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Abstract

As a large, non-membrane bound organelle, the centrosome must rely heavily on protein-protein 

interactions to assemble itself in the cytoplasm and perform its functions as a microtubule-

organizing center. Therefore, to understand how this organelle is built and functions, one must 

understand the protein-protein interactions made by each centrosome protein. Unfortunately, the 

highly interconnected nature of the centrosome, combined with its predicted unstructured, coil-

rich proteins, has made the use of many standard approaches to studying protein-protein 

interactions very challenging. The yeast-two hybrid (Y2H) system is well suited for studying the 

centrosome and is an important complement to other biochemical approaches. In this chapter we 

describe how to carry out a directed Y2H screen to identify the direct interactions between a given 

centrosome protein and a library of others. Specifically, we detail using a bioinformatics based 

approach (structure prediction programs) to subdivide proteins and screen for interactions using an 

array-based Y2H approach. We also describe how to use the interaction information garnered from 

this screen to generate mutations to disrupt specific interactions using mutagenic-PCR and a 

“reverse” Y2H screen. Finally, we discuss how information from such a screen can be integrated 

into existing models of centrosome assembly and how it can initiate and guide extensive in vitro 
and in vivo experimentation to test these models.
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1. Introduction

The centrosome is the major microtubule-organizing center (MTOC) of many cells (Figure 

1A). As an MTOC, the centrosome functions in a variety of cellular processes including cell 

migration, neuronal path finding, axon selection, immune cell function, cell polarity and 

mitosis (reviewed in Bornens, 2012; Angus and Griffiths, 2013; Sakakibara et al., 2013; 

Elric and Etienne-Manneville, 2014; Bettencourt-Dias et al., 2011). Centrosomes consist of 
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two major components, the core centriole pair and the pericentriolar material (PCM), both 

identifiable by light and electron microscopy. Centrioles are composed of 9 triplet 

microtubules (MTs) and many associated proteins arranged as a barrel (Figure 1B). 

Centrioles play many critical roles, such as ensuring proper centrosome duplication, serving 

as an anchor and organizer of PCM, and functioning as the basal body responsible for 

nucleating cilia and flagella. The PCM surrounds the centrioles and is the region from which 

MTs are nucleated and anchored (Figure 1A, B). While the PCM appears relatively 

unstructured by EM, super-resolution microscopy has revealed some amount of spatial order 

to several PCM proteins (Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; 

Sonnen et al., 2012).

The protein composition of centrosomes is increasingly well understood. Multiple groups 

have succeeded in purifying the entire organelle from cells and have revealed several 

hundred proteins associated with the centrosome (Andersen et al., 2003; Jakobsen et al., 
2011; Muller et al., 2010). As is the case with other large molecular assemblies, a detailed 

understanding of the function of any centrosome protein must include an understanding of 

how it physically interacts with others. Only with this level of understanding can one begin 

to probe the true consequences of perturbing protein function by mutagenesis. In this 

chapter, we will discuss some of the challenges to studying the protein-protein interactions 

of the centrosome. We will then discuss the benefits of studying these interactions by Y2H 

and describe how to carry out an array-based screen to identify the interactions within a 

collection of centrosome proteins. Finally, we will discuss how the information gained from 

this method of Y2H screening can guide further experimentation, including the generation of 

highly specific, separation of function mutants using a reverse-Y2H approach. In 

combination with other powerful genetic, biochemical and cell biological approaches, these 

Y2H techniques should help propel our understanding of the biology of the centrosome.

1.1 Identifying direct protein interaction have had a profound impact on understanding 
centrosome function

A few direct interactions among centrosome proteins have been successfully identified and 

the conclusions drawn from these studies have truly advanced our understanding of 

centrosome biogenesis. A particularly insightful set of interactions are those identified 

among the core centriole proteins, Sas6, STIL/Ana2/Sas5, Cep135/Bld10 and CPAP/Sas4 

(Figure 2A). For this set of proteins the addition of direct protein-protein interaction data to 

the genetic and structural information has begun to crystalize a view of the centriole 

architecture. The interaction between Sas6 and STIL/Ana2/Sas5, which in some systems is 

regulated by the master centriole duplication kinase Plk4, is likely one of the earliest events 

in the construction of a new centriole, termed a procentriole (Leidel et al., 2005; Dzhindzhev 

et al., 2014; Ohta et al., 2014). The interactions that Sas6, and its Chlamydomonas 
reinhardtii ortholog Bld12, can make with itself seem likely to help establish the stereotypic 

centriole symmetry. Sas6 homodimerizes via its C-terminal tails and oligomerizes via its 

globular heads. Together, these interactions drive the formation of higher order structures 

that likely help establish the 9-fold radial symmetry of the procentriole's cartwheel (van 

Breugel et al., 2011; Kitagawa et al., 2011). In this higher order structure, the C-termini of 9 

Sas6 dimers radiate out from a central hub (Figure 2B, two of nine Sas6 dimers are shown). 
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The C-terminal end of Sas6 can interact with Cep135, which in turn, interacts with CPAP/

Sas4. Since both Cep135 and CPAP/Sas4 can interact with MTs, an attractive model is that 

these interactions link the spokes of the Sas6 cartwheel to the MTs of the centriole wall, thus 

connecting the 9-fold symmetry of Sas6 tails to the triplet MTs (Lin et al., 2013; Hiraki et 
al., 2007; Roque et al., 2012). Therefore, the identification of direct interactions, in 

combination with other approaches, has helped shape this fundamental model of the 

centriole core.

Interactions between centrosome proteins have offered insight into other centrosomal 

processes, including regulation of centriole duplication (Dzhindzhev et al., 2014; Hatch et 
al., 2010; Ohta et al., 2014; Kim et al., 2013; Sonnen et al., 2013) and centriole length 

control (Spektor et al., 2007). Insight provided from these interactions bodes extremely well 

for the success of future endeavors to define more interactions among centrosome proteins.

1.2 Challenges to understanding protein-protein interactions in the centrosome

As illustrated by the examples above, understanding how centrosomes are assembled, 

regulated and perform their cellular functions will require a detailed understanding of how 

its proteins physically relate to each other. Loss-of-function and other genetic studies in vivo 
have been extremely fruitful in identifying proteins critical for major aspects of centrosome 

biology, such as centriole duplication and MTOC activity. In fact, much of our 

understanding of the initial steps of centriole duplication stems from pioneering genetic 

work in Caenorhabditis elegans (Dammermann et al., 2004; Delattre et al., 2004; Kemp et 
al., 2004; Leidel and Gonczy, 2003; Leidel et al., 2005; O'Connell et al., 2001; Pelletier et 
al., 2006) and later from RNAi based screens in cultured cells (Balestra et al., 2013; 

Dobbelaere et al., 2008; Goshima et al., 2007). However, these genetic studies have only 

provided limited insight into the interconnectedness of the centrosome. Some of this stems 

from the fact that disrupting many of the most important proteins leads to loss of the entire 

organelle, making it difficult to assess how the absence of one protein impacts the behaviors 

of others.

Understanding the nature of the protein-protein interactions within the centrosome, which 

are critical for its function, is challenging for a number of reasons. One major obstacle is the 

centrosome's size – it is a micron-scale, supra-molecular machine. It consists of hundreds of 

proteins, 50–100 of which are important for its centriole and MTOC functions. This predicts 

a very large number of possible interactions. Investigating each in a pairwise fashion using 

biochemical methods such as in vitro binding assays of purified components would be 

prohibitively laborious. Furthermore, it is becoming more evident that centrosome proteins 

are an unusually challenging class of proteins to study in vitro. More than half of the 

residues in human centrosome proteins are predicted to be in disordered structures and many 

are predicted to be part of coiled-coils (Dos Santos et al., 2013). It is possible that many 

proteins only adopt a stable state in the context of their binding partners and/or the local 

environment of the centrosome. In a high-throughput screen for soluble centrosome proteins, 

only 32.5% of centrosome proteins were soluble in lysates of E. coli expressing recombinant 

forms of the proteins. This success rate was not improved when only using putative globular 

domains (Dos Santos et al., 2013). These unusual characteristics of centrosome protein may 
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contribute to the reason why only a few centrosome proteins have been purified for 

crystallography to date, all of which are relatively small portions of the protein. 

Furthermore, several have required complex, or unconventional procedures to ensure protein 

behavior (Cottee et al., 2013; Qiao et al., 2012; van Breugel et al., 2011; Zheng et al., 2014). 

The need for such protein specific treatment, although fruitful as in the case of the core 

centriole components, is a low-throughput approach and is not conducive to elucidating the 

large numbers of interaction that occur in the centrosome. Furthermore, many techniques for 

studying interactions in vitro are biased towards high-affinity interactions (Bruckner et al., 
2009) and could miss lower-affinity interactions that might be critical for centrosome protein 

dynamics, especially within the PCM. As an alternative to using purified component, one 

can probe centrosome protein interactions in vivo using a co-immunoprecipitation (Co-IP) 

approach. However, Co-IP experiments of any centrosome protein leave open the possibility 

that the detected interaction is not direct. Thus, such an approach should be paired up with 

other methods such as direct in vitro binding assays (if possible) or a Y2H analysis as 

discussed below.

2. Dissection of complex, multi-component protein machines using Y2H

Given how little we know about the protein connections within the centrosome, there is a 

great need for a method that would uncover all the potential interactions in a quick and high-

throughput manner. Here, we suggest that a Y2H approach is part of the solution – serving 

as a critical first step to solving the complex interactions within the centriole and PCM.

2.1 General principle of the Y2H

The Y2H system was originally described by Fields and Song (Fields and Song, 1989). The 

original system relied on the fact that the DNA-binding domain (BD) and transcriptional 

activation domain (AD) of the S. cerevisiae transcription factor GAL4 can be separated. 

When separated neither can drive transcription from Gal4 responsive promoters on their 

own. However, a functional transcription factor can be reconstituted and drive transcription 

when a protein fused to a BD interacts with a protein fused to an AD. In turn, reporter gene 

activity allows one to infer a direct interaction between the proteins fused to the AD and BD 

(Figure 3A, B). Since its introduction, many modifications and variations of the Y2H system 

have been developed to make it easier to use, improve its efficacy, etc., but the general 

principle of Y2H systems remains the same.

2.2 Advantages of the Y2H system for complex, multi-component protein machines

Testing interactions by the Y2H system has several advantages. Y2H requires little 

specialized equipment. Any lab capable of growing yeast cultures can perform it in its 

simplest forms. It does not require proteins to be purified to perform the assay, an advantage 

for studying challenging proteins, like those of the centrosome. The test for interaction by 

Y2H occurs in the nucleus of the yeast cells, so unless one is studying a protein normally 

native to the yeast nucleus, there is a reduced likelihood of detecting indirect interactions. 

Finally, with some modifications, Y2H is amenable to being used in a high-throughput 

setting, allowing a protein of interest to be tested for interactions with many proteins.
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The Y2H system is well suited for studying complex multi-protein systems, because of its 

modularity and ease of use. In fact, several groups have used the Y2H to elucidate the 

interactions among proteins of whole organisms from viruses to yeast (reviewed in Roberts 

et al., 2012). In Drosophila melanogaster, our model system of choice, three large scale 

Y2H-based interactomes have been generated (Giot et al., 2003; Stanyon et al., 2004; 

Formstecher et al., 2005). However, a surprisingly small number of interactions between 

centrosomal proteins have been identified. Below, we discuss a possible explanation for this 

low number.

In addition to genome-scale interaction screens, targeted Y2H screens have been critical for 

understanding the interactions that occur within multi-protein assemblies involved in a 

variety of cellular processes. Of significant interest to those who study the centrosome are 

the interactions determined among proteins of complex structures related in form or function 

to the centrosome. For example, a large proportion of centrosome proteins are predicted to 

form coiled-coils (Dos Santos et al., 2013). Therefore, studies that used a Y2H system to 

map coiled-coil protein interactions in Saccharomyces cerevisiae could be very insightful 

(Newman et al., 2000; Wang et al., 2012). Interestingly these screens identified a number of 

interactions among the proteins of the kinetochore, responsible for connecting MTs to the 

chromosomes during mitosis, and also among the proteins of spindle pole body (SPB), the 

functional equivalent of the centrosome in yeast. Like the centrosome, both the kinetochore 

and the SPB are coiled-coil rich organelles involved in regulating MT attachments. The 

protein-protein interactions of the kinetochore (Shang et al., 2003; Ikeuchi et al., 2003; 

Ikeuchi et al., 2010; Wong et al., 2007) and the SPB (reviewed in Schramm et al., 2001; 

Adams and Kilmartin, 1999; Elliott et al., 1999; Schramm et al., 2000) have been 

extensively probed by Y2H, leading to important discoveries about protein function, as well 

as providing critical information for understanding the role of the larger protein assembly. In 

Drosophila, the Y2H system has been successfully used to uncover extensive direct 

interactions between the PCM proteins Cnn, Asl and Spd2 (Conduit et al., 2014). 

Extrapolating from this work, we predicts a massive number of centrosome interactions have 

yet to be discovered; investigating the importance of the Cnn-Asl-Spd2 and other 

interactions will be a challenging, yet exciting endeavor.

2.3 Limitations of the Y2H system

Like all approaches, there are several limitations to the Y2H method. The system generates 

false negatives that arise for a variety of reasons. In some cases the interaction between test 

proteins might place the BD and AD in a spatial configuration where they cannot form a 

functional unit, for example due to steric hindrances. False negatives also arise when one or 

both of the test proteins are not present in the yeast nucleus due to protein instability or its 

failure to enter the nucleus. Finally, many protein-protein interactions are regulated by post-

translational modification. These modifications will likely be absent in an Y2H assay and 

interactions that require them will be missed (reviewed in Rajagopala and Uetz, 2009; 

Bruckner et al., 2009)).

The system can also produce false positives. Some proteins, when fused to either the AD or 

BD can activate transcription in the absence of an interaction partner. Fortunately, as 
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discussed below, these proteins can be easily identified and the results discarded. Several 

approaches have been utilized to further reduce the number of false positive interactions that 

rely on increasing the stringency of the interaction. A widely used method is the addition of 

3-AT, a competitive inhibitor of HIS3, to the yeast growth media. Increasing concentrations 

of 3-AT increases the amount of HIS3 that must be produced to support growth, thus 

reducing the background of spurious false positives (Durfee et al., 1993; Fields, 1993). 

Another method to reduce false positives is to use multiple reporters under the control of 

different promoters. The ability of the interaction to initiate transcription on multiple 

promoters increases the confidence in the detected interaction (Rajagopala and Uetz, 2009). 

As discussed below, we have found the use of multiple reporters greatly reduces the positive 

interaction hit rate. However, the inability to activate transcription on one promoter does not 

mean the interaction is necessarily false. Therefore, in the protocol described below, we 

suggest screening for interactions using different combinations of reporters. Testing an 

interaction using multiple stringencies can provide several layers of information to help 

eliminate false positives, while not missing weak, but significant interactions. We also 

recommend screening against a selection of non-centrosomal proteins, especially coiled-coil 

proteins, to serve as negative controls; this can help eliminate false positives due to “sticky” 

proteins. We stress here that the Y2H should be viewed as an initial guide to further 

secondary experimentation that could support, or refute a direct interaction. In the case of 

the centrosome, we strongly believe that the Y2H is a necessary first step because of the 

obstacles mentioned above. Once a Y2H interaction is identified, the proteins of interest 

should be tested for interaction in vitro (if possible) using purified components, or in vivo 
using Co-IPs. These studies can then guide genetic studies in vivo to truly show functional 

relevance of interactions. High standards and experimental rigor should naturally eliminate 

false positives.

3. Performing an array based screen for centrosome protein interactions

In this chapter we will describe how to generate an arrayed library of centrosome proteins 

using protein sub-fragments, and how to then screen a single protein or fragment against the 

entire library. However, the principles described can easily be modified to scale down to 

testing single interactions, or scaled up with automation to test a larger set of proteins. While 

we use the proteins of the centrosome as an example, it is by no means limited to this 

organelle. Our approach should be useful to examine the interactions among any 

interconnected protein complex. To allow for the greatest degree of flexibility, we assume 

the reader has already generated their own list of proteins from which they wish to construct 

their library.

3.1 Selecting a Y2H system

Since its original development, many variations on the principle of the Y2H system have 

been developed, utilizing different fusion proteins, different reporters and different host cell 

types. We direct the reader to a comprehensive review of Y2H systems that includes detailed 

discussion of their advantages and disadvantages (Bruckner et al., 2009). Some thought 

should be given to the system selected prior to beginning the screen. Of particular note is the 

finding that different systems used to probe the same set of proteins did not yield a 
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completely overlapping set of interactions (Rajagopala et al., 2009; Stanyon et al., 2004). 

This work also highlights that an interaction might only be detected when protein X is used 

as a bait and protein Y is used as a prey, but not vice versa. This is consistent with our 

experience as well. We therefore test as many protein-protein pairs as possible in both 

directions. We describe a procedure to test interactions using an approach centered on the 

Matchmaker Gold system (Figure 3C, Clonetech, Mountain View, CA), but this protocol 

could be easily modified to accommodate other Y2H systems.

Since we are specifically interested in identifying how one centrosome protein can interact 

with other centrosome proteins, and not how it can interact with any protein per se, 

screening using an array-based Y2H system is perfectly suited for this application. In this 

type of screen, a collection of clones of known sequence is constructed in Y2H vectors. Bait 

and prey plasmids are separately transformed into yeast of opposite mating types. A 

collection of yeast strains of one mating type, each carrying a plasmid encoding a unique 

centrosome protein, are systematically arrayed in a manageable format, like that of a 

multiwell plate. Then, yeast of the opposite mating type, carrying the test Y2H vector, are 

mixed with the entire array. Yeast mating then brings the bait and prey plasmids together in 

the same diploid yeast cell. As a result each colony on the array contains a unique pair of 

proteins, which can be tested for interaction using reporter genes carried by the parental 

strains (reviewed in Uetz, 2002; Rajagopala and Uetz, 2009; Cagney and Uetz, 2001). This 

method accommodates testing a large number of combinations of potential interacting 

proteins in a systematic fashion and, as such, is ideally suited to understanding the 

interactions among proteins of a complex, an organelle and even a whole genome.

There are several advantages to performing a Y2H screen in an array-based format. Arrays 

allow for the immediate identification of the interacting proteins based on their position in 

the array. Unlike random library screening, plasmids from positive interactions do not need 

to be recovered and sequenced. This system can also be automated, allowing large sets of 

proteins to be systematically assayed. Finally, the array based format reduces the occurrence 

of certain types of false positives and makes the elimination of others easier due to the ease 

of retesting the interaction via a simple yeast mating (Reviewed in Uetz, 2002).

3.2 Dividing proteins into smaller fragments

Several large scale Y2H studies have indicated that it is advantageous to examine sub-

regions of proteins in addition to full-length proteins (Flajolet et al., 2000; Fromont-Racine 

et al., 2000; Boxem et al., 2008; Flores et al., 1999; Formstecher et al., 2005). There are 

several advantages to including smaller protein fragments in a Y2H screen. One is that it can 

separate regions of proteins problematic for use in Y2H from the remainder of the protein. 

This might include regions that contain elements toxic to the yeast or that can activate 

transcription of the Y2H reporter genes in the absence of an interaction (auto-activation). 

When separated, regions of the protein that do not have these issues can still be used to test 

for interactions. Another advantage is that sub-fragments might uncover interactions not 

revealed by full-length proteins. The studies referenced above indicate that some full-length 

proteins, while expressed, do not yield interactions, while sub-fragments of the same 

proteins do. Our experience confirms this observation. A fragment might outperform full-
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length proteins for a number of reasons. For example, full-length proteins might not fold 

correctly in yeast, precluding proper interaction with its partner. It is also possible that the 

BD or AD may be placed in a position causing steric hindrance to protein-protein interaction 

or to transcriptional activation. The failure of full-length proteins to interact may also be 

reflective of their biology. For example, many proteins are regulated via intra-molecular 

auto-inhibition mechanisms that restrict access to portions of themselves until a specific 

cellular event occurs. Thus, dividing a protein into smaller fragments might alleviate this 

auto-inhibition and expose a necessary binding domain or surface. The use of full-length 

proteins might be a factor contributing to the limited number of centrosomal protein 

interactions identified in genome wide Y2H screens mentioned above. We therefore 

recommend that proteins be assayed for interaction as both full-length and as small protein 

fragments, if possible.

We suggest a rational, structure-based (existing or predicted) approach to subdividing 

proteins prior to use in Y2H screens. For each centrosome protein we first determined if any 

structures of the protein has been solved. In the absence of existing structural information, 

we perform secondary and tertiary protein structure predictions utilizing two available 

structure prediction servers, Jpred3 and Phyre2, (Cole et al., 2008; Kelley and Sternberg, 

2009). We then screen the protein for known structural or functional motifs using the 

SMART web server (Letunic et al., 2014). Finally, since centrosome proteins are rich in 

sequences predicted to participate in the formation of coiled-coils, we use the COILS web 

server to predict such regions (Lupas et al., 1991). With this information in hand we divide 

these proteins into smaller fragments with the least disruption to the above features. As an 

alternative, several groups referenced above describe screening protocols where a protein of 

interest is screened against a collection of protein fragments that have been randomly 

generated prior to screening.

3.3 Generating the Y2H library

Commercial Y2H systems provide vectors that contain multiple cloning sites allowing for 

restriction enzyme based cloning. To reduce the labor in producing an array of protein 

fragments, bait and prey vectors modified to accommodate cloning techniques more 

conducive for use in high throughput circumstances can be used. One such modification was 

to make the Y2H vectors pGBKT7 and pGADT7 compatible with the Gateway cloning 

system (Rossignol et al., 2007); Life Technologies, Grand Island, NY). Our lab has further 

modified the Gateway compatible pGBKT7 vector by replacing the kanamycin resistance 

cassette with one providing resistance against ampicillin so that it could be used with 

Gateway Entry clones (Galletta et al., 2014). Sequences encoding the fragments should be 

generated by PCR and then cloned into Entry vectors. After verification by DNA 

sequencing, Gateway recombination reactions are performed to transfer these sequences into 

bait (pGBKT7) and prey (pGADT7) vectors. Other cloning systems can also be used, such 

as plasmid construction by homologous recombination in yeast.

As discussed above, bait and prey plasmids carried in yeast of opposite mating type are used 

to introduce pairs of proteins into the same yeast by mating. For this procedure, bait 

plasmids (pGBKT7) are transformed into the Y2HGold yeast strain, a MATα strain, and 
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prey (pGADT7) into the Y187 yeast strain, a MATa strain. Single colonies of each are 

selected, propagated and stocks of each bait in Y2HGold and each prey in Y187 are 

generated.

3.4 Autoactivation and false positive rate identification

A common limitation to testing protein interactions by Y2H is that some protein fragments, 

when introduced into the system, can activate the Y2H reporters in the absence of any 

binding partner. While this is more commonly a problem with fragments fused to the GAL4-

BD (bait), this can occur in GAL4-AD (prey) fusions as well (Serebriiskii and Golemis, 

2001). Prior to use in testing interactions, all strains carrying Y2H vectors should be tested 

for autoactivation by first generating “empty strains” (Prey-empty = Y187 containing empty 

pGADT7; Bait-empty = Y2HGold containing empty pGBKT7). Then, all newly generated 

stocks should be crossed to these `empty stains' and tested for reporter activity as described 

below. If the process is performed in a more high-throughput fashion, these `empty stains' 

should be placed into the array. Plates showing a positive signal in these control wells can be 

eliminated from the analysis. Protein fragments that cause autoactivation cannot be used in 

interaction testing. It is unlikely, however, that a protein will autoactivate as both prey and 

bait, and it is also unlikely that all subfragments of the same proteins cause autoactivation. 

Therefore, in a properly designed screen, little information is lost or missed due to 

autoactivation events. If this proves to be a major problem, we suggest repeating the process 

by designing, generating and testing new protein subfragments. Another useful control is to 

test for interactions against random, non-centrosomal proteins, to serve as control for 

particularly sticky proteins. Since so many proteins in the centrosome contain coiled-coils 

and disordered regions, proteins with these types of regions should be included.

3.5 Pre-screen planning

Depending on the number of interactions that one will test, screening using an array Y2H 

based system will involve growing a large number of yeast strains, moving and mixing a 

large number of cultures in a very specific order, dealing with many yeast plates and keeping 

track of a large dataset on the backend. Prescreen planning to ensure the availability of the 

correct amount of media, number of tubes and plates, etc. can help ensure the fewest 

missteps on the day of the screen. Tables 1 and 2 list the yeast media and equipment required 

for the screen we describe.

Some thought should also be given to the design of the array. We recommend including 

blank wells on each half of the 96 well array, in different positions, to aid in plate orientation 

(see below). We also recommend including a well for each of the `empty stains' to function 

as negative controls on each plate; they will serve as a readout of any unexpected 

autoactivation that might occur on the day of the experiment. Finally, this type of screen will 

yield a large data set that must be tracked and organized. We recommend building a 

database, using software such as Filemaker Pro (FileMaker, Inc., Santa Clara, CA) or Access 

(Microsoft, Redmond, WA), to track all the data.
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3.6 Screening for interactions

Here we describe the details for how to screen a single protein or protein fragment, against 

the collection of centrosome proteins generated above. As discussed, some protein-protein 

interactions only occur when protein X serves as the bait and protein Y as the prey, and not 

vice versa. Therefore, one must test any protein of interest against a bait array and a prey 

array to maximize the number of interactions identified. For simplicity, we will describe 

testing the centrosome protein encoded by Your Favorite Gene in a prey plasmid (YFG-

prey) against a collection of strains carrying bait plasmids encoding a variety of centrosome 

proteins in an array format (ARRAY-bait). However, we strongly suggest that the tests also 

be done in the opposite direction (YFG-bait against ARRAY-prey). Figure 4 diagrams the 

steps in the screening procedure.

3.6.1 Protocol

1) Grow fresh cultures of all yeast strains to be tested. Inoculate liquid cultures of 

yeast carrying Y2H plasmids for the array (ARRAY-bait), as well as for the 

protein or fragment to be tested (YFG-prey), at 30°C with shaking in SD –leu 

media or SD -trp media, as appropriate to maintain plasmid selection. This can 

be done in individual culture tubes or directly in a 96 well format using a deep 

well plate, although the latter may not be optimal for yeast growth. Grow to 

OD600 ≈ 0.5. Some strains may grow faster than others. Generally this takes 1 

– 3 days. It may be usefully to estimate that growth rate of the strains prior to 

starting. Then the time of growth for individual strains can be adjusted so that 

all strains reach the desired OD600 at approximately the same time.

2) Array the ARRAY-bait cultures by transferring 20 μl of each into a single well 

of a 96-well, flat bottom plate. If more than one YFG-prey strain is to be tested 

against the array, it is useful to set up the ARRAY-bait in a master plate (using 

a deep well, 96-well plate if necessary) and then use a multi-channel pipette to 

transfer the array to multiple, identical ARRAY-bait plates.

3) In a sterile reagent reservoir, mix 2 ml of YFG-prey culture with 10 ml of 2X 

YPAD media.

4) Using a multichannel pipette, transfer 120 μl of the YFG-prey / 2X YPAD 

mixture into each well of the 96-well ARRAY-bait plate. Mix by pipetting up 

and down a few times. This is now referred to as the Mating-plate.

5) Repeat steps 3 – 4 until all YFG-prey samples have been crossed with the 

ARRAY-bait.

6) Grow Mating-plates for 20 – 24 hours at 30°C with shaking to allow the yeast 

to mate. The success of the mating reaction can be assayed by examining a 

small sample of the culture for the presence of zygotes by phase contrast 

microscopy, although this is usually not necessary.

7) Transfer approximately 3 μl of each mating culture from the Mating-plate onto 

DDO plates. This can be facilitated using a 48 pin Multi-Blot Replicator (VP 

407AH, V&P Scientific, San Diego, CA). In this case, the cultures from one 96 

Galletta and Rusan Page 10

Methods Cell Biol. Author manuscript; available in PMC 2016 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well Mating-plate are transferred as two 48-sample halves to each of two DDO 

plates. These plates will select for growth of diploids that have received both 

the bait and prey plasmids from their parents. Parental haploids that have failed 

to mate will not grow on this media.

Sterilize the replicator before each use by immersing the pins into a dish of 

ethanol or isopropanol. Gently shake off excess and place the pins in the flame 

of a Bunsen burner. Allow the pins to cool. Introduce the replicator into one 

half of the 96 well Mating-plate and swirl it in the media to ensure the yeast is 

evenly suspended. Remove the replicator from the Mating-plate, taking care 

not to touch the sides of the wells. Gently set the replicator down onto the 

surface of a DDO plate, taking care to not let the replicator slide laterally. Lift 

the replicator off the plate, leaving ~ 3 μl of culture behind. Place the replicator 

back in the dish with alcohol. Repeat for the other half of the 96 well Mating-

plate. Mark each DDO plate so that the orientation relative to the array can be 

determined. These plates will be referred to as Diploid-plates. Repeat for all 

Mating-plates.

8) Allow the yeast on Diploid-plates to grow for 3 – 5 days at 30°C until robust 

patches of yeast are seen on the plate, as in Figure 4.

9) Replica each Diploid-plate onto DDO, QDO, DDOXA and QDOXA plates, all 

labeled to match the orientation of the Diploid-plate. To replica, place a sterile 

velvet cloth onto the replica plating tool and secure with the ring. Press the 

surface of the Diploid-plate onto the velvet, with the top of the array facing 

away from you. Remove the Diploid-plate. Press each of the fresh plates onto 

the velvet and remove to make a copy. These new DDO, QDO, DDOXA and 

QDOXA plates will be referred to as Test-plates. Repeat for all Diploid-plates.

9) Grow Test-plates for 5 days at 30°C.

10) Test-plates can now be scored to determine if any of the proteins in the array 

interact with YFG. Score each patch independently for its growth on each of 

the Test-plates. We have found it useful to score the result of protein pair on 

each test plate on a scale of 0 – 3, where 0 = no growth, 1 = minimal growth/

color, 2 = moderate growth/color, and 3 = robust growth/color. The plates are 

scored as follows.

DDO – Media lacks leucine and tryptophan, which selects diploids carrying both bait and 

prey plasmids. Ensures that replica plating was successful at all positions.

QDO (2 growth interaction reporters) – Scored for growth. Media lacks leucine and 

tryptophan, which maintains selection for the bait and prey plasmids. Growth on this media, 

which lacks histidine and adenine indicates activation of the HIS3 and ADE2 Y2H reporters 

respectively and indicates a bait/prey interaction.

DDOXA (2 drug interaction reporters) – Scored for growth and development of blue colony 

color. Media lacks leucine and tryptophan, which maintains selection for the bait and prey 

plasmids. Growth on this media, which contains the antibiotic agent Aureobasidin A 
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indicates activation of the AUR1-C Y2H reporter. Development of a blue color on this 

media, which contains X-α-Gal indicates activation of the MEL1 Y2H reporter. Activation 

of both these reporters indicates a bait/prey interaction.

QDOXA (2 growth interaction reporters, 2 drug reporters) - Scored for growth and 

development of blue colony color. Media lacks leucine and tryptophan, which maintains 

selection for the bait and prey plasmids. This media lacks histidine and adenine, and 

contains Aureobasidin A and X-α-Gal. Growth and development of the blue color requires 

activation of the ADE2, HIS3, AUR1-C and MEL1 Y2H reporters and indicates an 

interaction under the most stringent conditions.

3.7 Interpreting screening results

As discussed above, the yeast strains used in this Y2H system carry multiple reporters driven 

by different promoters. Each of these reporters should have subtle differences in the false 

positives they yield and when used in combination they should reduce the incidence of false 

positives. The plates used in the protocol test for activity of these reporters in different 

combinations. QDO plates are similar to the plates used historically in many yeast two 

hybrids screens. We have found that these plates show a much greater number of interactions 

than the other plates. In our experience, of the centrosomal protein pairs that show an 

interaction on QDO, only about 60% of these pairs show growth on DDOXA and only 50% 

show growth on QDOXA (Galletta and Rusan, unpublished observation). This is consistent 

with an increased stringency with additional promoters and likely a significant elimination 

of false positives.

Once the initial screen is scored, all pairs showing an interaction should be retested by 

taking the original yeast stocks and preforming small scale mating assays to validate positive 

interactions. This simple retesting will eliminate a significant number of false positives 

(Rajagopala and Uetz, 2009; Uetz, 2002). The interactions identified can then be used in 

combination with biochemical, cellular biological and other approaches to truly determine 

protein function. One particularly powerful use of the information gained in this type of 

screen is to guide a genetic approach to identify mutations to disrupt specific protein-protein 

interactions.

4. Generating specific, separation of function mutations by reverse Y2H

Mutations are powerful tools for elucidating protein function. Even more powerful are 

mutations that specifically disrupt the interaction between a protein and only one of its 

binding partners. It is critical to note that any mutation, even a single point mutation, has the 

potential to disrupt more than one interaction. This is especially a concern in a complex, 

multi-protein structure like the centrosome, which is highly interconnected. However, with 

the knowledge obtained from the interaction studies described in the previous section it is 

possible to generate mutations that disrupt specific subsets of interactions, and possibly 

exclusively a single interaction. In this section we describe how to generate such a mutant by 

a reverse-Y2H approach.
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4.1 Rationale

The reverse two-hybrid approach used here is based on the method described by Bennett et 

al. (Bennett et al., 2004) with significant modifications. This method utilizes low-fidelity 

PCR to introduce random mutations into DNA encoding a protein of interest. The 

mutagenized DNA is then cloned into the Y2H vectors directly in the Y2H strains by 

homologous recombination mediated repair. These mutant alleles can then be screened to 

identify ones that disrupt a known interactor.

The major modification we have made is to adapt the procedure for use in a mating-based, 

arrayed format. Similar to Bennett et al. (Bennett et al., 2004), we generate random 

mutations in the sequence encoding YFG by low-fidelity PCR and use homologous 

recombination mediated repair to clone the mutated YFG fragments. However, instead of 

cotransforming the mutated-YFG with a plasmid encoding the interaction partner being 

tested against, we perform the recombination in a haploid Y2H strain without its interaction 

counterpart. The YFG mutants are then clonally collected and put into an array. Once the 

YFG mutant array is generated, it can be tested for the loss of interactions by mating the 

array to Y2H strains carrying plasmids encoding the interacting protein of interest to identify 

mutations that abolish the interaction.

Performing the screen in the fashion described below has several advantages over 

cotransforming random mutants with their interaction partner. Most significantly, to ensure 

that the generated mutation only disrupts a specific protein-protein interaction of interest, a 

candidate clone can easily be pulled from the master array and tested for its ability to 

interact with all interaction partners. There is no need to first isolate the mutant plasmid 

from yeast, a labor-intensive process. This secondary screen allows the investigator to 

eliminate non-specific mutants simply by performing additional yeast matings. The 

investigator would only recover the few mutants that fit the desired criteria. This method 

saves a significant amount of time and effort. A workflow diagram of the mutagenesis and 

screen is found in Figure 5.

4.2 Generating mutant library and screening for loss of interaction

To facilitate the use of this system with any protein or fragment of interest we have designed 

universal primers that allow amplification from the Y2H vectors (pGADT7 and pGBKT7) 

generated in section 3.3 above (Table 3). PCR products of putative YFG mutants are cloned 

by co-transforming them into the Y2H yeast strains with linearized Y2H vectors and then 

selecting for the plasmid. For simplicity, we describe mutagenizing Your Favorite Gene 

(YFG) and cloning it into the bait vector (pGBKT7) in the bait Y2H strain (Y2HGold). An 

array of YFG mutants is then mated to a Known Interacting Protein (KIP) in a prey vector 

(pGADT7) in the prey strain (Y187) and screened to identify mutations that disrupt the 

YFG/KIP interaction. While we describe mutagenizing a bait and testing it against a prey, 

this process works equally well when mutagenizing the prey. Simply replace the primer 

“pGBKT7 Mut” with “pGADT7 Mut” listed in Table 3 for amplification and switch to the 

appropriate plasmids and yeast hosts.
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The mutagenic PCR we describe generates a mutation approximately every 250 base pair. If 

mutations are desired more or less frequently, we direct the reader to studies focusing on 

low-fidelity PCR (Cadwell and Joyce, 1992; Wilson and Keefe, 2001).

4.2.1 Protocol

1. Mutagenic PCR mix:

Taq polymerase

1X Taq polymerase buffer (supplied buffer by the 

manufacturer)

0.05 mM MnCl2

0.06 mM dATP

0.25 mM dCTP

0.25 mM dGTP

0.25 mM dTTP

YFG in pGBKT7 (from section 3.3) – PCR template

T7 Sequencing Primer

pGBKT7 Mut Primer

2. The following conditions for PCR were used for the pGBKT7 primers to 

amplify a product of ~1 kb. Adjust conditions as necessary.

1) 95°C 2 minutes

2) 95°C 30 seconds

3) 54°C 30 seconds

4) 72°C 1 minute

5) Repeat 2 – 4 for 30 cycles.

3. Gel purify mutant YFG PCR product.

4. Linearize pGBKT7 by restriction co-digestion with EcoRI and PstI. (If 

mutagenizing prey clones, pGADT7 can be linearized by co-digesting 

with EcoRI and XhoI.) Gel purify linearized vector to ensure there is no 

uncut plasmid present, as any will increase the background of clones that 

appear to lose interaction.

5. Co-transform equimolar amounts of the mutant YFG PCR product with 

the linearized pGBKT7 vector, for a total of 0.5 – 1 μg DNA, into 

Y2HGold. The exact amount of DNA needed will have to be determined 

empirically to yield optimal results. The goal is to find amounts that yield 

a plate full of colonies with adequate separation to allow individual 

colonies to be picked.
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6. Plate on SD –trp plates to select for repaired plasmids containing mutant 

versions of YFG.

7. Load a 96 well plate with 100 μl / well SD – trp liquid media. Inoculate 

individual colonies from the plate in step 6 into each well. Each well now 

contains a unique mutant version of YFG in pGBKT7 in Y2HGold. Grow 

at 30°C with shaking for 1–2 days until OD600 = ~0.5. Pin a copy of the 

array onto solid SD – trp media, as in section 3.6.1, Step 7; this will serve 

as a duplicate of the array.

Note: The number of mutant colonies that must be screened to identify a 

desired mutant cannot be known a priori and must be determined 

empirically. We have found that the number can vary dramatically. In 

some cases we have identified the desired mutation after screening only a 

few hundred mutants, others have taken several thousand, and others we 

have never been able to generate.

8. Transfer the YFG mutants from step 7 into an array as described in section 

3.6.1 above. Follow steps 2 – 9 above and mate the array with KIP in 

pGADT7.

9. Score plates. Ensure the presence of both the YFG mutant plasmid and the 

KIP plasmid by growth on DDO. Score colonies for interactions using 

QDO, DDOXA and QDOXA plates. In this application, the experimenter 

is looking for colonies that grow on DDO, but show reduced or no growth 

on QDO, DDOXA and QDOXA plates as compared to the results of 

unmutaginzed YFG and KIP.

10. Recover all clones that displayed a loss of the YFG / KIP interaction from 

the YFG mutant array. Retest these against KIP. This should help 

eliminate certain types of false hits.

11. Screen the selected mutant YFG clones from step 10 for their ability to 

interact with all other proteins known to interact with YFG. This is 

accomplished by crossing the YFG mutant clones to the known interactors 

in pGADT7 in Y187 generated in the original screen and testing them as 

described above.

12. Once a clone harboring the desired mutation is found the insert contained 

in the clone can be recovered by performing colony PCR (Sambrook and 

Russell, 2006; Sathe et al., 1991) using the same primers used for 

mutagenesis. This PCR product can be sequenced to identify the mutations 

it harbors. These mutations can be engineered back into the sequence 

encoding the fragment to confirm they are causative of the loss of 

interaction.
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5. Summary

Many important cellular functions rely on large, multi-protein assemblies. In order to truly 

understand the function of these complexes, and the functions of their constituent parts, an 

understanding of the connections among these proteins is critical. This is especially true for 

the centrosome, which as a non-membrane bound organelle is, in many respects, a truly 

enormous and highly interconnected protein complex. As discussed above, there are 

numerous challenges to understanding of the protein-protein interactions within a complex 

like the centrosome. The Y2H system is a powerful tool for probing direct protein-protein 

interactions within complexes. It allows the experimenter to identify interactions within the 

structure that might not be accessible using other techniques, such as low-affinity and 

transient interactions.

On the simplest level, interaction information can provide an understanding of how the 

proteins of the complex fit together. But beyond this, interaction information can be critical 

to direct experiments to probe function. Mutagenesis is one of the most powerful tools used 

to understand protein function in the cell. However, multi-protein complexes present special 

challenges to interpreting the results of these studies. The potential interconnectedness 

means that complete loss-of-function mutations might alter many protein-protein 

interactions within the complex. However, once the interactions within a complex are 

known, the consequence of a given mutation on all of the interactions can be assessed. This 

can allow increased confidence that the consequence of a mutation is the result of disruption 

of a specific interaction. Interaction data can also guide reconstitution and structure 

determination experiments. As discussed above, the proteins of the centrosome are 

frequently challenging to working with in vitro. Proteins functioning in complexes can 

sometimes not fold correctly in the absence of their partners. The Y2H data from a screen 

like the one described will provide an excellent resource to identify pairs or groups of 

proteins with which to begin co-purifying proteins together with their partners. The data 

from this screen could also help identify interactions critical for building a structure, but not 

necessarily present in the final structure. In addition, Y2H of fragments can also reveal 

regulated interactions, for example interactions involving domains that are masked in the 

context of the full-length protein until some event uncovers them. Finally, Y2H screens can 

reveal interactions that are important in certain contexts that are not important in others. For 

example it might identify interactions that take place in mitotic centrosomes, but not in 

interphase centrosomes; or in basal bodies, but not in centrioles.

Y2H screens like this have the potential to yield large sets of interaction data. This leaves the 

task of understanding how the interactions we identify contribute to how the centrosome 

assembles and performs its functions. This will certainly involve integrating Y2H interaction 

data with data generated by other techniques. For example, combining Y2H interaction data 

with proximity-mapping techniques, like the BirA biotin ligase system (Firat-Karalar et al., 
2014), and crosslinking studies, like those done by S-CROSS (Lukinavicius et al., 2013), 

will be a powerful approach to probe the landscape of protein assemblies within the 

centrosome. We also envision the Y2H method playing an important role in understanding 

the growing number of human congenital disease linked to mutations in centrosome and 

cilia proteins. Testing these mutants against arrays of centrosomal proteins might reveal the 
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interactions altered by these mutations. This type of detailed interaction information allows 

for the generation of separation of function mutations that only affect a single protein-

protein interaction. This combination has the promise of becoming a powerful reverse 

genetic approach to understand the molecular details of protein function in the centrosome.
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Figure 1. The centrosome is the major MTOC of many cells
A) Immnuofluorescent micrograph of an interphase Drosophila S2 cell showing the 

centrosome (green) organizing the minus ends of microtubules (red). B) Schematic of a 

centrosome, showing the centriole, procentriole, PCM and MTs.
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Figure 2. The interactions among core centriole proteins dictate the organization of the structure
A) Known direct protein-protein interactions among core centriole proteins. Sas6 is included 

twice to illustrate its homotypic interactions. Shaded regions denote known or predicted 

protein motifs, PISA (present in Sas6), CC (coiled-coil), PN2-3 (a MT destabilizing motif), 

A5N (a MT binding motif) and TCP-10 (T complex protein 10). B) Cartoon of the proteins 

that compose 2 of the 9 arms of the cartwheel of a centriole and how they might interact to 

connect the symmetry of Sas6 to the MTs of the centriole. Approximate locations of the 

amino-terminal (N) and carboxy-terminal (C) ends of the proteins are indicated. See section 

1.2 for details and references.
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Figure 3. Schematic of the Y2H system
A) Protein X is fused to the Gal4 BD. Protein Y is fused to the Gal4 AD. Since protein X 

does not interact with protein Y, no transcription is driven from the reporter gene. B) Protein 

X is fused to the Gal4 BD Protein Z is fused to the Gal4 AD. Since protein X and Z interact, 

a functional transcription factor is generated and reporter gene transcription occurs. C) 
Diagram of the mating based Matchmaker Gold Y2H system (Clonetech) showing the 

integrated reporter genes in the indicated yeast strains.
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Figure 4. Workflow of an array based Y2H screen for centrosome protein interactions
Refer to sections indicated on the figure for details describing each step.
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Figure 5. Workflow of an array based reverse Y2H screen to generate and identify mutations 
that disrupt protein-protein interactions
Refer to sections indicated on the figure for details describing each step. Red X's represent 

random point mutations introduced by mutagenic PCR. Yeast colonies carrying mutations 

that disrupt the protein-protein interaction are circled in red.
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Table 1

Yeast media recipes

SD media base 5 g ammonium sulfate, 3.4 g yeast nitrogen base without amino acids and ammonium sulfate, 20g D-
glucose, appropriate DO mix, water to 1 L. Add 20 g agar / L for plates.

Complete amino acid (CAA) 
mix

800 mg adenine, 2 g arginine, 800 mg histidine, 2 g isoleucine, 4 g leucine, 2 g lysine, 800 mg methionine, 2 
g phenylalanine, 8 g threonine, 2 g tryptophan, 2 g tyrosine, 800 mg uracil, 6 g valine

-leu drop out (DO) mix CAA, omit leucine – use 730 mg / L

-trp DO mix CAA, omit tryptophan – use 780 mg / L

-leu -trp DO mix CAA, omit leucine and tryptophan – use 680 mg / L

-ade - leu -trp –ura DO mix CAA, omit adenine, leucine, tryptophan and uracil – use 640 mg / ml

SD –leu SD media base, –leu DO mix

SD –trp SD media base, –trp DO mix

DDO SD media base, –leu –trp DO mix

QDO SD media base, –ade –leu -trp –ura DO mix

DDOXA SD –leu –trp DO mix, Aureobasidin A (Clonetech, Mountain View, CA), X-α-Gal Clonetech, Mountain 
View, CA and Gold Biotechnology, St. Louis, MO)

QDOXA SD –ade –leu -trp –ura DO mix, Aureobasidin A, X-α-Gal

2X YPAD 20 g tryptone, 10 g yeast extract, 80 mg adenine, 20 g D-glucose, water to 1L
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Table 2

Materials needed

Item Commercial Example (Company – Catolog #)

Culture tubes Falcon - 352059

96 well flat bottom dishes Olympus – 25–104

96 deep well plate Axygen – P-2ML-SQ-C-S

Reagent reservoirs Corning – 4870

Multichannel pipettor Gilson - F14404

48 pin Multi-Blot Replicator V&P Scientific – VP 407AH

Petri dishes Fisher Scientific – FB0875712

Replica-plating tool Bel Art Products- 378480000

Sterile velvet squares Bel Art Products- 378480002
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Table 3

Primers for low fidelity PCR

Primer name Sequence

T7 Sequencing 5'- TAATACGACTCACTATAGGGCG-3'

pGBKT7 Mut 5'- CGGAATTAGCTTGGCTGC - 3'

pGADT7 Mut 5'- ATGGTGCACGATGCACAG - 3'
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