pharmacokinetics; alternatively, 
sulfasalazine or sulfapyridine might have 
additional targets.[29,30] In rheumatoid ar-
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residues), two hits were full-length and 
the third hit had a very small N-terminal 
truncation (∆1-4). The isolation of differ-
ent variants of the same gene is a strong 
indication that a real interaction was iden-
tified. Indeed, the interaction of sulfasala-
zine with SPR was subsequently verified in 
a pull-down assay. What is the biological 
role of SPR? SPR catalyzes the NADPH-
dependent reduction of 6-pyruvoyl tetra-
hydropterin to tetrahydrobiopterin (BH4), 
which is the final step in the biosynthesis 
of BH4 (Scheme 1c).[34] BH4 is utilized as 
a cofactor by a number of enzymes. These 
include: (i) hydroxylases that are involved 
in the biosynthesis of tyrosine, dopamine, 
and serotonin; (ii) glyceryl ether mono-
oxygenases; (iii) all nitric oxide synthases 
(NOS).

A drug–protein interaction identified 
through a yeast three-hybrid screen does not 
establish that the binding of the molecule 
affects the activity of the protein. We there-
fore investigated if sulfasalazine inhibits 
the enzymatic activity of SPR. Using re-
combinant SPR, we could demonstrate that 
sulfasalazine and its metabolites sulfapyri-
dine and mesalamine are all inhibitors of 
SPR: sulfasalazine, the parent compound, 
being the most potent inhibitor (IC

50
 = 25 

nM); sulfapyridine being a potent inhibitor 
(IC

50
 = 2.3 µM); and finally mesalamine 

being a weak SPR inhibitor (IC
50

 = 680 

µM). Could an inhibition of SPR explain 
the therapeutic activity of sulfasalazine 
and its metabolites? Increased nitric oxide 
(NO) levels and increased expression of in-
ducible NOS (iNOS) have been associated 
with rheumatoid arthritis and ulcerative 
colitis, respectively. Furthermore, there is 
evidence in the literature that (i) inhibition 
of BH4 biosynthesis reduces the produc-
tion of NO in various inflammatory mod-
els[35,36] and (ii) selective iNOS inhibitors 
reduced inflammation both in rheumatoid 
arthritis[37] and ulcerative colitis[38] models. 
Based on these data and our findings, we 
therefore propose that sulfasalazine and 
sulfapyridine inhibit iNOS activity indi-
rectly through depletion of the cofactor 
and that this inhibition contributes to the 
anti-inflammatory activity of the drug. To 
test this hypothesis, we next measured the 
effect of sulfasalazine and its metabolites 
on intracellular, total biopterin levels in a 
cellular assay. At physiological relevant 
concentrations, sulfasalazine and sulfa-
pyridine effectively reduced intracellular 
biopterin levels. These findings provide 
additional confirmation that the inhibition 
of BH4 biosynthesis by sulfasalazine and 
its metabolites plays an important role in 
the mechanism of action of the drug. A 
specific inhibition of BH4 biosynthesis 
also suggests new therapeutic applications 
for this drug. For example, investigations 

on cancer patients with a reduced-function 
haplotype in BH4 biosynthesis[39] sug-
gest that sulfasalazine might be effective 
in delaying pain in cancer patients. The 
observation that sulfasalazine blocks the 
development of tactile allodynia in dia-
betic rats supports the hypothesis that sul-
fasalazine could be used for alleviation of 
chronic pain.[40] Another interesting aspect 
of our findings on the mechanism of ac-
tion of sulfasalazine concerns some of the 
side effects of the drug. Side effects of 
sulfasalazine include anorexia, headache, 
nausea and vomiting as well as mental or 
mood changes. It is possible that such side 
effects may at least partially be caused 
by a change in the concentration of neu-
rotransmitters dependent on BH4 for their 
biosynthesis. As patients with deficiency 
in SPR are responsive to treatment with l-
dopa,[41] it is reasonable to speculate that 
these side effects could be attenuated by 
adjunct therapy with molecules such as l-
dopa that restore a correct balance of neu-
rotransmitters. 

Conclusions

Our results on sulfasalazine and other 
clinically approved drugs[18] demonstrate 
that the SNAP-tag-based yeast three-hy-
brid system is a powerful tool for target 
deconvolution of bioactive small mol-
ecules. It is experimentally simple and 
the availability of cDNA libraries from 
different tissues and organisms makes it 
suitable for the analysis of molecules with 
activities against various organisms. We 
consider the approach as complementary 
to other approaches for target deconvo-
lution, in particular since the derivatized 
bioactive molecules used for three-hybrid 
screenings can also be used for chemical 
proteomics. The large number of bioac-
tive small molecules with obscure mecha-
nisms of action certainly creates ample 
opportunities for the three-hybrid system 
to prove its utility. 
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