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Abbreviations:
AbK

3’-azylbutyl-N-carbamoyl-lysine

AD

Activator domain

cAMP

Cyclic adenosyl mono-phosphate

cDNA

Complementary DNA

DBD

DNA-binding domain

EGFR

Epidermal growth factor receptor

ER

Endoplasmic reticulum

GAP

GTPase-activating protein

GEF

Guanine nucleotide exchange factor

GFP

Green fluorescence protein

GPCR

G-protein coupled receptor

MYTH

Membrane yeast two-hybrid

pAzpa

p-azido-L-phenylalanine

pBpa

p-benzoyl-L-phenylalanine

PCA

Protein complementation assay

rRRS

reverse Ras-recruitment system

RRS

Ras-recruitment system

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SRS

Sos-recruitment system

TfmdPhe

4’-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenylalanine

UAS

Upstream activating sequence

UBP

Ubiquitin-specific protease

UPR

Unfolded protein response

YFP

Yellow fluorescence protein

Page 2 of 34

Chapter 1
GENERAL INTRODUCTION

In the early 1970s, the total number of protein-encoding human genes was estimated between 35,000
to over 100,000 based on genetic load arguments, hybridization experiments, the estimated average
size of genes and the number of CpG islands [1]. The initial results of the human genome project
suggested a total of 30,000 – 40,000 protein-coding genes and today the human genome is known to
contain only around 21,000 distinct protein-coding genes [1], [2]. It was thought that about 100,000
protein-coding genes could cope with the complexity of cells, but only one fifth of the initial number
(and maybe even less) is obtained today. Thus, the complexity must be mainly at the proteome level,
i.e. interaction networks of proteins must be the driving force of complexity. As protein-protein
interactions play a major role in cellular processes, they are often directly linked to human diseases.
Therefore, knowledge of protein-protein interaction is essential to understand biological processes
and molecular mechanisms at the systems biology level.
Lipid membranes serve as barriers between intracellular and extracellular space, and also
between intracellular compartments. Proteins on these membranes are associated with many cellular
functions. Plasma membrane proteins comprise receptors, pumps, pores, transporters and channels.
They are responsible for reacting to changes in the environment; for maintaining homeostasis by
exchanging ions and molecules and for transferring action potential. Moreover, cell adhesion proteins
on the plasma membrane are required for multicellular formation and involved in metastasis of
cancerous tissues. The membrane proteins in the endoplasmic reticulum and Golgi are responsible
for folding and modifications of proteins in this tract. Furthermore, the membrane proteins in
mitochondria are needed for energy production. Thus, membrane proteins are vital mediators of
fundamental cell functions. Recent prediction studies revealed that at least 27% of the human
proteome are transmembrane proteins [3],[4] and peripheral membrane proteins may even increase
this percentage. Moreover, more than 50% of known drugs are targeted to membrane proteins [5].
Considering their role in cellular processes and homeostasis, the abundance of genes encoding them
and their association with diseases, the significance of membrane proteins is not difficult to predict.
Therefore, understanding membrane protein interactions is highly desirable.
Biochemical methods revealed many protein-protein interactions over the years, yet they are
still useful. These methods include co-immunoprecipitation, tandem affinity purification, protein
microarrays, surface Plasmon resonance, non-denaturing gel electrophoresis, blue native poly
acrylamide gel electrophoresis and X-ray crystallography. However, these in vitro biochemical
approaches suffer from several difficulties. First of all, large amounts of starting material are required
and detergent-based lysis of the cells and isolation may cause artifacts. Subsequently to cell lysis, the
spatial organization of cells might be lost, and two proteins that would not encounter at the cellular
level, may seem to be interacting. Secondly, the absence of cellular factors, such as missing of
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cofactors, different temperature and having different ionic strength may affect the interaction of
interest. Third, biochemical assays have restricted sensitivity and have bias towards high affinity
interactions [6]. Moreover, weak and transient interacting proteins can be removed during several
washing steps. In addition to all the challenges mentioned, membrane proteins are even more difficult
to study in vitro. Recombinant expression of membrane proteins is often toxic in Escherichia coli [7].
Moreover, subsequent solubilization of these proteins is often problematic, since proper folding of
membrane proteins may not be achieved following a solubilization step using detergents. Because of
all these difficulties that may be encountered in application of biochemical methods, several
optimization steps are required to observe positive readouts. On the other hand, in vivo setups to
detect protein-protein interactions are valuable, since there is no lysis of cells involved and they
require little individual optimization. Furthermore, for in vivo methods less amount of starting material
is needed, and isolation and solubilization of membrane proteins are not required. Thus, in vivo
setups are useful to study membrane protein-protein interactions.
Even though in vitro approaches helped our knowledge to understand protein interaction
networks over the years, they are on the edge of being outdated since they are time consuming and
may be ineffective, especially for membrane proteins. On the other hand, in vivo techniques became
more and more favorable during the last decades, because of several advantages over in vitro
methods. Here, we present two of the best available techniques, advanced yeast two-hybrid systems
and in vivo incorporation of photo-crosslinking amino acids into proteins, for studying interactions of
membrane proteins with other membrane proteins and/or cytoplasmic proteins. Since both systems
are in vivo, they do not require considerable optimization for interactions, moreover, weak and
transient interactions can be observed in these setups. In addition to their ability to test an interaction
between two specific candidate proteins, it is also possible to identify novel interacting partners of
membrane proteins by using these methods in combination with cDNA libraries.
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Chapter 2
ADVANCED YEAST TWO-HYBRID TECHNOLOGIES

2.1 Introduction
The yeast two-hybrid method is based on the Saccharomyces cerevisiae GAL4 transcriptional
activator which is responsible for transcription of the genes encoding enzymes required for galactose
utilization. The GAL4 transcriptional activator consists of two domains, an N-terminal DNA-binding
domain (DBD) which binds to the upstream activating sequence (UAS) and a C-terminal activator
domain (AD) recruiting yeast RNA polymerase II and initiating mRNA synthesis. However, either of
these domains needs the other to start transcription [9]. Fields and Song constructed plasmids
encoding two proteins of interest fused to a GAL4-DBD and a GAL4-AD domain, respectively.
Subsequently to transformation of both plasmids into yeast, the interaction between two proteins of
interest reconstitutes a functional transcription factor that can initiate transcription (Figure 2.1) [10].
Moreover, the yeast genome can be manipulated to have a reporter gene and GAL4-UAS upstream of
that reporter gene. The reporter can be a simple enzyme like Escherichia coli β-galactosidase, thus,
upon interaction of two hybrid proteins, transcription of β-galactosidase can be initiated and the
activity of enzyme can be measured by a simple colorimetric assay. Alternatively, the reporter gene
can be an auxotrophic marker whose expression is controlled by the GAL4 promoter activity. In this
case, viability of auxotrophic yeast strains on selection medium is only possible when interaction
occurs.

Figure 2.1: The original yeast two-hybrid system. a. Findings of Keegan et al. GAL4 transcription activator consists of two
domains: DBD (DNA-binding domain) binds to the UAS (upstream activating sequence) and AD (activator domain) recruits
RNA polymerase II to start GAL4 gene expression. b. The original yeast two-hybrid system developed by Fields and Song. Two
interacting proteins X and Y (bait and prey, respectively) fused to DBD and AD can recruit transcription machinery. Moreover, a
reporter gene can replace GAL4 gene in this system.

Since it is relatively easy to implement and inexpensive, the yeast two-hybrid system rapidly
became the system of choice to detect protein-protein interactions. Initially, the yeast two-hybrid
system was applied to confirm the interaction between known proteins. As the next step, a library
screen was performed, in which plasmids containing yeast genomic fragments were fused to GAL4-
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AD (called prey, typically a library of known or unknown proteins or a single known protein) and a
protein of interest was fused to GAL4-DBD (called bait, fusion of protein of interest) in another
plasmid. Subsequently to the transformation of both plasmids, DNA sequences obtained from
reporter-positive yeast are used to identify the interacting partners of the protein of interest[11].
Several variations of the original system have been developed. In the so-called yeast three-hybrid
system, the expression of a third protein besides DBD and AD fusion proteins can function as a bridge
and the expression of the reporter gene can only occur in the presence of this protein [12].
Alternatively, an RNA strand can function as a bridge between two proteins and RNA-dependent
interactions can be observed [13]. Up to date over 98,000 protein-protein interactions were identified
in the budding yeast and over 12,000 of these interactions were identified using the yeast two-hybrid
systems. Moreover, over 114,000 of 296,000 interactions identified in all organisms were obtained by
the original yeast-two hybrid systems and its derivatives (Figure 2.2) [14].
Like any other technology in biology, the yeast two-hybrid system has its limitations. One of
the major disadvantages of the system is that two interacting proteins must be targeted to the
nucleus. However, integral membrane proteins or membrane-associated proteins cannot be imported
into the nucleus. For this reason, this system cannot be applied to membrane proteins. Truncated
versions of membrane proteins can still be targeted to the nucleus, however, truncation can lead to
misfolding, and the problem remains since the nucleus is not the natural environment of these
proteins.

Figure 2.2: Contribution of the yeast two-hybrid methods and protein complementation assay(PCA, See Chapter 2.6) to all
known protein interactions, according to IntAct molecular interaction database (http://www.ebi.ac.uk/intact/) [14].

To date, many variants of the yeast two-hybrid system as well as other related methods have
been established to be able to determine membrane protein-protein interactions. Here, we will focus
on these developed yeast two-hybrid systems and recent molecular biology studies on membrane
proteins using these methods.
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2.2 Sos-, Ras- and reverse Ras- recruitment systems
Guanine nucleotide-binding proteins (G-proteins) are signaling proteins that are highly conserved
among eukaryotes, and they are engaged in several cellular functions such as cell proliferation,
differentiation and apoptosis [15], [16]. In their inactive state they are bound to a GDP molecule, and
they switch to an active state by exchanging GDP for GTP. They return to their inactive state by
hydrolyzing GTP to GDP. G-proteins are divided into two main groups: monomeric G-proteins and
heterotrimeric G-proteins [16]. Much knowledge of G-protein signaling in yeast is known since it is
less complicated in yeast than in higher eukaryotes.
Ras and Ras-like proteins, abundant small monomeric G-proteins, are found mainly at the
inner surface of the plasma membrane. In S.cerevisiae, growth and metabolism in response to
nutrients is regulated largely by the Ras-cAMP pathway. Activated Ras proteins increase the cAMP
levels by activating adenylate cyclase, which synthesizes cAMP. Then, increased cAMP levels cause
the activation of cAMP-dependent cytosolic protein kinases, which have an essential role in
proliferation [16–18]. Activities of Ras proteins are regulated by two classes of proteins: GTPaseactivating proteins (GAPs) and guanine nucleotide exchange factors (GEFs).GAPs are the negative
regulators of Ras-cAMP signaling, they accelerate the hydrolysis of GTP to GDP on Ras proteins
resulting in a rapid inactivation of GTP-Ras. On the other hand, GEFs are activators of Ras-cAMP
signaling pathway. When they are activated, GEFs stimulate the exchange of GDP to GTP in Ras
proteins [19]. Cdc25p is a well-known RasGEF and it is involved in cell growth, cell cycling and
sporulation. Thus, one of the main positive regulators of yeast Ras proteins is Cdc25p [16–18].
Initially Aronheim et al. showed that upon membrane localization, human RasGEF, hSos
(human Son of sevenless), can substitute for Cdc25 to allow cell survival and proliferation [20]. In
their next study, instead of targeting hSos to the plasma membrane directly, they employed a protein
interaction to recruit hSos, whose C-terminal membrane localization signal is deleted, to the plasma
membrane [21]. In this approach, a yeast variant strain that has a temperature sensitive cdc25-2 allele
0
is needed. The cdc25-2 strain cannot survive at a certain temperature (36 C), since the function of

Cdc25p to activate Ras is lost, whereas it can grow at lower temperatures, such as 250C. In this socalled Sos-recruitment system (SRS), the prey protein must be membrane localized by a lipidation
sequence and the bait must be cytosolic and fused to truncated hSos. Upon bait-prey interaction,
hSos fusion protein will be recruited to the plasma membrane and yeast Ras signaling will be
rescued. Thus, it will result in cell survival and growth of the temperature-sensitive mutant at 360C
(Figure 2.3a).
Based on a similar principle, the Ras-recruitment system (RRS) is an improved version of the
SRS [22]. Like RasGEFs activate Ras, also Ras itself is required to be localized to the plasma
membrane for its function [20]. This localization is normally achieved via a lipidation motif at the Cterminus of Ras. In their approach, Broder et al. used a mammalian Ras (mRas) lacking its lipidation
motif, thus blocking its membrane localization. An interaction between a membrane localized prey
protein and a cytoplasmic mRas-fused bait protein must localize mRas to the plasma membrane.
Thus, activity of mRas on plasma membrane must result in growth in cdc25-2 yeast strain at 360C
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(Figure 2.3b). The RRS has the advantages of the SRS and also overcomes some of its limitations:
Ras protein is smaller than hSos, thereby overcoming several technical limitations that may be
encountered with a hSos fusion. Moreover, the RRS gives less background for many proteins
compared to the SRS, resulting a more strict selection [22]. In the initial report, Broder et al. also
showed that the RRS can be used to screen using a rat pituitary cDNA expression library [22].

Figure 2.3: Sos-, Ras- and reverse Ras-recruitment systems. a. In the Sos-recruitment system (SRS), bait (X) fused to the
truncated human Sos protein is recruited to the plasma membrane by the interaction with membrane localized prey (Y). Then, it
activates the yeast Ras (yRas) protein. b. In the Ras-recruitment system, interaction between membrane localized prey (Y) and
mRas-fused bait (X) mediates mRas to the plasma membrane and activates downstream signaling c. In the reverse Rasrecruitment system, the bait is a membrane protein, thus prey fused to mRas is mediated to the membrane by the interaction
between the bait and prey.

Both Sos- and Ras- recruitment systems are employed when the bait proteins are cytosolic
and soluble. Thus, these two methods cannot be applied to identify interacting partners of a
membrane localized bait protein. In order to identify soluble interacting partners of membrane
proteins, a method called the reverse Ras-recruitment system (rRRS) was developed [23]. Similar to
the RRS, expression of mammalian Ras protein in yeast is aimed to complement the mutation in
Cdc25p. In the case of the rRRS, however, the bait is a membrane protein and prey proteins are
fused to cytoplasmic Ras protein. Upon protein-protein interaction on the plasma membrane, efficient
growth occurs in Cdc25-2 yeast cells at higher temperatures (Figure 2.3c) [23].
In a study, Frankel et al. identified the interaction between RalA, a member of Ras
superfamily of small GTPases, and ZONAB protein, ZO-1-associated nucleic acid-binding protein,
using the rRRS [24]. It is known that Ral proteins are required for the activation of phospholipase D1,
transcription factor NF-κB and Jun kinase [25–27]. Moreover, it has been reported that RalA protein
takes a part in vesicle trafficking through association with exocyst complex via interacting with Sec5
[28]. Since the plasma membrane localization of RalA was already known [29–31], they employed the
rRRS to use native RalA as the bait protein to screen a rat pituatory cDNA library attached to the CPage 8 of 34

terminus of Ras protein [24]. Subsequently to the extraction of plasmids from Cdc25-2 yeast colonies
which can grow at 360C, they identified ZONAB, a Y-box transcription factor that binds to the SH3
domain of ZO-1, as an interacting partner of RalA. They also reported that this interaction is GTPdependent and RalA binding can regulate ZONAB function [24].
In spite of the fact that the rRRS is specifically developed to study interactions of membrane
proteins with soluble preys, the RRS was employed more often than the rRRS for membrane proteins.
In these studies, soluble cytoplasmic domains or fragments of membrane proteins of interest are
fused to Ras protein to be used as bait. This preference is due to an advantage of the RRS over the
reverse RRS. When a cDNA library is screened, in the RRS, the library is fused to a small lipidation
sequence (less than 20 amino acids), but in the rRRS, it is fused to a Ras protein which is about 200
amino acids. If they are compared, the possibility of steric hindrance in a library screen, which may
contain up to more than 100,000 fusion proteins, is less when they are fused to a lipidation peptide.
This might be the main reason why the RRS is favored over the rRRS, even for membrane proteins.
In a recent study by Kokkola et al., it has been reported that the somatostatin receptor
subtype 5 (SSTR5), a G-protein coupled receptor, interacts with a putative palmitoyl transferase,
ZDHHC5 by using the RRS. Even though palmitoylation of many G-protein coupled receptors
(GPCRs) has been demonstrated, the enzymes responsible for this modification have been unknown.
In this study, soluble C-terminal fragment of rat SSTR5 was fused to Ras protein to be used as bait.
After screening the bait with an embryonic mouse brain cDNA library, it is shown that ZDHHC5
interacts with C-terminal end of SSTR5. Moreover, it has been also shown that ZDHHC5 has a
positive effect on SSTR5 palmitoylation [32]. Using the same approach, Cao et al. used soluble αkinase domain of mouse transient receptor potential melastatin type 6 (TRPM6), an epithelial Mg+2
channel, as bait for mouse kidney cDNA library and identified its interaction with methionine
sulfoxidereductase B1 (MSrB1) [33].
In conclusion, the rRRS, but not the SRS or the RRS, was developed to study interactions of
membrane proteins. However, in the rRRS approach, only cytoplasmic proteins can be screened for
an interaction with the membrane protein of interest. Moreover, as mentioned above, the RRS is
employed more often than the rRRS for membrane proteins. The reason for this preference could be
(i) the risk of steric hindrance of proteins in a cDNA library when they are fused to a Ras protein for
the rRRS system (ii) the rRRS only allows the interactions between the membrane baits and soluble
preys; on the other hand in the RRS, both soluble and membrane preys can be used, if a soluble
fragment of a membrane protein can be used as the bait. Another disadvantage of using the rRRS
system is that membrane proteins in a cDNA library can localize to the plasma membrane
independently during a screen. To avoid that possibility, membrane-associated prey proteins must be
excluded from the screen. Moreover, the existence of yeast homologs for mammalian membrane
proteins may result in complications with the rRRS due to possible interaction of a prey with the yeast
homologs independent of the interaction with the expressed bait. However, in that case, the yeast
genome can be manipulated by knockout of genes encoding homologous proteins. A big advantage of
choosing the rRRS over the other methods, including the RRS and the SRS, in identifying interactions
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is that the bait protein is used in its native form without any requirement for fusion to another protein.
Therefore the rRRS is a useful approach for the baits that cause problems due to the steric hindrance
when they are fused. However, the disadvantages listed above must be considered before it is
employed.

2.3 Split Ubiquitin Yeast two-Hybrid System
The split-ubiquitin system is based on the properties of the ubiquitin protein [34]. Ubiquitin is small, 76
amino acid, highly conserved eukaryotic protein attached to lysine groups of proteins. Attachment of
ubiquitin to a protein marks that protein for proteasomal degradation [35]. Proteins that are tagged
with ubiquitin moieties become substrates for ubiquitin-specific proteases (UBPs), which cleave
ubiquitin from these proteins. Following this cleavage, the ubiquitin is recycled and tagged protein is
degraded by the 26S proteasome. Native ubiquitin is composed of two domains that are connected by
a linker. Johnsson and Varshavsky showed that inserting artificial linkers of variable length still
allowed the folding of the two domains into native ubiquitin [34]. Moreover, when they co-expressed,
two domains of ubiquitin, so-called Nub and Cub (N-terminal ubiquitin and C-terminal ubiquitin,
respectively) can reassemble spontaneously in the absence of any linker, and the reassembled
ubiquitin can be recognized by UBPs to be cleaved. In order to abolish their spontaneous reassociation, point mutations were introduced in Nub (I13G or I13A resulting in NubG or NubA,
respectively). In these mutants, efficient association is observed only if the two split-ubiquitin moieties
are brought into close proximity. Later they employed these findings to identify protein-protein
interactions. In the so-called split-ubiquitin system, prey protein is fused to NubG or NubA, while the
bait protein and a hybrid transcription factor are fused to Cub. This transcription factor consists of the
bacterial LexA (DNA-binding domain of E.coli repressor LexA) protein and the Herpes simplex VP16
transactivator domain[36]. Cub and NubG reassemble only in the case of bait and prey interaction,
and following the formation of native ubiquitin, the transcription factor is released by UBP-mediated
cleavage. Therefore, interaction can be detected by the expression of LexA-VP16-regulated reporter
genes (Figure 2.4a). The split-ubiquitin system fused to a transcription factor is also called the
membrane yeast two-hybrid (MYTH), because localization of the transcription factor-fused bait protein
to a membrane is strictly required, since soluble bait fused to a transcription factor can diffuse to the
nucleus and initiate transcription without any interaction.
In their original system, Johnsson and Varshavsky used dihydrofolate reductase as reporter
protein [34]. Using SDS-PAGE, the release of the reporter protein was detected. However, this
readout system was not convenient, since immunoprecipitation and electrophoresis steps were
needed. In order to have a better readout system, Ura3p protein, an enzyme involved in the synthesis
of pyrimidine ribonucleotides, has been employed [37]. Activity of Ura3p leads to uracil prototrophy
and sensitivity to 5-fluoroorotic acid (5-FOA), because 5-FOA is converted into the toxic compound 5fluorouracil causing cell death. As the yeast two-hybrid reporter, rUra3p, a variant of Ura3p which is
N-terminally modified for rapid degradation according to the N-end rule, is used [38]. Thus, if
interaction between bait and prey occurs,ubiquitin is cleaved from rUra3p resulting in rapid
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degradation of rUra3p and allowing the cells grow on medium containing 5-FOA. Using this method,
cells expressing two interacting proteins are identified by their ability to survive on 5-FOA, and
interactions between several integral membrane proteins were mapped [37].On the other hand, for
membrane proteins, LexA-VP16 reporter protein is the most employed readout technique [39], since
transcriptional readout causes amplification, thus offering more sensitivity for transient interactions.

Figure 2.4: a. Split-ubiquitin system (or the membrane yeast two-hybrid system). Reassembly of native ubiquitin is provided by
the bait-prey (X and Y) interaction. Thus, UBPs can cleave ubiquitin and the transcription factor of the reporter gene is
released. b.Protein complementation assay. Two fragments of a protein are brought together by an interaction between bait (X)
and prey (Y). Reconstitution results in direct reporter protein function.

For systematic identification of interactions of membrane proteins with both membrane and
soluble proteins, the mating-based split ubiquitin system was developed [40], [41]. This method has a
similar readout as the split-ubiquitin system, and additionally the split-ubiquitin system was further
improved to develop a high-throughput method. In this improved approach, the bait and prey proteins
are fused to the two halves of ubiquitin and expressed in yeast cells of opposite mating type (a and α).
Upon mating, the diploid cell co-expresses the proteins. An interaction brings the two fragments of
ubiquitin into close proximity resulting in the cleavage and release of transcription factor to activate an
auxotrophic marker (Figure 2.5) [41].The advantage of this technique is that it is time efficient, i.e.
instead of transforming the gene of interest through a complete cDNA library, only the opposite mating
type of the library-containing yeast is transformed. Then an array screen is applied. Using the matingbased split ubiquitin system they developed, Fields and colleagues identified 1985 putative
interactions among 705 integral membrane proteins [41].
Recently, Deribe et al. [42] identified novel interaction partners of the human epidermal
growth factor receptor (EGFR). EGFR is a single-span cell surface receptor implicated in the
regulation of crucial cellular functions including cell growth, proliferation and cell survival [43], [44]. In
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their work, they fused a human fetal brain cDNA library C-terminally to NubG and transformed it into
yeast containing a EGFR-Cub-transcription factor construct. After isolation and identification of
plasmids from positive yeasts, they identified 87 proteins that bound to the receptor and validated the
complete set of these proteins with bioinformatics and a subset by immunoprecipitation (including
proteins like HSP70 and α-adaptin). Among these proteins, they also showed that activity of histone
deacetylase 6 (HDAC6), a cytoplasmic lysine deacetylase, is regulated by EGFR upon interaction.
Furthermore, HDAC6 deacetylates α-tubulin in stimulated cells and a feedback mechanism was
identified in which HDAC6 is inactivated by EGFR through phosphorylation.

Figure 2.5: Two integral membrane proteins (X and Y) are fused to the two halves of ubiquitin and expressed in cells of
opposite mating type. Upon interaction in diploid cells, which expresses both proteins, ubiquitin is reconstituted and cleaved by
UBPs releasing the transcription factor to activate auxotrophic gene transcription. (This figure is adapted from the original study
[41])

Split-ubiquitin can also be applied to multi-pass membrane proteins such as G-proteincoupled receptors (GPCRs). In one study, a GPCR superfamily member human mu-opioid receptor
(MOR) was used as the bait protein [45]. Mu-opioid receptors bind to opioid agonist drugs, such as
morphine and heroin, and chronic exposure may lead to opioid dependence causing neuronal
alterations [46–48]. In this study, a MOR-Cub-transcription factor construct and NubG fusions of a
fetal brain cDNA library were transformed into S.cerevisiae reporter strain THY.AP4.Out of 6 million
colonies, 104 positive clones represented 10 distinct human proteins. Moreover, two of them were
found to encode the C-terminus of GPR177, an orphan GPCR protein identified as a MOR interacting
protein [45]. GPR117 is the mammalian ortholog of Drosophila Wntless/Evi/Sprinter, an evolutionary
conserved protein that plays an important role in secretion of Wnt proteins from Wnt-producing cells
[49–51]. In the follow up experiments they showed that morphine treatment promotes formation of
MOR/GPR117 complexes followed by inhibition of Wnt secretion. In this study, the previously
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unknown role for GPR177 in regulating the response to opioid drugs has been discovered using splitubiquitin system.
Another recent example of successful application of split-ubiquitin system is the work by
Paumi et al. who investigated interaction partners of a yeast ABC transporter Ycf1p [52]. ABC
transporter superfamily of membrane transporters is ubiquitous in all organisms from microbes to
mammals and they actively transport a broad range of substrates across cell membranes [53–55]. In
their previous study ( [41] also mentioned above), out of selected 705 annotated integral membrane
proteins, only 365 were found to be competent for split-ubiquitin screening. Many of the remaining 340
membrane proteins were untestable due to their high expression levels resulting in mislocalization
and self-activation of the reporter gene in the absence of prey. Paumi and his co-workers added an
additional YFP protein to Cub, resulting in a C terminal Cub-YFP-TF tag for the bait protein (named
integrated MYTH). Thus, they could verify the localization of expressed protein by fluorescence
microscopy. Using their approach, they identified six Ycf1p-interacting proteins and among these
proteins Tus1p, a cytosolic GEF for Rho1p, has an activating function on Ycf1p via the small GTPase
Rho1p [52].
The split-ubiquitin system is the most employed yeast two-hybrid approach for membrane
protein interactions. It has been shown that it can be applied to yeast [52], plant [56] and
mammalian[42], [45], [57] membrane proteins. Moreover, this approach can be used to identify
interactions of plasma membrane proteins, ER proteins [58] and outer nuclear proteins [59]. One of
the most advantageous features of this system is having small ubiquitin fragments in hybrid proteins,
which minimizes the possibility of steric hindrance. Additionally, even though the bait protein is a
membrane protein, prey can be either a (trans)membrane protein like the bait or can be a soluble
protein. However, it is strictly required that the bait protein fused to a transcription factor must be
anchored to a membrane or at least have strong affinity for a membrane. Since soluble bait proteins
can diffuse to the nucleus without interacting Nub and independently start transcription, soluble
membrane-associated proteins cannot be used as baits for split-ubiquitin system with a transcription
factor as reporter. Moreover, false positives may arise from proteolysis of the fusion protein and
release of the transcription factor by unknown process (e.g. quality control mechanisms in the ER).
However, all possibilities mentioned for false positive readout can be eliminated by proper control
experiments. Moreover, split-ubiquitin based cDNA libraries for yeast, C. elegans, Drosophila and
several mammalian tissues are available commercially, which also makes the split-ubiquitin system
cost-effective.

2.4 G-protein fusion based yeast two-hybrid system
In another variation of the yeast two-hybrid system, working dynamics of heterotrimeric G-proteins,
consisting of Gα, Gβ and Gγ subunits are used. Upon GPCR activation, a conformational change in the
G-protein α-subunit occurs and triggers exchange of GDP for GTP. This exchange, results in
dissociation of the Gβ/γ subunits. Then the Gα and Gβ/γ subunits activate different downstream
pathways until GTP is hydrolyzed and the G-protein reverts to its initial inactive conformation [16]. In
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the G-protein fusion based yeast two-hybrid approach, the protein of interest, i.e. the bait is an integral
membrane protein and the prey is expressed as a soluble fusion to a G-protein γ-subunit in Gγdeficient yeast mutant [60]. The interaction between bait and prey recruits the Gγ fusion protein to the
membrane where they sequester the Gβ subunit, thus disrupting the formation of the heterotrimeric Gprotein complex and the following downstream signaling in yeast [60]. In this assay, yeast survival and
growth is only feasible when the bait protein does not interact with the prey (Figure 2.6).

Figure 2.6: G-protein fusion based yeast two-hybrid system a. Dynamics of a heterotrimeric G-protein. The activation of a
GPCR leads to dissociation of Gβ/γ from Gα and activation of downstream effectors. b. In the Gγ-deficient yeast strain, a hybrid
of the cytosolic prey (Y) protein with Gγ interacts with Gβ and membrane-bound bait (X) protein. Then, the interaction of Gβ to
activated Gα is prevented, thus inhibiting downstream signaling and gene expression.

Subsequent to the discovery of their approach, the authors tested two well-known interactions
by this method. First, they tested the interaction of syntaxin 1a with nSec1. Syntaxin 1a has a function
in synaptic vesicle fusion and it is a proven drug target. nSec1 binding to syntaxin 1a prevents its
assembly with the SNARE core complex, a protein complex required for bilayer fusion [61]. For their
second screen, they also tested interaction between fibroblast growth factor-receptor 3 and SNT-1
[60]. Both interactions validated that the G-protein fusion based system can be employed for
membrane protein interactions.
Even though the G-protein fusion based yeast two-hybrid system has a major advantage of
having only one of the two binding partners as a fusion protein, this technique is not employed as
often as others. The main disadvantage of the approach is that the interaction must be measured as
reduction in growth. In fact this method was developed to discover drugs which can disturb the
interactions of membrane proteins, i.e. when growth of yeast is inhibited in the case of interaction
between bait and prey, a drug, which abolishes the interaction, can regain growth. The authors tested
the interaction between syntaxin 1a and nSec1 since inhibitors of syntaxin 1a are used to treat muscle
spasms that result from improper neurotransmitter release [60]. Despite the fact that this method was
developed to screen drugs on known membrane protein interactions, it is still an applicable approach
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to identify membrane protein-protein interaction. However, a big limitation of G-protein fusion based
yeast two-hybrid system is that the prey proteins can only be soluble proteins.

2.5 SCINEX-P system
The SCINEX-P (screening for interaction between extracellular proteins) system allows the analysis of
protein-protein interactions that occur in the oxidizing environment of the ER [62]. In eukaryotic cells,
proteins that are destined for secretion and cell surface localization as transmembrane proteins are
processed in the ER. The ER offers a unique oxidizing environment, in which ER-resident chaperones
enable proper folding and the formation of disulfide bonds[63]. Moreover, N-linked glycosylation is
important for proper folding of proteins in the ER [64]. Considering the fact that proteins which are
required to be processed in the ER in order to gain functionality or conformation, cannot be subjected
to any of the yeast two-hybrid methods mentioned previously, the SCINEX-P system was developed,
which is based on the properties of Ire1p, a type I transmembrane protein residing in the yeast ER
that is responsible for the so-called unfolded protein response (UPR) [65]. When proper protein
folding is abolished, unfolded or incorrectly folded proteins accumulate in the ER. This kind of stress is
responded to by transcription of genes encoding ER-resident chaperones and enzymes that assist
protein folding in the ER lumen. In yeast, the stress signal from the ER to the nucleus is transmitted
by Ire1p. The N-terminal luminal domain of Ire1p functions as a sensor for the folding of ER proteins
and controls the dimerization of the transmembrane protein. The C-terminal cytosolic part is a kinase
and activated upon dimerization to start the stress response. As it responds to stress, activated Ire1p
induces the production of the transcriptional activator Hac1p which later binds to the unfolded protein
response elements in the promoter region of the genes encoding ER-resident proteins [66–68].

Figure 2.7: The unfolded protein response and its application for the detection of protein interactions. a. The ER resident
transmembrane protein Ire1p functions as a sensor for unfolded protein, which induces Ire1p dimerization and eventually
transcription from the unfolded response elements. b. In the SCINEX-P system, the components of the unfolded protein
response pathway have been modified. One of the proteins of interest is fused to Ire1p carrying a point mutation (pm) and the
other protein is fused to a C-terminal deletion mutant of Ire1p (del).
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In the SCINEX-P system, proteins of interest are fused to the luminal N-termini of mutated
Ire1p proteins. These mutations of Ire1p (one has a point mutation and the other contains a Cterminal deletion) block autonomous dimerization of the protein unless they are brought to close
proximity by the interaction of the two proteins of interest. Interaction between proteins can be
measured by the activity of the reporter gene which is inserted upstream of unfolded protein response
elements which are activated by Hac1p [62]. This system is more favorable to be employed when at
least one of the proteins is not a transmembrane protein on the ER, where previously mentioned
systems, such as split-ubiquitin, cannot be applied.
To test their approach, Urech et al. tested the interaction between two different single chain
antibodies (anti-GCN4wt and λ-Graft) and their common epitope the leucine-zipper of the yeast
transcription factor Gcn4p. Moreover, in another study, Pollock et al. identified the interacting residues
of calnexin with ERp57. Calnexin is a single span type I transmembrane protein which is known to be
working cooperatively with ERp57,a soluble ER resident protein, for the quality control system of the
ER [69].
The SCINEX-P system can detect interactions between extracellular and/or ER-derived
membrane proteins. With this approach, the authors were able to detect an interaction that could not
be observed using the conventional yeast two-hybrid system [62], [70]. On the other hand, this
method is not applied as often as other yeast-two hybrid systems because of the technique being
limited to the ER lumen. Moreover, even though most of the membrane proteins are derived from the
ER, they might not be completely functional there, since they can be modified in the Golgi or even on
the plasma membrane.

2.6 Protein Complementation Assays
Despite the fact that the protein complementation assay (PCA) is not a yeast two-hybrid method, it is
noteworthy to mention it under yeast two-hybrid systems. It was well-known over 60 years that
fragments of proteins can reassemble into functional complexes as in ribonuclease and βgalactosidase [71], [72]. However, the concept of split-protein reassembly to test protein-protein
interactions was introduced in 1994 by Johnsson and Varshavsky, who demonstrated that when they
are in close proximity two fragments of a ubiquitin can still function like a native ubiquitin [34]. As
described above, many protein-protein interactions, including membrane proteins, were identified
using this feature of ubiquitin. By using the same principle, many proteins are dissected into such
fragments to test protein-protein interaction. The only difference, however, is instead of expressing a
reporter gene as it is in split-ubiquitin system, split proteins function as reporters themselves (Figure
2.4b). For instance, interaction of bait and prey proteins fused to two halves of β-galactosidase
protein can be observed by the β-galactosidase activity, rather than introducing a β-galactosidase
gene as a reporter in a split-ubiquitin system. In principle, most of the proteins can be split into such
fragments; however, there are a few criteria that must be met for the successful design of a split-
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protein reporter. Each protein fragment by itself should not demonstrate any activity; affinity of the
fragments in the absence of the interaction between bait and prey should be negligible; and the
reassembled protein must provide a readily measurable read out. Up to date many reporter proteins
were used to identify or test protein-protein interactions. As mentioned, β-galactosidase is one of the
earliest ones to be used [73]. In a setup with split β-galactosidase proteins, interaction of candidate
proteins can be measured by using a colorimetric assay. Other reporter proteins such as GFP [74],
YFP [75] and luciferase [76–78] whose readouts can be detected by fluorescence techniques are also
employed to test/identify interactions. Moreover, the auxotrophic marker Trp1p, a yeast tryptophan
synthesizing enzyme, is also used as reporter protein in PCA [79]. Besides those mentioned,
dihydrofolatereductase [80], [81], β-lactamase [82], [83], cytosine deaminase [84], TEV protease [85],
thymidine kinase [86] and chorismatemutase[87] are among the proteins used as reporter genes.
Tarassov et al. performed a systemic binary screen for protein-protein interactions at a
genome wide scale in S. cerevisiae using a PCA based on a dihydrofolate reductase assay [88]. They
included 1124 endogenously expressed proteins and identified 2770 interactions. Among these
interactions membrane proteins were also included, such as V-ATPase complexes and ESCRTs
(endosomal sorting complexes required for transport) [88].
PCA is a useful and often preferred method to study membrane protein interactions. Up to
date about 10 percent of yeast protein interactions were identified by PCA (Figure 2.1). The only
difference between PCA and the yeast two-hybrid system is that there is no transcriptional step in
PCA. However, this can be an advantage, since interaction of proteins can give direct readouts.
However, it must be noted that the reassembly of some of the split-protein reporters (e.g. GFP) is
irreversible. This feature can limit the ability to gain temporal information on interactions, although
they are useful to trap low affinity interactions [89].

2.7 Discussion
The budding yeast S. cerevisiae has several advantages such as short life cycle, possession of
eukaryotic secretory machinery and post-translational modifications. Another powerful feature of yeast
is easier manipulation of the genome compared to mammalian cells. Thus it is also used to establish
new technologies to study interactions of eukaryotic proteins.
The yeast two-hybrid technologies presented here are effective tools to fish for membrane
protein interacting partners. As summarized in Table 2.1, not all of these methods can be used to test
an interaction between two membrane proteins. Even though the bait protein is a membrane protein,
some of these methods can only be used to fish for soluble proteins (the rRRS, G-protein fusion
based system). However, methods like the split-ubiquitin and the protein complementation assay have
minor limitations making these methods the most often employed.
Even though yeast two-hybrid approaches are cost-effective and readily applied, they can be
problematic due to some features of the host organism. First of all, it is a known fact that expression
of some membrane proteins might be toxic for yeast. If an auxotrophic marker is used to observe an
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interaction, toxicity of a membrane protein may give a false negative. Second, expression levels of the
proteins of interest are also challenging. For instance, in a split-ubiquitin system, a highly expressed
bait protein can mislocalize to the nucleus and initiate reporter gene transcription on its own. Or else,
in an rRRS setup, mRas-fused prey protein with a low expression level may not be able to find its
partner on plasma membrane. Moreover, if a non-yeast membrane protein is tested, it must always be
taken into consideration that missing or additional cofactors and proteins in the yeast milieu may give
false readouts. Another possible drawback is that if protein-protein interactions depend on free amino
or carboxyl termini, steric hindrance due to the fusion can give a negative readout. That is why most
interactions identified by the yeast two-hybrid are also tested by biochemical assays.
Table 2.1: Summary of the described yeast two-hybrid methods

Method

Possible baits

Possible preys

Cellular compartment

Classical yeast two-hybrid system

Soluble proteins

Soluble proteins

Nucleus

Sos-recruitment system

Soluble proteins

Membrane localized

Plasma membrane periphery

proteins
Ras-recruitment system

Soluble proteins

Membrane localized

Plasma membrane periphery

proteins
Reverse Ras-recruitment system

Membrane

Soluble proteins

Plasma membrane periphery

Membrane

Soluble or

Cytosolic side of any membrane

proteins

membrane proteins

Membrane

Soluble or

proteins

membrane proteins

Extracellular or TM

Extracellular or TM

proteins

proteins

Membrane

Soluble or

proteins

membrane proteins

proteins
Split-ubiquitin system

G-protein fusion system

SCINEX-P

Protein complementation assay

Plasma membrane periphery

Endoplasmic reticulum

Cytosolic side of any membrane

Despite the fact that the original yeast two-hybrid system has limitations for membrane
proteins, the improved two-hybrid systems listed here made it possible to study many membrane
proteins, including extracellular, outer nuclear and other organellar membrane proteins. Moreover,
with the help of available cDNA libraries from many tissues of several organisms, yeast two-hybrid
systems might be one of the most effective tools to identify membrane protein interactions.
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Chapter 3
INCORPORATION OF PHOTO-CROSSLINKING AMINO ACIDS INTO PROTEINS IN A SITE
SPECIFIC MANNER

3.1 Introduction
Crosslinking is a way to confirm or identify protein-protein interactions. Especially for studying
transient interactions, linking two interacting proteins by a covalent bond is a convenient approach. In
chemical crosslinking, when exposed to a common crosslinker, most of the functional groups react
quickly enough to permit a ‘freezing’ in place of interactions, thus fixing the interacting molecules in a
complex sufficiently stable for isolation and characterization [90]. Following the crosslinking, the
protein of interest is purified with the crosslinked proteins and interacting partners are identified by
either mass spectrometry techniques or using known antibodies. Formaldehyde, an amine-reactive
chemical crosslinker, due to its small size has been employed numerous times to crosslink proteins
through primary amines. However, it can spontaneously form polymers in solution and is not proteinspecific, thus it can crosslink other macromolecules such as lipids and DNA. Moreover, the complex
chemistry of formaldehyde can result in heterogeneous products making analysis by mass
spectrometry difficult [91]. NHS-esters have relatively less complex chemistry and are more specific
for proteins. However, they have limitations for crosslinking and the cell membrane is not permeable
for these chemicals. [90], [91].
A direct way to study protein-protein interactions in living cells is crosslinking proteins by
using unnatural photo-reactive amino acids. In 1986, Kauer et al. described the photo-crosslinking
amino acid p-benzoyl-L-phenylalanine (pBpa, Figure 3.2), and small peptides containing photocrosslinking amino acids were obtained by chemical synthesis

[92].

Moreover, it has been

demonstrated that photo-crosslinking amino acids can be incorporated into proteins by an in vitro
assay using chemically misacylated tRNAs [93], [94]. However, the yields in chemical misacylation
are low and the proteins are generated in vitro. In another study, unnatural amino acids have been
used for acetylcholine receptors in Xenopus oocytes by microinjection of a chemically misacylated
tRNA and the relevant mRNA [95]. Although methods using chemically misacylated tRNAs are quite
useful, they are limited to the production of small quantities of protein due to their stoichiometric
nature.
About a decade ago, the ability to incorporate unnatural amino acids into proteins at defined
sites in vivo was introduced by the Schultz Lab [96]. Here, we report the technology of in vivo
incorporation of photo-crosslinking amino acids developed by the same group to study protein-protein
interactions. Moreover, we report studies in which this new technology was employed in membrane
protein interactions.
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3.2 Expanding the Genetic Code with Photo-Crosslinking Amino Acids
Addition of a new amino acid to the genetic repertoire in vivo requires new components for the
translational machinery [96]. First of all, a photo-crosslinking amino acid is required, which cannot be
a substrate of any of the endogenous aminoacyl-tRNA synthetases. The amino acid must be
efficiently transported into the cytoplasm when it is added to the growth medium. Secondly, a new
tRNA is needed that is not recognized by the existing host aminoacyl-tRNA synthetases, but functions
efficiently in translation (i.e. an orthogonal [meaning that it functions independently of the endogenous
synthetases and tRNAs] tRNA). This orthogonal tRNA must be able to deliver the novel amino acid in
response to a codon that does not encode any of the common 20 amino acids (nonsense or four-base
codon). Finally, a new aminoacyl-tRNA synthetase (an orthogonal synthetase) is also required. This
synthetase aminoacylates the orthogonal tRNA, but does not recognize any of the endogenous tRNAs
of the host organism. Moreover, this synthetase must use only the desired photo-crosslinking amino
acid but not any of the other 20 amino acids as substrate (Figure 3.1) [96].

Figure 3.1: a. To introduce an unnatural photo-crosslinking amino acid into a protein, the amino acid is added to the growth
medium and taken up by the cell. The photo-crosslinking amino acid is recognized by an orthogonal aminoacyl-tRNA
synthetase and attached to an orthogonal amber codon suppressor tRNA, allowing its incorporation into the peptide in
response to the amber stop codon UAG. b. The pyrrolysyl-tRNA synthetase (PylRS)-tRNA pair from Methanosarcina barkeri or
Methanosarcina mazei is orthogonal for both bacteria and eukaryotes. On the other hand, M. jannaschii tyrosyl-tRNA
synthetase (MjTyrRS)-tRNA pair is orthogonal in bacteria; and E. coli tyrosyl-tRNA synthetase (EcTyrRS)-tRNA is orthogonal
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(Figure 3.1 continued) only in eukaryotes. The dashed arrows connect synthetase-tRNA pairs to organisms which they crossreact with their endogenous translational components. (This figure is adapted from Davis and Chin [97])

Initial efforts to encode unnatural amino acids in E. coli were aimed at engineering an
endogenous aminoacyl-tRNA synthetase / tRNA pair to be orthogonal in E. coli. However,
misaminoacylation of native tRNAs by engineered aminoacyl-tRNA synthetases resulted in false
incorporation of unnatural amino acids. In order to overcome this problem, in vitro studies identified
orthogonal pairs from other organisms which do not interact with E. coli tRNAs and aminoacyl-tRNA
synthetases. One candidate pair is the tyrosyl tRNA (Mj-tRNATyr) and its synthetase (MjTyrRS) from
Methanococcus jannaschii, an archaebacterium. Tyrosyl tRNA of M. jannaschii has a different identity
element from E.coli tyrosyl tRNA (First two base pair of the acceptor stem is CG in M. janaschii and
GC in E. coli) [96]. Moreover, MjTyrRS does not have an editing mechanism and therefore, should not
proofread if an unnatural amino acid is charged to the tRNA. Since the amber stop codon is the least
used among the three stop codons (7%) in E. coli and rarely terminates any essential genes [98], MjtRNATyr was mutated to an amber suppressor tRNA, Mj-tRNATyrCUA, which can be efficiently
aminoacylated by MjTyrRS and is a poor substrate for the E. coli synthetases. In order to reduce the
interaction of Mj-tRNATyrCUA with E. coli synthetases, 11 nucleotides of the tRNA that are known not to
interact with the MjTyrRS were randomly mutated to generate a suppressor tRNA library. This library
was passed through a negative selection which removes tRNAs that are aminoacylated by E.
colisynthetases and then through a positive selection for tRNAs that can be efficiently aminoacylated
by MjTyrRS ([96] and references within)
In order to alter the amino acid specificity of MjTyrRS, in order for it to charge the MjTyr

tRNA

CUA

with an unnatural amino acid, five residues in the active site of MjTyrRS were mutated

according to the crystal structure of the homologous tyrosyl-tRNA synthetase from Bacillus
stearothermophilus. A large library of MjTyrRS mutants consisting of more than 108 mutants was
developed and subjected to a double-sieve selection. In the positive selection, suppression of an
amber stop codon introduced to a nonessential position in the chloramphenicol resistance gene,
chloramphenicol acetyl transferase, was aimed for. Cells transformed with the mutant MjTyrRS library
and Mj-tRNATyrCUAgene were selected for their survival in media containing the unnatural amino acid
and chloramphenicol. Since suppression efficiency of Mj-tRNATyrCUA was already known, cells can
survive chloramphenicol treatment if mutant MjTyrRS can charge the orthogonal tRNA with a natural
or unnatural amino acid. The surviving cells were then subjected to a negative selection, in which the
surviving cells were grown in the presence of chloramphenicol and in the absence of unnatural amino
acids. Thus, cells that can introduce only unnatural amino acids are not able to grow in the presence
of chloramphenicol. Those cells that did not survive were isolated in a replica plate and identified as
orthogonal aminoacyl-tRNAsynthetases ([96] and references within).
Subsequently to the development of the method to incorporate unnatural amino acids into E.
coli proteins, the first photo-crosslinking amino acid introduced into E. coli translational machinery in
response to the amber stop codon TAG was pBpa [99].It was demonstrated that mutant aminoacyltRNA synthetase MjBpaRS is able to charge mutant tRNA with pBpa and pBpa can be incorporated to
amber sites with high-fidelity [99]. Subsequently to the introduction of the first photo-crosslinking
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amino

acid,

other

photo-crosslinking

benzofuranylalanine[101],

amino

acids

p-azido-L-phenylalanine

(pAzpa)

[100],

4’-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenylalanine (TfmdPhe) [102]

and 3’-azylbutyl-N-carbamoyl-lysine (AbK, Figure 3.2) [103] were also incorporated into theE. coli
translational machinery.

Table 3.1: List of the most common employed photo-crosslinking amino acids and host organisms in which they are
incorporated into proteins

Host organism

Origin of orthogonal aminoacyltRNA

Photo-crosslinking amino acid

synthetase
E. coli

M. jannaschii

pBpa[99]

E. coli

M. jannaschii

pAzpa[100]

E. coli

E. coli

Benzofuranylalanine[101]

E. coli

M. jannaschii

TfmdPhe[102]

E. coli

Methanosarcina barkeri / M. mazei

AbK[103]

S. cerevisiae

E. coli

pAzpa[104]

S. cerevisiae

E. coli

pBpa[105]

S. cerevisiae

Methanosarcina barkeri / M. mazei

AbK[106]

Mammalian

E. coli

pBpa[107]

Mammalian

E. coli

pAzpa[108]

Mammalian

E. coli

TfmdPhe[109]

Mammalian

Methanosarcina barkeri / M. mazei

AbK[103]

Mammalian

Methanosarcina mazei

TmdZLys[110]

Following these developments in bacteria, manipulating the translational machinery of more
complex organisms, such as yeast has occurred. Similar steps as described for E. coli are to be used
for eukaryotes. However, the translational machinery is not well conserved between prokaryotes and
eukaryotes. Thus, components that were employed for E. coli (tRNAs and aminoacyl-tRNA
synthetases) may not be used for eukaryotes, since they may cross-react with endogenous tRNAs
and synthetases. Thus, instead of M. jannaschii, translational components (tyrosyl-tRNA synthetase
(EcTyr-RS) and tRNA) originating from E. coli were employed to incorporate amino acids pAzpa,
pBpa and AbK into proteins in S.cerevisiae[104–106]. After incorporation of the first unnatural amino
acid into mammalian cells using E.coli aminoacyl-tRNA synthetase[111], it is followed by photocrosslinking amino acids, such as pBpa[107] and pAzpa[108], as listed in Table 3.1.

3.3 In vivo Photo-Crosslinking of Membrane Proteins
In a typical experiment, the unnatural photo-crosslinking amino acid is genetically installed at a single
site in a protein as described above. Then the protein is irradiated with ultraviolet light. Then, a
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binding partner in the close proximity of the photo-crosslinking amino acid becomes covalently
trapped, which allows the subsequent identification steps such as by mass spectrometry.
Crosslinking experiments using genetically encoded pBpa allowed identification of many
protein-protein interactions among cytoplasmic or membrane proteins [107], [109], [112–116]. Besides
the fact that pBpa is one of the earliest available amino acids used in crosslinking studies [92], it is
also chemically stable and reacts with C-H bonds upon excitation at 350-360 nm, which is a
wavelength that avoids protein and nucleic acid damage [117].

Figure 3.2: Chemical structures of photo-crosslinking amino acids mentioned in this study.

In their work, Mori and Ito studied the interaction of SecY and SecA at a detailed level in E.
coli using the technique described above. In bacteria SecYEG (SecY-SecE-SecG) is a
transmembrane complex that participates in cotranslational integration of membrane proteins and the
SecA- and SecB-dependent post-translational translocation of periplasmic and outer membrane
proteins. Molecular details of SecA-SecYEG interaction remain poorly understood, including where
the binding interface between SecA and SecYEG is. To investigate this interface between SecA and
SecY, 53 different amino acid positions of the six cytoplasmic domains of SecY were mutated to pBpa
by introducing amber mutations in the secY gene. Subsequent to photo-crosslinking and purification
of the SecY protein, immunoblotting against SecA protein has resulted in identification of SecA
interacting residues of SecY protein [118].
In another study in yeast, the direct interaction of Tom7, a subunit of the mitochondrial outer
membrane TOM40 complex responsible for β-barrel membrane proteins to enter mitochondria, with
Tom40 protein and Mdm10 protein was identified. Tom40 protein is another component of the TOM40
complex, which is mainly formed by the beta-barrel pore of the Tom40 protein. Mdm10 occupies a site
core

of the TOB

complex, which is the complex employed by the outer membrane proteins to be
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inserted in the outer membrane after they passed through TOM40 complex. To test whether Tom40
and Mdm10 interact with Tom7, the amber codon was introduced at various positions in the Tom7
gene to express pBpa in yeast cells. Subsequent to expression and UV radiation of cells, crosslinked
partner proteins of Tom7, which are Tom40 and Mdm10, were identified by immunoblotting with
antibodies against these two proteins [116]. Moreover, it was shown in this study that Tom7 interacts
with both Tom40 and Mdm10 through the same side of its transmembrane helix.
Although pBpa is the most frequently used photo-crosslinking amino acid, it is not the best
one available. The benzophenone group of pBpa is sterically very demanding, and when placed at a
protein-protein interface, it may destroy the interaction of interest [103]. Due to its small size and
flexible nature, AbK is an alternative to pBpa[103][119]. Moreover, improved efficiency of AbK
incorporation is an advantage of this amino acid [119]. Another photo-crosslinking amino acid
TfmdPhe has also several advantages over pBpa incorporation in mammalian cells [102][109].
TfmdPhe has double the yield of pBpa incorporation in CHO cells [109]. Moreover, the crosslinked
product was detected for TfmdPhe after 1 minute of illumination, and maximum yield was reached
after 5 minutes. On the other hand, maximum yield of pBpa was only reached after 10-15 minutes
[109]. This indicates that when pBpa is used the possibility of non-specific crosslinking is higher.
Additionally, the newly discovered photo-crosslinking amino acid, TmdZLys presents a long-range
photo-crosslinking alternative in mammalian cells with its relatively long side chain moiety [110].

3.4 Discussion
Even though the incorporation of photo-crosslinking amino acids is a novel technology it became a
preferred method to study protein-protein interactions. Besides the fact that it is in vivo, this
technology does not require any fusion or truncation process to be applied, thus causing minimum
chance of steric hindrance or conformational perturbation. Because of these advantages, this
technique became the system of choice to study membrane proteins in bacteria [118], [120], [121] or
in the budding yeast [116], [122]. Even though no membrane studies using this novel method was
done in mammalian cells, incorporation of photo-crosslinking amino acids into mammalian proteins
was achieved using the same principle[107], [108], [123]. Moreover, it was used to find binding
partners of a soluble protein in mammalian cells [109].
Another advantage of this method is that it is site-specific. Since photo-crosslinking is not for
long-range, only interacting amino acids or residues close to the interaction surface can be
crosslinked. Using this advantage, interaction sites of known interacting proteins were also identified
[118]. On the other hand, this can also be a drawback. For instance, to identify binding partners of a
bait protein, substituting only one amino acid residue with a photo-crosslinking amino acid will result in
the proteins which interact with the substituted amino acid residue. Thus, in order to find all the
binding partners of a protein, several amino acids in the protein must be substituted one-by-one, since
altering many amino acid residues at once may cause conformational changes. Fortunately for
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transmembrane proteins, the cytoplasmic portion of the protein, in general, contains the interacting
residues of these proteins, which may reduce to amount of work needed.
Some new developments have been reported for this method. For instance, it is reported that
a new strain of bacteria was produced which contains the required genes to synthesize the unnatural
amino acid of interest from simple carbon sources [124]. The next step could be a strain which can
synthesize the required photo-crosslinking amino acids. Moreover, over-expressed suppressor
tRNACUA using polycistronic constructs [125], [126] can increase the efficiency of incorporation of
unnatural amino acids. Since suppressor tRNA is in a competition with translational termination
factors to response the amber codon, over-expression of tRNA can reduce the chance of termination
factors stopping translation.
Despite the fact that the technology of in vivo incorporation of photo-crosslinking amino acids
might be time-costly due to the required design of several cDNA sequences, it is still an efficient
technique to identify binding or interacting partners of membrane proteins.
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Chapter 4
SUMMARIZING DISCUSSION

Membrane proteins are essential for many cellular processes including reaction to surrounding
environment, multicellular structure, protein folding and energy production. In order to understand
molecular mechanisms of membrane proteins, knowledge of membrane protein interactions is as
significant as functional and structural information. Various biochemical techniques are available for
analysis of protein-protein interactions. However, such techniques are in vitro and the outcome may
be affected by purification steps and not sensitive to transient and weak interactions. Moreover,
studying membrane proteins with many biochemical techniques is difficult, since their recombinant
expression may be toxic for the host organism. Subsequent to the solubilization of these proteins with
detergents, preserving the functional conformation is challenging. Here I described two methods to
study interactions of membrane proteins in vivo.
In advanced yeast two-hybrid techniques, the original yeast-two hybrid method, which is to
study proteins in the nucleus, was improved to study membrane proteins. Using the budding yeast
S.cerevisiae to test membrane protein interactions has several advantages, such as the possession of
an eukaryotic secretory machinery including post-translational modifications. Moreover, the short life
cycle and easy manipulation of the genome are among the advantages of using yeast. In the reverse
Ras-recruitment system, the inability of the cdc25-2 yeast strain to grow at high temperatures was
taken advantage of. In the rRRS setup, membrane-localized bait mediates the Ras protein fused
cytosolic prey, thus growth can be regained. The Split-ubiquitin system is the most often employed
yeast two-hybrid system to study membrane proteins. In this system, two interacting proteins can
bring two halves of a ubiquitin moiety together and the reporter protein, which is fused two one of
these halves, can be released by ubiquitin-specific proteases. Reporter gene can be a transcription
factor and start the transcription of a reporter gene or it can be another protein whose release can be
detected by SDS-PAGE. In this system, while bait can be a membrane protein on the cytoplasmic site
of any membrane, prey can be either a membrane protein or a soluble protein. The Protein
Complementation Assay uses the same principle as the split-ubiquitin system that reconstitutes two
split halves of a protein by a protein-protein interaction, however; the only difference is that in PCA,
the reconstituted protein functions as reporter protein. The SCINEX-P system is to detect proteinprotein interactions which occur in the ER, and takes advantage of the unfolded protein response
mechanism. Two interacting proteins dimerize the unfolded protein sensor protein and initiate the
response pathway, in which unfolded protein response elements are attached to reporter genes. This
method is generally employed to detect interactions between extracellular proteins. In G-protein
fusion based yeast two-hybrid system, the prey is fused to Gγ subunit of heterotrimeric G-protein
and upon interaction between membrane protein bait and fusion protein prey, Gγ subunit cannot
function its role in GPCR downstream pathway. Therefore, growth of yeast stops when interaction
between bait and prey occurs.
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Up to date, over 40% of known protein-protein interactions were identified by yeast-two hybrid
system and PCA [14]. Moreover, a project so-called Membrane-protein Interaction Network Database
(MIND) is on its way to identify interactions of over 4000 membrane protein in Arabidopsis thaliana
using yeast two-hybrid and PCA (http://www.associomics.org/Associomics/Home.html). Even though
it is readily and often employed, results obtained from yeast two-hybrid system experiments might be
biased since these experiments are conducted under non-physiological expression conditions. That is
why information gained from yeast two-hybrid systems is verified with a different assay, such as
affinity purification, using endogenous expression levels of proteins.
Besides the two-hybrid methods, introduction of unnatural photo-crosslinking amino acids into
proteins by manipulating the translational machinery is a novel method to study interactions of
membrane proteins. These amino acids can be incorporated into proteins in a site specific manner by
manipulating the translational machinery in bacteria and eukaryotes. In order to achieve this, a tRNA
which can suppress a codon in the endogenous translational system, an aminoacyl-tRNA synthetase
which can aminoacylate exclusively the suppressor tRNA with exclusively the photo-crosslinking
amino acid is required. Using this system, bacterial and eukaryotic membrane protein interaction
studies have been performed. A major advantage of using this system is there is no truncation or
fusion of the protein of interest. However, to identify an interaction using this method, several
constructs of protein of interest must be prepared, since the physical range of crosslinking is limited.
Here we listed the best two available in vivo technologies to study interactions of membrane
proteins with other proteins. With the help of available cDNA libraries, the yeast two-hybrid system is
the most often employed method to identify protein-protein interactions on membranes since it is costeffective, time-efficient and readily applied. On the other hand, site specific incorporation of photocrosslinking amino acids may not be among the most often used techniques, since it is a novel
approach. However, it can still be considered among the best available in vivo methods, since it is site
specific and cross-linking occurs at physiological expression levels without any truncation or fusion
process. In comparison to soluble proteins, membrane proteins are more challenging to study in vitro.
It must be always considered that no technology can identify all interactions, and all the technologies
have a certain fraction of false positives and negatives. The systems listed here are the most readily
applied, high throughput or specific methods currently available.
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