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The central dogma of molecular biology states that genetic 
information is transferred directionally from DNA that is transcribed to 
RNA, and this RNA is translated to protein. However, after completion 
of the human genome project, it was determined that the vast 
majority of DNA does not actually code for proteins. This non-coding 
sequence was first termed “junk DNA,” and, as the term implies, this 
DNA was thought to serve no purpose. conventional wisdom began 
to change after publication of a 2004 Nature Reviews Genetics paper 
in which Mattick 1 compared the ratio of non-coding to coding DNA 
across species, and observed that the more complex the species, 
the higher the ratio of non-coding to coding. Humans for example 
have a much higher ratio of non-coding to coding DNA compared to 
bacteria. Furthermore, in 2007, the eNcyclopedia Of DNA elements 
(eNcODe) consortium reported that most of the genome is 
transcribed as non-coding RNA2. These and subsequent studies clearly 
show that non-coding RNA is essential for organism complexity. The 
mechanism behind the complexity is believed to be the modulation 
of mRNA and protein levels by non-coding RNAs.    

microRNAs were among the first non-coding RNA species to 
be described, and these in particular are now known to play an 
important role in gene regulation. miRNA-mediated regulation is 
essential for organism complexity and development, and aberrant 
expression of miRNAs and alterations in their binding sites have been 
implicated in numerous disease states, including cancer. miRNAs 
are short non-coding RNA molecules approximately 22 nt in size 
that function as post-transcriptional gene regulators by binding to 
complementary regions in their target mRNAs. The most common 
binding site is the 3' untranslated region (3'UTR) of the mRNA, 
however, miRNA targets in coding regions have also been reported. 
The mature miRNA, as part of the RNA Induced Silencing complex 
(RISc), binds to its respective targets by recognizing regions of partial 
complementarity, and this typically results in inhibition of mRNA 
translation and/or mRNA destabilization and degradation. miRNAs 
do not require exact nucleotide matches to bind and regulate gene 
expression. Due to this imprecise nature of complementarity, a single 
miRNA can bind and inhibit multiple mRNAs. Furthermore, multiple 
miRNAs can bind and inhibit a single mRNA. This level of complexity 

microRNA
Streamlining the Workflow 
The importance of miRNA has recently come to the forefront of  
biomedical research. This issue of Biowire provides an overview of this  
exciting area of research and reviews Sigma’s solutions for the miRNA workflow.
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has made it difficult for researchers to understand the role of miRNA 
in their system or disease of interest. There have been around 1,000 
miRNAs identified in humans, and each miRNA has thousands of 
predicted putative miRNA binding sites in 3'UTRs. However, only a 
few hundred miRNA target genes have been confidently verified by 
experimentation.  

One of the biggest challenges facing miRNA research is the 
identification of genes regulated by a specific miRNA. This challenge 
lies in the ability to correctly identify specific mRNA sequences that 
bind specific miRNAs and then verifying biological relevance. The 
most common method of target identification relies on computer 
algorithms to predict targets followed by validation with a luciferase 
reporter assay. This approach has proven to be very inefficient and 
ineffective as demonstrated by the high false positive and false 
negative rates of the in silico predictions, and the extremely low 
number of validated gene targets identified to date. To effectively 
identify genes regulated by miRNAs and other non-coding RNAs, 
researchers need assays that provide experimental ease-of-use and 
convenience, as well as reliable results. To address this need, Sigma® 
Life Science has partnered with King’s college London to develop 
a novel miRNA gene target identification system. The first product 
developed from this partnership is the MISSION® Target ID Library, 
which consists of human cDNA cloned downstream of a fusion protein, 
which allows for both positive and negative selection. This unique 
design allows for a global functional screen to isolate biologically 
relevant miRNA gene targets. In this issue of Biowire, we will describe in 
detail the development and use of the MISSION Target ID Library.

Sigma Life Science is committed to supplying researchers with the 
tools needed to better understand miRNA. With the addition of the 
Target ID Library to the MISSION RNAi product line, we now have 
products that facilitate three essential parts of the miRNA research 
workflow. These are outlined in Figure 1. The first step towards 
characterizing miRNA function is typically an assay to determine what 
role a miRNA plays in a specific disease or system. Typically, this is 
done by introducing a miRNA mimic into a cell line and analyzing the 
phenotype. Once the miRNA’s effect on phenotype is established, the 
next step is to identify the mRNA targets of that miRNA, and this is 
where the MISSION Target ID Library can be utilized. Finally, luciferase 
reporter-3'UTR constructs are an effective way to confirm gene 
targets found using the MISSION Target ID Library. We have recently 
introduced a lentiviral-based 3'UTR luciferase reporter system, the 
MISSION 3'UTR Lenti goclones™. The MISSION 3'UTR Lenti goclone 
constructs along with MISSION LightSwitch Reagents and MISSION 
miRNA mimics in combination provide miRNA researchers with an 
effective system to confirm gene targets for miRNA.  

Through development and collaboration with the research 
community, we have a continued commitment to provide innovative 
technologies in the field of miRNA and other non-coding RNA. The 

MISSION Target ID Library fills a large gap in the critical area of miRNA 
target identification. The MISSION miRNA mimics and the MISSION 
3'UTR Lenti goclones are also essential components in the miRNA 
research workflow. This is just the beginning, and with exclusive 
access to other exciting technologies, such as Zinc Finger Nucleases, 
we feel Sigma is in a unique position to make a significant impact on 
non-coding RNA research.  

References:

1. Mattick JS. RNA regulation: a new genetics? Nature Reviews Genetics. 2004;5:316–323.

2.  Birney e, Stamatoyannopoulos JA, Dutta A, guigo R, et al. Identification and analysis 
of functional elements in 1% of the human genome by the eNcODe pilot project. 
Nature. 2007;447:799–816.

Figure 1. The MISSION miRNA Workflow.
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The MISSION® Target ID Library  
 fOR HuMAN miRNA 

TARgeT IDeNTIfICATION  
AND DISCOveRy

Carol A. Kreader and Kevin P. Forbes
Sigma® Life Science

One of the main problems miRNA researchers 

face today is global identification of gene targets 

that are functionally regulated by their miRNA of 

interest. Unfortunately, bioinformatic predictions are 

unreliable and there is little agreement between different 

algorithms. Many experimental strategies only look at 

mRNA degradation, not translational repression. Methods 

are needed that will enable global identification of all 

biologically relevant RNA targets regulated by miRNAs.
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Abstract
To assist discovery and identification of human microRNA (miRNA) 
targets, we developed the MISSION® Target ID Library, a library of 
cDNA cloned after a dual-selection fusion protein. Dual-selection 
allows the user to transfect cells and screen the entire library at once, 
selecting first for stable transformants and secondly, downstream from 
introducing a miRNA of interest, for cDNAs containing the miRNA’s 
targets. cells containing cDNA constructs targeted by the miRNA 
survive the second selection, and selected cDNAs can be identified by 
sequencing (Figure 1). The cDNA library was prepared from a mixture 
of total RNAs from multiple human tissues and cell lines to give broad 
coverage of the human transcriptome. In addition, the cDNA was 
normalized to reduce representation of abundant mRNAs and enrich 
for rare mRNAs, and size fractionated to clone long and short cDNA 
separately and preserve the longer constructs. Illumina® sequencing 
shows 16,922 of the 21,518 unique genes in UcSc Refgene (79%) are 
represented in the Target ID Library, 14,000 genes with 10 or more 
reads (66%). Sequence results confirm normalization, PcR with insert-
flanking primers demonstrate that >95% of clones contain inserts, and 
restriction digestion shows an average insert size of approximately 1.2 
kb. We demonstrate performance of the Target ID Library by screening 
for targets of miR-373, an important regulator in cancer metastasis and 
in stem cell reprogramming and maintenance. The screen in McF-7 
cells yielded nearly 3,000 unique gene hits with confidence, 10 of 
which are previously published miR-373 targets. Work is in progress  
to analyze results further and validate additional targets.

Introduction
microRNAs are 20–24 nucleotide RNAs that regulate gene expression 
post-transcriptionally by inhibiting mRNA translation, and frequently, 
destabilizing the targeted mRNA1. A single miRNA may regulate 
several hundred mRNAs to control a cell’s response to developmental 
and environmental signals. Identifying and validating target mRNAs 
is essential in determining a miRNA’s role and function in these 
pathways. However, target identification is not straightforward 
because, in animals, miRNAs and their target sites are not fully 
complementary. The “seed” region, bases 2 through 7 from the 5'-end 
of the miRNA, is usually complementary to its targets. However, there 
are many exceptions to the seed rule, and downstream base pairing 
can compensate for an imperfect seed match. A number of computer 
algorithms have been developed to predict miRNA targets based on 
seed matching and downstream compensation, target structure and 
position, sequence conservation, and various other parameters that 
have been observed for experimentally validated targets2. While in 
silico predictions are convenient and do identify many valid miRNA 
targets, most predicted genes fail experimental validation tests, and 
many actual targets are not predicted. Furthermore, since computer 
algorithms are based on previously determined target features, they do 
not allow discovery of targets that deviate from what is already known.  

Figure 1.  Target ID 
Library Workflow.  

each step is illustrated 
and described in detail 

in Figures 2 and 3.
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A number of experimental systems have been used successfully to 
identify or discover functional miRNA targets in living cells. These 
global screening methods include microarrays and RNA sequencing, 
RNA co-immunoprecipitation (RIP), and Stable Isotope Labeling 
with Amino acids in cell culture (SILAc), a proteomic method2. 
each method has advantages and disadvantages. Since miRNA 
targeting often destabilizes an mRNA and leads to its degradation, 
loss or gain in mRNA level after introducing an miRNA mimic or 
inhibitor, respectively, can identify miRNA targets. This loss or gain 
of mRNA is readily detected by microarray or deep sequencing. 
While mRNA detection methods are simpler and more sensitive than 
protein detection methods, mRNA detection will miss any miRNA 
targets that are not degraded. Recent reports from the Bartel lab 
comparing miRNA target results from RNA detection with those 
from SILAc3 or ribosome profiling4 indicate that mammalian miRNAs 
predominantly act by reducing target mRNA levels. However, many 
other labs working with individual miRNA targets have detected 
change in protein but no change in mRNA level. Reports of what 
appear to be translational regulation with no detectable mRNA loss 
include: miR-10b on HOXD10(5), miR221/222 on p27kip1(6), miR-21 
on Pdcd47, miR-126 on p85β8, miR-34 on SIRT19, miR-21 on PTeN10, 
miR-302d on Arid4b11, miR-200c on JAg112, and most recently, 
miR-299, 297, 567, and 609 on VegFA13. Furthermore, clancy et al. 
recently reported that translational regulation by let-7 was only 
detected when individual mRNA isoforms that contain the let-7 
target site were detected selectively14. The latter suggests that, at 
least in some cases, translational regulation may be overlooked in a 
composite profile — that is, when all mRNA isoforms are detected 
as one mRNA — as obtained with many microarray and sequence 
analyses. co-immunoprecipitation of miRNA-mRNA complexes 
via argonaute (usually ago2) or another associated protein (RNA 
immunoprecipitation, or RIP) will isolate miRNA targets regardless 
of regulation mechanism. In addition, RIP detects endogenous, and 
presumably biologically relevant, interactions. However, it is not 
known whether all miRNA-mRNA interactions are functional, and RIP 
would miss any mRNA targets that associate only transiently or are 
rapidly degraded. Furthermore, specific miRNA-mRNA partners must 
be inferred bioinformatically because all miRNA-mRNA pairs co-
precipitate together. Finally, SILAc directly identifies the final product 
of miRNA regulation, the protein itself, but is insensitive and therefore 
misses rare proteins and small fold changes in protein levels.

In light of the limitations with current miRNA target identification 
methods, we felt an additional global assay to identify functional 
miRNA targets by an alternative mechanism was needed. To fulfill 
this need, we licensed a technology invented by Dr. Joop gäken 
and Dr. Azim Mohamedali of King’s college London. Their invention 
is a dual selection fusion protein, specifically, a thymidine kinase-

Zeocin™ fusion, regulated by a cDNA library of potential miRNA 
target sequences. cells stably transfected with and expressing TK/
Zeo-cDNA constructs can be selected with Zeocin, as illustrated in 
Figure 2. After expressing a miRNA of interest, that miRNA’s targets 
can be selected with ganciclovir, as illustrated in Figure 3. ganciclovir 
kills cells expressing thymidine kinase, that is, any cells expressing TK/
Zeo-cDNA lacking a target for the miRNA of interest. Targeted cDNA 
can be isolated by PcR amplification of DNA from cells that survive 
ganciclovir using primers that flank the cDNA, and PcR products can 
be sequenced to identify targets. gäken et al. demonstrated proof 
of concept with a library prepared from human brain cDNA15. They 
identified one known and discovered several new targets of miR-
130a. Notably, for all three of the new targets tested, they detected 
significantly less protein in cells transfected with miR-130a mimic, but 
did not detect change in any of the three mRNA levels.

To create the MISSION® Target ID Library, we prepared a more 
comprehensive cDNA library which was normalized to somewhat 
balance the representation of abundant and rare mRNAs. Here we 
present library design strategy, development, characterization, and 
preliminary performance results.   
                     
Results and Discussion
cDNA Library Construction
To generate a comprehensive library that contains as many miRNA 
targets as possible for global miRNA target discovery, we started with 
the following requirements:
1. The RNA used to generate cDNA would include as much of 

the human transcriptome as possible to permit truly global 
screening and discovery of miRNA targets.

2. The cDNA must be normalized to reduce representation of 
abundant mRNA and enrich for rare mRNAs to improve chances 
of detecting rare miRNA targets and reduce non-specific carry-
over of abundant cDNAs with selection.

3. cDNA length would be enhanced and preserved to include a 
coding region as well as 3'UTR.

4. The cDNA must be synthesized with two different restriction 
ends and directionally cloned for expression in its correct 
orientation relative to the TK/Zeo fusion protein.

To include as much of the human transcriptome as possible in our 
cDNA, we started with equal proportions of RNA from Stratagene’s 
and clontech’s Universal Human Reference RNAs. The former is a pool 
of total RNA from 10 human cancer cell lines, and therefore includes 
RNA from transformed, de-differentiated cells. The latter is a mixture 
of total RNA from a collection of normal human tissues, confirmed 
to give broad coverage of the normal human transcriptome. Results 
from Illumina sequencing (Table 1) show that the final library includes 
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Figure 3. expressing miRNA and Selecting Targets. cells containing the 
Target ID Library (i.e., Zeocin-selected cells) are transfected with a selectable 
microRNA expression construct A. During recovery, the miRNA expression 
construct can integrate b and express the selectable marker encoded on the 
miRNA construct. After selection for stable integration C and cell expansion, 
cells are treated with ganciclovir D. cells producing thymidine kinase (TK) in the 
presence of ganciclovir (i.e., cells expressing TK/Zeo constructs not targeted by 
the miRNA) will die e. On the other hand, cells containing Library constructs 
with miRNA target sites will not produce TK, and therefore, will survive 
ganciclovir selection F. Surviving cells can be grown, gDNA isolated, and the 
cDNA containing miRNA target sites PcR-amplified using the Target ID 
Amplification primers. PcR products may be sequenced and aligned with the 
human genome to identify miRNA targets.

Figure 4. cDNA Normalization Results. A) Semi-quantitative RT-PcR before 
and after normalization of mRNA. RT-PcR was performed to detect the 
abundant gAPDH mRNA or the rare TgF-β mRNA in the mRNA pool before 
and after normalization. PcR was run for 18, 21, 24, or 28 cycles, and the PcR 
products evaluated by agarose gel electrophoresis. b) Relative abundance  

of genes represented in the Target ID Library. Illumina sequencing results for 
reads that mapped to the human genome were plotted as number of reads 
versus gene ID. Note that only a small fraction of the 14,000 genes with 10 or 
more reads are indicated on the x-axis. Positions of gAPDH and TgF-β are 
marked by arrows, with number of reads in parenthesis.

PcR cycle #

B. Transfection
C. Integration

D. Transcription and Processing

E. Zeocin Selection

H. miRNA Targeted

F. Translation
No Translation

Cells DieCells Live

A. Target ID Library

TK Zeo

TK/Zeo

3'UTRs

G. Untransfected,   
      No Integration,           
      Integrant Silenced,  
      etc. x

TK Zeo

Figure 2. Creating a Cell Line expressing the Target ID Library. The Target 
ID Library is a pool of plasmids A, each with a human cDNA inserted into the 
3'UTR after a thymidine kinase-Zeocin fusion protein (TKzeo; Figure 6). cells 
are transfected with Target ID Library b and allowed to recover for 3–5 days. 
constructs can integrate into the genome during this recovery period C, and 
express the encoded transcript D. After recovery, cells are exposed to Zeocin 
e. cells expressing the TK/Zeo fusion protein from stably integrated Target ID 
constructs survive Zeocin selection F. Untransfected cells die g. In addition, 
any cells containing a construct that is a target for an endogenous miRNA or 
any other factor expressed in the cell that inhibits expression of TK/Zeo from 
the Target ID construct will die H.
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16,922 of the 21,518 unique genes in UcSc Refgene (79%), or 14,000 
genes with 10 or more reads (66%).

mRNA was isolated from the total RNA mixture, and cDNA was 
prepared and normalized as outlined in Materials and Methods 
below. Normalization is an attempt to balance the levels of abundant 
and rare mRNAs so that rare mRNAs are more readily detected in a 
screen. When hybridizing mRNA with biotinylated first strand cDNA 
prepared from the same mRNA, abundant mRNAs encounter their 
complementary sequence more frequently, and therefore, hybridize 
more quickly than rare mRNAs. After removing the biotinylated first 
strand cDNA-mRNA hybrids, cDNA is prepared from the remaining 
mRNA. Successful normalization of our mRNA was verified by semi-
quantitative PcR from cDNA before cloning. As shown in Figure 
4A, gAPDH, an abundant mRNA, was detected at PcR cycle 21 
before normalization but not until cycle 24 after normalization. 
This 3-cycle change in detection indicates an approximately 8-fold 
reduction in gAPDH mRNA. On the other hand, TgF-β, a rare mRNA, 
was detected at least 7 cycles earlier after normalization, indicating 
an approximately 1,000-fold enrichment (Figure 4A). Illumina 
sequencing results confirm successful normalization. As shown in 
Figure 4b, 498 reads aligned with gAPDH, whereas a total of 709 
reads aligned with TgF-β isoforms 1–3.

To avoid preferential cloning of shorter cDNAs, the cDNA was size-
fractionated (Figure 5A), and the long (>1.5 kb) and short (0.4 to 
1.5 kb) cDNAs were ligated to the Target ID Library vector (Figure 6) 
and transformed into E. coli separately. The two transformed E. coli 
pools, containing long or short cDNA constructs, were combined 
and amplified in semi-solid agarose. growth in semi-solid agarose, 
or culture medium containing a low amount of agarose so that each 
transformant grows as a separate colony, allows E. coli containing 
larger constructs to grow with minimal competition from those with 
smaller constructs. This reduces the loss of larger constructs that 

occurs in liquid medium. Agarose gel fractionation of the plasmid 
library after restriction digest to release inserts shows cDNA inserts 
range from 0.75 to at least 2 kb, with an average size of 1.2 kb (Figure 
5b). PcR amplification from 192 individual clones using insert-flanking 
primers indicates that 69% of the cDNA inserts are >1 kb (Figure 5C).

After plasmid purification, the final Target ID Library was deep 
sequenced on an Illumina genome Analyzer IIX. As shown in Table 1, 
95% of the reads aligned with either the vector (84%) or the human 
genome (cDNA insert reads; 11%). Only 2% failed to map to either 
but did have a match in NcBI’s non-redundant nucleotide database 
(i.e., with NR hit), and only 0.2% aligned with rRNA, indicating very 
little contamination. The remaining 3% did not map to any of 
the reference sequences or to NcBI’s non-redundant nucleotide 
database, which is within the normal 1–5% range for Illumina 
sequence results. A few of the genes represented in the Library and 
their relative abundance is illustrated in Figure 4b. All represented 
genes and their relative abundance is listed on the Sigma website at  

sigma.com/targetid 

Library Screen for miR-373 Targets
To evaluate performance of the MISSION® Target ID Library, miR-373 
targets were selected from McF-7 library expressing cells. McF-7 was 
chosen because it expresses little or no detectable miR-373 (data 
not shown). miR-373 was chosen for its biological interest. Huang et 
al., demonstrated that miR-373 expression promotes tumor invasion 
and metastasis in McF-7, normally a non-metastatic cell line16. 
Furthermore, Lichner et al. showed that miR-373 orthologues from the 
mouse miR-290 cluster are involved in mouse embryonic stem cell 
maintenance17, and Subramanyan et al. demonstrated that  
miR-373 family member, miR-372, promotes fibroblast 
reprogramming to induced pluripotent stem cells18. Finally, we 
previously generated a cell line from McF-7 that expresses miR-373 
using zinc finger nucleases (ZFNs) to insert a PgK promoter-miR-373 

Figure 5. cDNA Size Selection and Results.  
A) SfiI-digested and size-selected cDNA before 
cloning. Aliquots from 2 preparations of both short 
(0.4–1.5 kb) and long (>1.5 kb) cDNA were 
fractionated on a 1% agarose gel along with 
undigested and SfiI-digested Target ID Vector.  
b) Digestion of the final Library to show size range 
of cDNA inserts. Three separate digests were 
performed and fractionated on a 1% agarose gel. 
C) Individual cDNA insert sizes by PcR. E. coli 
containing the Library were spread on LB 
ampicillin plates, and 192 colonies randomly 
selected and tested by colony PcR with primers 
flanking the cDNA insert. PcR products were 
fractionated on 1% agarose gels.
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Figure 7. ganciclovir effect on Cell growth. 24-well plates were seeded with 
200,000 McF-7 cells or McF-7 cells containing the Target ID Library. 24 hours 
later, the medium was replaced with medium containing 0, 8, or 16 µM 
ganciclovir. After 15 days, the plate was photographed (6 upper wells), then the 
wells washed with HBSS and stained with Brilliant Blue R Staining Solution 
(B6529) (6 lower wells). Note that ganciclovir has no effect on McF-7 cells 
without Library because they do not express thymidine kinase (TK). On the 
other hand, McF-7 Library cells do express TK but are not completely killed by 
ganciclovir at 8 or 16 µM, as shown by the live cells taking up Brilliant Blue. 
However, the Library cells do stop growing in ganciclovir, as evidenced by color 
of the phenol red dye in their medium. The arrested cells do not acidify their 
medium, and the color remains reddish instead of changing to orange-yellow.
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Figure 6.  Target ID Library Vector. Target ID Library vector. Features include 
a cMV promoter, the TK/Zeo fusion protein encoding construct, two different 
SfiI sites in the 3'UTR region for introducing cDNA, and a polyadenylation signal.

expression construct into the AAVS1 site, and generated a list of 
potential miR-373 targets by RNA microarray analysis (data not shown).

The Target ID Library was transfected into McF-7 cells, and a stable 
population of cells was selected and amplified in Zeocin-containing 
medium. The resulting cells (McF-7 Library) were stably transfected 
with a miR-373 expressing construct and selected in ganciclovir-
containing medium to enrich for cells expressing miR-373 targets. It 
was noted that negative control McF-7 Library cells without miR-373 
did not detach and become rounded as expected for dead cells. 
However, they did stop growing, which was readily detected because 
the phenol red-containing medium did not turn orange-yellow as for 
cells expressing miR-373 (Figure 7). cells were expanded in ganciclovir-
containing medium, and target sequences were isolated by PcR with 
primers flanking the Target ID Library cDNA inserts and DNA prepared 
from the surviving cells. PcR products were Illumina sequenced.  

As shown in Table 2, we obtained 17,740,719 cDNA reads, which 
mapped to 11,076 unique genes. Of these unique genes, 2,898 were 
detected with more than 40 reads, and therefore were considered 
reliable hits. The 13,106,469 vector reads were expected because the 
PcR primers used to amplify cDNA inserts are 40 and 300 bases away 
from the insertion site. 14% did not map to either vector or cDNA but 
did align with NcBI’s non-redundant nucleotide database (i.e., with NR 
hit), and only 1% had no cDNA insert.

Although data analysis is ongoing, an initial comparison found 10 
of the unique genes identified with the Target ID Library also in 
the list of previously identified miR-373 targets in TarBase (Table 3). 
These 10 miR-373 targets were previously identified by Lim et al. by 
microarray with RNA from HeLa cells transiently transfected with a 
synthetic miR-373 mimic19. Furthermore, we detected these same 
10 genes down-regulated in McF-7 cells expressing miR-373 (data 
not shown). 
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Therefore, these 10 are likely valid targets of miR-373. Work is in 
progress to characterize the list of potential targets and attempt to 
validate selected hits experimentally by RT-qPcR, Western blot, and 
luciferase reporter assay.

In conclusion, we have developed a new tool for global identification 
and discovery of functional human miRNA targets — the MISSION® 
Target ID Library. With the Target ID Library, users can isolate miRNA 
targets by a series of mammalian cell culture transfection and drug 
selection steps. The Library is comprehensive, and contains 66–79% of 
human genes. Initial results indicate that both previously discovered as 
well as new targets can be isolated from the MISSION Target ID Library.

Materials and Methods
All reagents were from Sigma® Life Science unless otherwise noted.

cDNA preparation and Cloning
cDNA was prepared and normalized by Rx Biosciences, Ltd. Briefly, 
we provided Rx Biosciences with 400 µg of both Stratagene Universal 
Human Reference RNA (cat. No. 740000) and clontech Human 
Universal Reference Total RNA (cat. No. 636538). These were pooled 
and mRNA isolated using oligo dT cellulose. First strand cDNA was 
synthesized from purified mRNA using a biotinylated oligo dT primer. 
The biotinylated first strand was hybridized with more of the purified 
mRNA at a ratio of 5:1, biotinylated cDNA-mRNA hybrids removed 
with streptavidin beads, and unhybridized mRNA recovered from 
the supernatant. Note that abundant mRNAs will encounter their 
complementary first strand and hybridize more rapidly than rare 
mRNA, leaving rare mRNAs enriched in the single-stranded product. 
cDNA was prepared from the normalized mRNA using the following 
oligo dT primer: 5'-ATTcTAgAggccgAggcggccggccgAggcggcc
gAcATg(T30)-3'. After second strand synthesis, the following adapter 
was ligated to the 3'-end of the cDNA:  

5'- AAgCATggTATCAACgCAgAgTggCCATTAAggCCggCCATTAAggCCggg-3'

3'- TTCgTCACCATAgTTgCgTCTCACCggTAATTCCggCCggTAATTCCggCCC-p-5'

The cDNA was digested with SfiI, separated into 0.4–1.5 kb and >1.5 
kb fractions on low melting agarose, and the two fractions cloned 
separately between the SfiI sites in our Target ID Library vector. E. coli 
were transformed with the large and small cDNA libraries separately, 
and transformed E. coli were grown in semi-solid agarose medium.  
10% of the E. coli recovered was re-amplified in semi-solid agarose 
medium, and glycerol stocks prepared from the rest and stored at 
-80 °c for future batches of Target ID Library. Target ID Library plasmid 
was purified directly from colonies that grew in the second batch of 
semi-solid medium using Qiagen’s endoFree Plasmid giga Kit (cat. 
No. 12391), and 100 µg aliquots prepared and stored at -20 °c. One 
aliquot was submitted to cofactor genomics for sequencing on an 
Illumina genome Analyzer IIX and data analysis. 

Parameter Count Percentage
Illumina raw reads 54,142,265 100

Vector reads 45,689,707 84

cDNA insert reads 5,818,686 11

Non-mapped reads (with NR hit) 1,124,218 2

Vector with no insert reads 43,166 0.08

rRNA inserts 13,136 0.2*

Unique genes 16,922 79**

Unique genes with >10 reads 14,268 66**

*Relative to 5,818,686 cDNA insert reads
**Relative to 21,518 unique human genes represented in UCSC RefGene

Table 1. Target ID Library Content by Illumina Sequencing.  

Parameter Count Percentage
Illumina raw reads 36,271,967 100

Vector reads 13,106,469 36

cDNA insert reads 17,740,719 49

No insert reads 465,938 1

Non-mapped reads (with NR hit) 4,939,232 14

Unique genes 11,076 52*

Unique genes with >40 reads 2,898 13*

*Relative to 21,518 unique human genes represented in UCSC RefGene

Table 2. miR-373 Selected Targets by Illumina Sequencing.

Gene Reads
C9ORF78 78

RNF149 91

NUPL1 256

CD24 229

GLTP 283

LUC7L2 310

C2ORF18 627

TTC8 1,036

KIAA1919 1,286

STK4 1,859

Table 3. Ten Targets 
previously Identified by 
RNA Microarray.
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Library Screen with miR-373
McF-7 cells (ATcc HTB-22) were transfected with the Target ID Library 
and screened for miR-373 targets as described in the Product User 
guide. Specifically, 12 aliquots of 4 x 106 McF-7 cells were each 
transfected with 1.6 µg Target ID Library using Amaxa® cell Line 
Nucleofector® Kit V and Program P-020 on an Amaxa Nucleofector 
II instrument. Medium (RPMI-1640 with 10% fetal bovine serum, 
R8758 and F2442, respectively) was replaced after two days, and cells 
were allowed to continue recovering for a total of five days, at which 
time the medium was replaced with medium containing 0.5 mg/ml 
Zeocin™ (Invitrogen R250-01). Zeocin medium was replaced after two 
days to remove dead cells. Surviving cells were expanded with Zeocin 
selection for approximately two weeks to generate McF-7 Library 
cells. Freezer stocks were prepared and stored in liquid nitrogen.

A miR-373 expression plasmid was constructed by cloning miR-373 
along with 100–200 bp on either side of the miR-373 hairpin from 
human genomic DNA, as described by Huang et al.16, and inserting 
it into pBABe-puro (Adgene plasmid 1764). Ten aliquots of 2 x 106 
cells were each transfected with 2 µg miR-373 expression plasmid 
by Nucleofection as above. Medium was replaced after two days. 
Five days post-transfection, medium was replaced with medium 
containing 0.5 mg/ml puromycin (P9620). Surviving cells were 
expanded for approximately one week with puromycin selection, 
after which medium was replaced with medium containing 8 µM 
ganciclovir (g2536). Surviving cells were expanded with ganciclovir 
selection for about a month. Freezer stocks were prepared and DNA 
was isolated using Sigma’s genelute™ Mammalian genomic DNA 
Isolation Kit (g1N). PcR was performed as described in the User 
guide for MISSION Target ID Library, and PcR products submitted to 
cofactor genomics for Illumina sequencing and data analysis.  
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 An Interview with 

Dr.  Joop Gäken
Division of Cancer Studies, King’s College London

In this issue of  Biowire, our thought leader is 
Dr. Joop Gäken, whose work has not only paved the 

 way for new cancer treatment strategies, but has  
also generated a powerful new tool for the study 

 of  microRNAs (miRNAs).  
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“ This [3'UTR-enriched 
cDNA library] allowed 
individual targets from 
the vector library to be 
transduced into cells 
for screening, enabling 
identification of target 
genes that are strongly 
regulated by the miRNA 
of interest.”

   
 – Dr. Gäken
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A molecular biologist by training, Dr. gäken has been based at King’s 
college London since completing his Ph.D., but his fascination with 
what makes the world tick started much earlier. Dr. gäken explained:

Dr. Joop gäken:
As a young boy I was always interested in how things worked. I 
was the kind of child that would take apart an alarm clock just to 
see how it worked. Of course, once the spring had jumped out, I 
couldn’t usually put them back together again! I also used to visit 
the forests around my home in the Netherlands a lot with my 
parents and, as I was fascinated by nature, I decided to pursue a 
career in biology. The first year of my university degree was very 
broad — I studied everything from botany to zoology — but 
in the second year I had my first experiences with molecular 
biology, and knew this was the path for me. When I finished my 
undergraduate degree, I continued on to earn my Ph.D. and 
came to London to complete my studies. I only intended to stay 
for six months, but 23 years later I’m still here!

Already working in the Hemato-Oncology field, Dr. gäken became 
involved in the investigation of gene therapy as a possible treatment 
for various cancers in the early 1990s:

Dr. Joop gäken:
Around that time, an important paper was published 
demonstrating that the introduction and expression of the T-cell 
co-stimulator (B7-1) in tumor cells resulted in a strong reaction to 
these cells by the body’s natural immune response mechanisms. 
Using the expertise in our laboratory at the time, we began to 
look at ways of further increasing this immune response as a 

means of helping the body to naturally recognize and destroy 
cancer cells, specifically looking at acute myeloid leukemia (AML).

The strategy we developed required co-expression of the 
B7-1 co-stimulator with a T-cell-activating cytokine, such as 
interleukin-2 (IL-2). IL-2 would then be secreted by the cells, 
creating an extracellular environment rich in T-cell activators and 
augmenting the immune response caused by the co-stimulator. 
However, the inefficiency of retroviral vectors available at the 
time made this unworkable as a therapeutic strategy, as it would 
be virtually impossible to create a sufficient number of cells 
which co-expressed both transgenes. In an effort to overcome 
this problem we created a fusion protein of B7-1 and IL-2 with 
a furin endoprotease recognition site in between. This furin site 
enabled cleavage of the fusion protein in the golgi and correct 
expression of B7-1 on the cell membrane and secretion of IL-2.

First published in 2000, this elegant piece of molecular engineering 
is known as a fusagene technique, and use of this strategy to target 
cancerous cells in patients has just entered into clinical trials for the 
first time:

Dr. Joop gäken:
Although work on this project moved onto a more clinically 
focused team following our proof of concept work, it is very 
satisfying that this has now reached the clinical phase for AML 
patients. Tumor cells are isolated from the patients’ blood and 
transduced with a lentiviral vector containing the B7-1/IL-2 
fusagene. These cells are then irradiated to prevent replication, 
and injected under the skin of the patient. T-cell activators such 

Dr. Joop Gäken
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The role of miRNAs in many cancers is well established, with several miRNAs known to function as oncogenes or tumor suppressor 

genes; however, the clinically relevant targets of these biomolecules are largely unknown. In a career already spanning over 20 years 

in Hemato-Oncology, Dr. Joop Gäken from the Division of Cancer Studies at King’s College London has investigated a wide range of 

gene therapy strategies to help patients with leukemia. His group’s work has generated a number of novel technologies, including new 

therapeutic approaches, and the benefits of these innovations are now being felt outside of the oncology field.

as IL-2 are still expressed for at least a week after the cells are 
irradiated, and so the presence of these cells should induce an 
immune response which will also target non-treated AML cells in 
circulation. This strategy avoids the potential risks associated with 
insertional mutagenesis, as irradiation of the lentiviral infected 
cells prevents cell division and viral replication, and are therefore 
used to develop an in vitro “template” for the patient’s own 
immune system, rather than live viral vectors being introduced 
into the body.

Following the success of the fusagene work, Dr. gäken’s attention 
turned to miRNAs and their role in the pathogenesis of various types 
of leukemia:   

Dr. Joop gäken:
We work primarily on forms of pre-leukemia called 
myelodysplastic syndromes (MDS), which are characterized 
by various chromosomal aberrations, including 5q minus, 
monosomy 7 and trisomy 8. Due to the abnormal expression 
patterns associated with these mutations, miRNAs play a 
significant role in the disease progression, functioning as either 
oncogenes or tumor suppressor genes, although the target 
genes are unknown in the majority of cases. Identification of 
the targets of these miRNAs is therefore an important step in 
furthering our understanding of the genetic origins of MDS. 
currently, identification of miRNA targets is laborious and 
inefficient, relying on computer algorithms and subsequent 
validation by in vitro assays, which produce many false positive 
results. It also has the potential to miss targets, due to the 
promiscuous nature of miRNA binding, and so we looked at ways 

of creating a functional assay that could look at the effect of 
individual miRNAs in a cellular system.

Using the expertise in vector construction that we had 
developed during the fusagene work, we began by creating a 
vector with a fusion of positive and negative selectable markers. 
We then constructed a 3'UTR-enriched cDNA library which was 
cloned downstream of the selectable marker fusion. This allowed 
individual targets from the vector library to be transduced into 
cells for screening, enabling identification of target genes that 
are strongly regulated by the miRNA of interest.

We quickly realized that this approach had widespread miRNA 
screening applications extending beyond our own research, 
as well as for biopharmaceutical companies developing small 
interfering RNAs (siRNAs) as novel drugs, and so began looking 
for a commercial partner to help us further develop this 
technology. Sigma® Life Science’s broad expertise in genomics 
made it an obvious choice, and the Target ID Library was 
the result. This transcriptome-wide plasmid library has been 
constructed from 10 different human tissues and eight human 
cell lines, providing one of the most comprehensive cDNA 
libraries available today. We have already used Target ID to create 
a library of over 200,000 independent clones using McF7 breast 
cancer cells, and are currently using this cellular library to identify 
the targets of several miRNAs known to play a role in 5q minus 
syndrome, with the aim of elucidating important gene regulation 
events in vivo. 
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pICO pROFILINg  
THe ROAD TO SINgLe-
ceLL TRANScRIPTOMIcS

Herbert Auer, Functional Genomics Core IRB Barcelona, Barcelona, Spain
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Introduction
The Functional genomics core (Fgc), in Barcelona, provides genomic 
analysis tools like microarrays and Next generation Sequencing to 
researchers at the IRB, as well as to research groups across europe. 
A common request was whether it is possible to characterize the 
transcriptome (all transcripts) of very small cell populations or 
individual cells.

Available Chemistries to generate Large Amounts of cDNA from 
Small Cell populations
The first method for quantitative transcriptional profiling was 
published almost 20 years ago2 and numerous others followed3–10. 
The amplification principles underlying these methods can be divided 
into linear and logarithmic amplifications. In linear amplification, 
one end of the cDNA is used to start amplification while logarithmic 
amplification binds primers to both ends of the cDNA and generates 
an exponential increase of molecules.

The question to be asked was whether the vast amounts of cDNA 
generated during the amplification process could still provide 
quantitative information about transcript abundances in the 
starting material, even a few picograms of total RNA in an average 
cell11. Absolute levels of transcripts altered during an amplification 
procedure12 should effect samples equally; while differences between 
samples should be maintained.

We developed a checklist of questions (Table 1) to establish whether 
a proposed amplification method for small amounts of RNA faithfully 
represents the biology of the interrogated cell(s). Additionally, the 
scientific literature provided evidence that the rates of false positive 
and false negative discoveries were sufficiently high to eliminate 
several methods as viable discovery tools3,8,10,13,14. 

Materials and Methods
Materials and methods are described in detail in reference 14 and can 
be found at dnaarrays.org

Figure 1. evaluation of WTA2 for expression profiling. A) Principle component Analysis (PcA) of expression profiles of MAQc samples 1 (red) and 2 (blue) 
processed in triplicate following the manufacturer’s recommendations (cubes, data re-analyzed from17) and processed seven times on different days using WTA2 
(globes); the contribution of the specific component is shown next to its axis. b) correlation of differential expression between MAQc samples 1 and 2 measured 
by the microarray manufacturer’s method and using WTA2; average values of triplicates are displayed and all measurements of all probe sets are displayed. Image 
reprinted from reference 14.

Table 1

Do picograms of RNAs provide results similar to standard 
methods from micrograms of the same RNAs?

Do expression profiles from picograms of RNA correlate as well 
as standard methods of qPcR results generated without pre-
amplification?

Do technical replicates of the profiling method from picograms 
of RNA correlate well to each other?

Do expression profiles from small subpopulations correlate well 
to the results from bigger populations of the same cell type?
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Figure 3. Workflow of pico profiling. cells are 
lysed, RNA is purified by magnetic beads, cDNA is 
synthesized followed by library preparation and 
amplification; after column purification, cDNA 
is fragmented and biotinylated, followed by 
hybridization to a microarray. Image reprinted  
from reference 14.

Figure 4. pico profiling from 10 Cells. A) PcA 
of expression profiles of SW480 cells (red) and 
SW620 cells (blue) processed in triplicate starting 
from 2,000 cells (cubes) and 10 cells (globes); 
the contribution of the specific component is 
shown next to its axis. b) correlation of differential 
expression between SW480 and SW620 cells 
measured from 2,000 and 10 cells; average values 
of triplicates are displayed. complete data set is 
available online at sigma.com/picoprofile

Figure 2. evaluation of expression profiles 
from pg of RNA (pico profiling). A) SYBR-
green amplification signals from 1,000, 100, 10, 
1, and 0 cells. b) PcA of expression profiles of 
MAQc samples 1 (red) and 2 (blue) processed 
in triplicate starting from 25 ng RNA (cubes) and 
100 pg (globes); the contribution of the specific 
component is shown next to its axis. C) correlation 
of differential expression between MAQc samples 
1 and 2 measured from 25 ng and 100 pg RNA; 
average values of triplicates are displayed, all 
measurements of all probe sets are displayed. D) 
correlation of differential expression measured by 
Pico Profiling versus qPcR. Image reprinted from 
reference 14.
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expression profiling from RNA equivalents of a Few Cells
Next we evaluated how comparable the results for differential 
expression are between 25 ng total RNA and 100 pg, the equivalent of 
approximately 10 cells11. We added SYBR®-green to the amplification 
reaction to stop amplification once sufficient cDNA was generated. 
For 25 ng RNA, SYBR-green signals reached the stationary phase 
after 17 cycles, for 100 pg, 23 cycles were performed (Figure 2A). 
The entire workflow is outlined in Figure 3. Results between MAQc 
samples 1 and 2 were highly similar between measurements from 
25 ng and 100 pg total RNA (Figure 2b and 2C). Technical replicates 
of 100 pg RNA showed only slightly higher variability across replicates 
than replicates of 25 ng RNA processed using WTA2 or 100 ng RNA using 
Affymetrix’s recommended chemistry (compare Figures 1A and 2b).

Correlation of Results from WTA Amplified Material to qpCR Data
We evaluated the correlation of differential expression measured 
from 100 pg total RNA on microarrays relative to qPcR data and 
compared the results to the correlation of microarray measurements 
from standard amounts of RNA relative to qPcR. The MAQc study16 
performed measurements of close to 1,000 transcripts and we utilized 
this data for comparison. Microarray measurements performed from 
micrograms and nanograms RNA according to Affymetrix’s protocols 
showed a correlation of r2 = 0.76 (data not shown)16. Figure 2D 
shows that the correlation for minute amounts of RNA like 100 pg is 
minimally reduced.

Expression Profiling from a Few Cells
We are confident that WTA2 can be utilized for expression profiling 
from minute amounts of highly purified RNA. We developed an RNA 
isolation procedure using magnetic beads14. We used SW480 and 
SW620, two cell lines derived from a primary tumor and a metastasis 
of the same patient. We sorted 2,000 cells of each of the two cell lines 
and 10 cells of each. Differential gene expression between both cell 
lines was virtually identical independent of the number of cells used 
for RNA isolation (Figure 4).

Discussion
Using well-characterized, highly purified RNAs as well as RNA samples 
isolated from cell populations as small as 10 cells, we have shown 
that differential gene expression can be determined after WTA2 
amplification with basically the same accuracy as from much higher 
amounts of RNA or much higher cell numbers without amplification.

In summary, WTA2 amplification together with our novel RNA 
isolation procedure allows the generation of almost indefinite 
amounts of cDNA that faithfully represent biological differences 
between very small cell populations, if not even individual cells. 
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egF  
SIgNALINg

ARTICLe SpOTLIgHT

The epidermal growth factor (egF) family is 
a group of structurally related proteins that 
regulate cell proliferation, migration and 
differentiation via tyrosine kinase receptors on 
target cells. The egF receptor has a cytoplasmic 
tyrosine kinase domain, a transmembrane 
domain and an extracellular domain that binds 
to egF. Ligand binding to the egF receptor 
results in its dimerization, autophosphorylation 
and activation. Once activated, the egF 
receptor transmits intracellular signals via the 
phosphorylation of several proteins.

The activation of Ras by the egF receptor is 
an important component in egF signaling. 
The guanine nucleotide exchange factor SOS 
activates Ras, which in turn triggers the mitogen-
activated protein (MAP) kinase pathway. MAP 
kinases phosphorylate transcription factors 
like activator protein 1 (AP-1; Fos-Jun dimer) 
and elk-1, leading to cellular growth and 
development. The phosphorylation of Janus 
kinases (JAK) by egFR results in the activation of 
Signal Transducer and Activator of Transcription 
proteins (STATs) which ultimately lead to cell 
growth and differentiation. Another key aspect of 
egF signaling involves Phospholipase c-gamma 
1 (PLcγ1), which cleaves PIP2 into IP3 and DAg. 
IP3 production results in endoplasmic reticulum 
calcium release while DAg promotes the 
activation of Protein Kinase c (PKc). PKc in turn 
phosphorylates and activates the transcription 
factor elk-1 which leads to cellular proliferation. 
Mutations in egFR affecting its expression or 
activity are known to be involved in cancers, 
making egFR an important drug target.

This pathway highlights the important 
components of egF signal transduction. 

Gene            
Symbol Name Cellular                  

Functions
Disease 

                        Associations
Subcellular 

              Locations

 

Upstream
 Regulators

 Binding      
Partners

Downstream
 Interactors Antibodies Small 

              Molecules

STAT3 signal transducer 
and activator 
of transcription 
3  (acute-phase 
response factor)

proliferation
apoptosis
expression in
transformation
di� erentiation

tumorigenesis
obesity
enterocolitis
Crohn’s Disease
hyperphagia

nucleus
cytoplasm
focal adhesions
nuclear foci
plasma membrane

IL6
IL10
IL2
IL21
Interferon Alpha

FOS
EGFR
PRKCD
DIRAS3
IL2RB

TERT
IL10
HIF1A
CDKN1A
SOCS3

SAB2500993,            
Anti-STAT3           
antibody produced 
in goat

 

EGFR epidermal growth 
factor receptor

proliferation
apoptosis
migration
transformation
survival

cancer
tumorigenesis
neoplasia
psoriasis
endometriosis

cell surface
plasma membrane
nucleus
cytoplasm
caveolae

EGF
TNF
CBL
lysophosphatidic
acid
HBEGF

EGF
AXL
GRB2
CBL
SRC

Mapk
MAPK1
Akt
Erk1/2
MAPK3

E2156,                    
Monoclonal 
Anti-EGF Receptor 
antibody produced 
in mouse 

Inhibitor:
PZ0129,
CP-380736

c-Raf v-raf-1 murine 
leukemia viral 
oncogene 

transformation
proliferation
apoptosis
cell cycle progression
cell death

neoplasia
tumorigenesis
cancer
pulmonary hypertensive 
arterial disease
diabetes

cytoplasm
nucleus
perinuclear region
plasma membrane
� lamentous network

EGF
TP53
JAK1
OSM
HRAS

HRAS
YWHAZ
MAP2K1
YWHAB
RB1

MAPK1
RB1
HMGA2
MAP2K1
Mapk

R2404,                    
Monoclonal 
Anti-Raf-1/c-Raf 
antibody produced 
in mouse

Inhibitor:
G6416,

JNK1 mitogen-activated 
protein kinase 8

apoptosis
cell death
proliferation
survival
di� erentiation

tumorigenesis
hypertrophy
insulin resistance
cancer
heart  failure

nucleus
cytoplasm
focal adhesions
plasma membrane
mitochondria

TNF
EGF
IL1B
EGFR
IGF1

JUN
MAPK8IP1
MAP2K4
MAP2K7
THRB

CDKN1B
JUN
APP
AP-1
MAP3K11

SAB4200176,       
Monoclonal      
Anti-JNK antibody 
produced in mouse

Inhibitor:
S5567, 

c-Jun jun proto-oncogene apoptosis
proliferation
transformation
expression in
cell death

tumorigenesis
cancer
neoplasia
Alzheimer’s Disease
dedi� erentiation

nucleus
cytoplasm
perinuclear region
Golgi apparatus
apical processes

TNF
IL1B
beta-estradiol
TGFB1
lipopolysaccharide

FOS
PTGS2
MAPK8
TAF1
ATF2

HIF1A
SPP1
IL6
IL8
ESR2

SAB4300305,          
Anti-JUN (Ab-91) 
antibody produced 
in rabbit

 

PKCα protein kinase C, 
alpha

apoptosis
proliferation
activation in
migration
phosphorylation in

neurodegenerative 
disease
diabetes
rheumatoid arthritis
malignant neoplasm
cardiomyopathy

cytoplasm
nucleus
plasma membrane
principal piece
cytoskeleton

phosphatidylserine
EGF
beta-estradiol
15(S)-HETE
D-glucose

ITGB1
AKAP12
EGFR
CAV1
SELL

Erk1/2
APP
PDE3A
MAPK1
IGF2

WH0005578M1, 
Monoclonal        
Anti-PRKCA         
antibody produced 
in mouse

Inhibitor:
K1639, 

STAT1 signal transducer 
and activator of 
transcription 1, 

apoptosis
expression in
proliferation
response
di� erentiation

infection
tumorigenesis
pneumonia
cancer
� brosis

nucleus
cytoplasm
mitochondria
neuromuscular 
junctions

IFNG
Interferon Alpha
IFNA2
IL6
IFNB1

EIF2AK2
IFNGR1
FOS
STAT2
PIN1

IRF1
CDKN1A
IRF7
CASP1
CD40

SAB4300326,             
Anti-STAT1         
(Ab-701) antibody 
produced in rabbit

 

EGF epidermal growth 
factor

proliferation
migration
apoptosis
growth
activation in

Alzheimer’s Disease
diabetes mellitus
polycystic kidney disease
schizophrenia
cancer

apical membrane
basolateral membrane
cell surface
Golgi apparatus
clathrin-coated 
vesicles

ERBB2
ERBB3
ADAM10
CHUK
PI4KA

EGFR
ERBB3
ERBB2
PIK3R2
TAT

EGFR
MAPK1
MAPK3
FLT1
Erk1/2

E2520,                    
Monoclonal      
Anti-Epidermal 
Growth Factor 
antibody produced 
in mouse 

Inhibitor:
S2671,       
Suramin 
sodium salt

GRB2 growth factor 
receptor-bound 
protein 2

growth
proliferation
di� erentiation
signaling
transformation

Crohn’s disease
leiomyomatosis
cardiac � brosis
hypertrophy
uterine cancer

centrosome
cytosol
perinuclear region
plasma membrane
axons

F2
EGF
Bcr
IGF1
SHC1

SHC1
CBL
SOS1
EGFR
GAB1

MAPK3
EGFR
ERBB2
RAF1
CBL

SAB2500491,            
Anti-GRB2 anti-
body produced  
in goat

 

MEK1 mitogen-activated 
protein kinase 

apoptosis
proliferation
transformation
di� erentiation
migration

tumorigenesis
neoplasia
hypertrophy
cardiofaciocutaneous 
syndrome
hyperalgesia

cytoplasm
midbody
nucleus
centrosome
mitotic spindle

EGF
LEF
RAF1
RAC1
TNF

MAPK1
RAF1
MAPK3
PEBP4
KSR1

MLANA
MAPK1
DCT
SILV
TYRP1

SAB4502408,            
Anti-MEK1           
antibody produced 
in rabbit

Inhibitor:
P215, 

hRas v-Ha-ras Harvey 
rat sarcoma viral 
oncogene homolog

transformation
proliferation
growth
apoptosis
senescence

tumorigenesis
cancer
neoplasia
papillomatosis
neurodegeneration

nucleus
plasma membrane
Golgi apparatus
cytoplasm
lamellipodia

Cd3
CD28
AXIN1
FTase
IL6

RAF1
RALGDS
RIN1
Blnk
Raf

reactive oxygen  
species
CDKN1A
MAPK1
Erk1/2
Mapk

SAB4501441,             
Anti-RASH,             
N-Terminal           
antibody produced 
in rabbit

Antagonist:
E7781,

c-Fos FBJ murine 
osteosarcoma viral 
oncogene homolog

transformation
apoptosis
proliferation
expression in
growth

cancer
rheumatoid arthritis
endometriosis
neoplasia
seizures

nucleus
cytoplasm
perinuclear region
Golgi apparatus
cell periphery

beta-estradiol
TNF
IL1B
EGF
ESR2

JUN
STAT3
PTGS2
SRF
IL8

IL6
CSF2
ESR2
IL8
CFLAR

SAB2104185,            
Anti-FOS antibody 
produced in rabbit

 

 GW5074

SP600125

PD 98,059

K-252a

91kDa

kinase1 

homolog 1

Erastin

(see references at SIgNALINg on page  33

Highlights from the EGF Signaling Pathway
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EGF

EGF

EGFR

EGFR

SHC GRB2

c-Raf MEKK1

ERK1/2

ERK1/2
CK2 CK2

JNK1

JNK1

MKK7

SOS
hRas Ras GAP

DAG PIP2

IP3

ITPR

ER

PKCα

PKCα

STAT3

STAT3

STAT3

STAT1

STAT3

STAT3

STAT3

STAT1SRFc-Fosc-JunSRF Elk-1Elk-1

STAT3 STAT1

Ca2+

Ca2+

PLCγ1

JAK1

Cell Growth and 
Di�erentiation

Changes in Cytoskeleton
Cell Adhesion

Cell Proliferation

Cell Growth and Di�erentiation
Regulation of Cell Shape

Chemotaxis

PI3K

EGFR
EGFR

EGFR EGFR

MKK4MEK1

EGF

Extracellular Space

Cytoplasm

Nucleus

P

P

P P

P
P

P P

P P

Chemical,
Drug or
Toxicant

Cytokine or 
Growth 
Factor

Enzyme

G-protein
Coupled
Receptor 

Group or
Complex 

Ion Channel

Kinase

Phosphorylated 
Protein

Ligand-
dependent 
Nuclear
Receptor

microRNA

Peptidase

Phosphatase

Transcription
Regulator

Translation
Regulator

Trans-
membrane
Receptor

Transporter

Other

Key

Note: “Acts On” and “Inhibits” edge may also include a binding event  

Direct 
Interaction

Indirect
Interaction

A B Bindings Only

A B Inhibits

A B Inhibits and
Acts On

A B Leads To

A B Translocates
To

A B Reaction

A B

A B

Enzyme 
Catalysis 
Reaction

Disruption

Mutated
Gene 

A B Acts On

P

Find additional annotations and products for this pathway at  
sigma.com/egFSig
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CuSTOM PePscreen™  
PePTIDe LIBRARIeS  
An economical Approach to Proteome-Level 
Protein Interaction Analysis

ARTICLe SpOTLIgHT

characterizing protein-protein interactions across the entire 
proteome has been problematic because the conventional one 
protein, one experiment strategy is too time consuming and 
expensive. Rationally designed peptide libraries, however, afford an 
economical approach to screen protein interactions at an unbiased, 
proteome level.  

Here, we review two high-throughput approaches that combine 
genomic data and peptide libraries to characterize large numbers 
of kinase-substrate interactions. Both methods represent natural 
enzyme substrates using Sigma’s PePscreen™ peptide libraries.

PEPscreen Peptide Libraries
Sigma’s PePscreen peptide libraries are widely used in drug 
discovery, vaccine development, and protein interaction research. 
Synthesized using a proprietary, state-of-the-art robotic platform and 
optimized Fmoc chemistry, Sigma’s affordable PePscreen libraries are 
manufactured to the following specifications:

•	 Peptide quantity: 0.5–2 mg or 2–5 mg

•	 Peptide length: 6 –20 amino acids

•	 chemical modifications: Phosphorylation, biotinylation, Pegylation, 
acylation, etc. 

•	 Dye labeling: FLc, FITc, Dansyl, Dabcyl, TAMRA, Lissamine, etc.

•	 Qc: MALDI–TOF mass spectrometry performed on all peptides

•	 Format: Supplied lyophilized in 96-well tube rack 

•	 Delivery: Majority of orders are shipped within 7 business days

Parallel, Label-Free Identification of  Kinase Clients 
with Tandem Mass Spectrometry
Traditionally, protein kinase assays have been low throughput: 
pairing a single kinase with a single phosphoryl acceptor, followed 
by laborious analyses to identify the phosphorylated site(s). New 
instrumentation has enabled proteome-level phosphorylation 
studies, but limitations remain: surface-phase assays compromise 
native protein formation and solution-phase methods necessitate 
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development of specific antibodies or radiolabeling. In addition, the 
presence of multiple phosphate acceptor residues in a peptide or 
protein can preclude localization of the phosphorylated site.

In 2010, the University of Missouri–columbia Associate Professor Jay 
Thelen and colleagues created an approach for identifying client 
proteins in their natural conformation, without labels, and in a high-
throughput manner using quantitative mass spectrometry1.

Thelen’s lab incubated the well-characterized pyruvate 
dehydrogenase kinase (PDK) with a 46-peptide PePscreen library, 
representing 11–20 mer long overlapping sequences of the kinase 
target protein’s alpha subunit, all of its Ser, Thr, and Tyr residues, and 
then PDK itself. The peptide substrate and phosphorylated peptide 
product were separated, identified, and quantified using liquid 
chromatography-tandem mass spectrometry (Lc-MS/MS) followed by 
a newer, more sensitive technique called multistage activation. 

Demonstrating the assay’s specificity, tandem mass spectrometry 
correctly identified the only natural phosphorylation site, a sequence 
on pyruvate dehydrogenase’s alpha subunit. Subsequent spectral 
counting quantified the relative abundance of both the substrate and 
phosphorylated products, enabling the determination of kinase-substrate 
reaction kinetics. The data followed non-Michaelis-Menten kinetics, 
suggesting that the phosphorylated peptide acts as a PDK inhibitor. 
The utility of spectral counting was further validated by observing the 
negative effect of methionine oxidation on peptide phosphorylation.

A panel of peptides, with directed substitutions at certain residues 
flanking the phosphorylation site, was generated to characterize 
“mutagenesis” effects. (Those flanking sequences are highly conserved 
across species.) Lc-MS/MS screening of a 15-peptide PePscreen panel 
indicated that retaining phosphorylation activity required certain 
amino acids near the c-terminus, including serine at a defined 
position and hydrophobic residues at certain sites. 

Thelen and colleagues note that this solution-based method and 
convenient access to affordable peptide libraries yields a promising 
approach for rapid identification and quantification of protein-kinase 
interactions. With libraries constructed from phosphoproteomic 
screens of cell lines, tissues, and organs, clients of the 500+ human 
kinases can be screened in a high-throughput manner and substrate 
interactions described in detail for the first time.

High-Throughput Investigation of  Prenylation 
Substrate Specificity
About a year earlier at the University of Michigan, parallel screening 
with PePscreen peptide libraries enabled Professor carol Fierke and 
colleagues to identify prenylation of approximately twice as many 
proteins as had been indentified in the past 20 years2.

Prenylation, the covalent attachment of an isoprenoid lipid near a 
protein’s c-terminus, is essential to the proper localization and function 
of many proteins, including members of the Ras and Rho superfamilies 
of small gTPases implicated in about 30% of cancers. Two enzymes, 
protein farnesyltransferase (FTase) and geranylgeranyltransferase type 
I (ggTase-I), were proposed to prenylate proteins whose c-terminus 
has a certain four-amino acid “ca1a2X” motif. “c” refers to a cysteine three 
residues removed from the c-terminus that is prenylated at the thiol 
group to form a thioether, “a” refers to any aliphatic amino acid, and 
“X” refers to a subset of amino acids that are proposed to determine 
specificity for FTase (Met, Ser, gln, Ala) or ggTase-I (Leu, Phe). 

However, evidence emerged that this model was too simple. Fierke 
and colleagues set out to improve the predictive model of prenylation 
substrates, as well as identify novel prenylated proteins potentially 
valuable as therapeutic targets. To do so, they scanned all human 
proteins in the human genome database for the “ca1a2X” motif, 
identifying some 620 proteins of unknown prenylation status. For 213 
of those proteins, Fierke requested that Sigma® Life Science prepare 
a library of peptides representing those proteins’ c-termini, capped 
by N-terminal Thr and Lys residues, and appended with a dansyl 
fluorophore (dansyl-TKcxxx). control peptides were also prepared for 
proteins with known prenylation status.

The peptide library was then screened for FTase-catalyzed prenylation, 
called farnesylation, under multiple turnover ([e] << [S]) and 
single turnover ([e] > [S]) reaction conditions. Farnesylation was 
detected by either monitoring the change in the fluorescence of 
the dansyl group or by radioactivity-based assays using [3H]FPP and 
autoradiography. consistent farnesylation between control peptides 
and parent proteins in vivo, as well as comparable specificity constants 
(kcat/km

peptide), confirmed the peptide library’s utility for evaluating 
farnesylation status.

The screening revealed novel farnesylation of 236 proteins. 
Surprisingly, two classes of substrates for FTase with distinct reactivity 
profiles emerged. Screening identified 106 novel FTase substrates 
farnesylated under multiple turnover conditions. Another 130 
peptides were farnesylated only under single turnover conditions. 
Fierke reasoned that modulation of single versus multiple turnover 
FTase activity might reflect an unanticipated mechanism for 
regulating farnesylation, with potential to affect the localization, 
trafficking, and activity of prenylated proteins within the cell. 

In a second study, Fierke requested a library of 88 peptides, designed 
to apply structure-function analysis to define FTase’s selectivity criteria 
for the a2 residue of substrate peptides3. called a positional scanning 
library, this library’s peptides had their a2 position substituted with 
each of the 20 amino acids. correlation of reactivity data and each 
amino acid’s properties revealed that FTase recognizes both the size 

(continued at pepTIDe on page 33)
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PReSTIge ANTIBODIeS® AS  
TOOLS IN PLASMA PROfILINg 
filling the Need for Cancer Biomarkers

ARTICLe SpOTLIgHT

cancer is a major cause of death in the western world today. cancer 
is an all-inclusive term; however, there is considerable heterogeneity 
among the many types and forms of cancer that exist. Therefore, it is 
important to classify the type of cancer correctly in order to stratify 
patients into appropriate treatment programs. However, we lack the 
targeted strategies necessary to enable physicians to identify markers 
for the different types, stages, and forms of cancer so they can provide 
patients individualized care. 

There are only a handful of biomarkers used in clinics today. One 
example is the prostate-specific antigen (PSA). Although not  
originally intended as a screening marker for prostate cancer, PSA is 
used as such in some countries. However, only 25–30% of patients 
with elevated PSA levels can be confirmed to have prostate cancer 
after biopsy. Thus, there is a high false positive rate for prostate  
cancer detection. 

Prostate cancer is usually a slow-growing disease predominantly 
occurring in older men.  consequently, many men never have 

symptoms or undergo therapy, and ultimately die from other causes. 
One third of prostate cancers are aggressive. The issue stems from 
the fact that there are no existing markers to distinguish between 
indolent and more aggressive forms. Therefore, following a positive 
PSA test, the decision to treat and which treatment to perform is 
a difficult one. As a result, patients undergo surgery to remove the 
prostate, even though surgery may not be necessary and often results 
in negative side effects such as incontinence and impotence.

Plasma Profiling and the Human Protein Atlas 
The Human Protein Atlas (HPA) project was initiated with a goal to 
generate antibodies covering the whole proteome. This effort resulted 
in an impressive collection of expression profiles of human proteins 
in a multitude of normal tissues, cancer cells, and cell lines using the 
validated Prestige Antibodies® as reagents. Today, more than 11,200 
human protein-encoding genes have been analyzed, and the data  
is publicly available through the Human Protein Atlas web portal 
(www.proteinatlas.org) 1,2. The aim of the HPA project is to generate 
profiles for all human protein-encoded genes by 2015.
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Figure 1. Prestige Antibody suspension bead 
array workflow — Plasma samples are distributed, 
diluted and directly labeled with amino-reactive 
biotin A, b). The Prestige Antibodies are normalized 
to the same concentration and coupled to color-
coded beads (one color-code/Prestige Antibody). 
The mixed Prestige Antibody bead arrays are 
formed and then incubated with the heat-treated 
plasma samples. To determine specific antibody-
target recognition, unbound proteins are washed 
away C), and a fluorescently labeled reporter 
molecule (SAPe) is then added for biotin detection. 
By identifying the color-coded beads via green 
laser, the reporter fluorescence is excited by a red 
laser, linking amounts of captured target molecules 
to a Prestige Antibody D). With this procedure, up 
to 384 Prestige Antibody-derived protein profiles 
can be determined in a single sample in parallel 
and consumes less than 1 µl of undiluted plasma 
per analysis.
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This resource of antibodies produced within the HPA now extends 
into high-throughput biomarker discovery in body fluids. An ongoing 
effort within the project strives to develop a systematic approach 
for protein profiling of human plasma in the quest for potential 
biomarkers. Using antibody suspension bead arrays and heat-induced 
epitope retrieval, protein profiles of human plasma can be generated 
with limits of detection into the lower ng/ml ranges3,4,5. The ability 
of the antibodies to detect their targets in plasma samples was 
enhanced by heat treatment, most likely due to beneficial exposure 
of epitopes at elevated temperatures3. The procedure of the antibody 
suspension bead array is shown in Figure 1. 

CNDP1: A Candidate Prostate Cancer Biomarker
Using the plasma profiling procedure described, the protein carnosine 
dipeptidase 1 (cNDP1) was identified as a potential biomarker. A 
number of proteins were analyzed in unfractionated human plasma 
(Figure 2). cNDP1 was further analyzed in plasma from patients 
with a high and low risk of developing prostate cancer respectively.  
The level of cNDP1 protein was decreased in plasma from high-risk 
patients compared to low-risk patients. The differences in cNDP1 
protein levels were determined (Figure 3A) from an additional 
cohort composed of healthy subjects (n=30), patients diagnosed 
with indolent prostate cancer (n=30), and patients diagnosed with 
aggressive prostate cancer (n=30). Patients with aggressive prostate 
cancer had lower plasma levels of the cNDP1 protein than both the 
healthy controls and the patients diagnosed with the indolent cancer 

form. Figure 3b shows the difference in cNDP1 level detected in a 
selection of samples from low- and high-prostate cancer risk patients, 
as analyzed by a sandwich immunoassay, the preferred clinical 
methodology for analyzing plasma. Again, there was a lower level 
of cNDP1 protein in plasma of patients with a high risk for prostate 
cancer than there was in the low-risk group.

In conclusion, the cNDP1 protein is an interesting candidate marker 
for prostate cancer that may be used to distinguish between indolent 
and aggressive forms. Potentially, cNDP1 could be used for screening 
of aggressive prostate cancer. Differential amounts of cNDP1 can be 
detected using established techniques utilized in clinical analysis.

Summary
For accurate and efficient treatment of cancer patients, there is a great 
need for novel biomarkers capable of distinguishing between different 
types, stages, and forms of cancer.

Prestige Antibodies are a great tool in high-throughput plasma 
profiling efforts. 

The Human Protein Atlas and antibody array technologies constitute 
an excellent platform when searching for new potential cancer 
biomarkers.

cNDP1 has been found to be an interesting candidate biomarker 
for prostate cancer that holds the potential to distinguish between 
indolent and aggressive tumor forms. 
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Prestige Antibodies® 
The antibodies developed and characterized within the Human 
Protein Atlas project are available to the scientific community 
as Prestige Antibodies®. Prestige Antibodies are co-exclusively 
sold by Sigma-Aldrich® and Atlas Antibodies in europe, and 
exclusively sold by Sigma-Aldrich outside of europe. 

Discover more at sigma.com/prestige

Figure 3. A) cNDP1 in plasma from three groups of prostate cancer subjects 
as determined by plasma profiling. The first group represents healthy subjects 
(n=30), the second group, patients diagnosed with less aggressive prostate 
cancer (n=30), and the third group, patients diagnosed with aggressive 
prostate cancer (n=30). b) Results from a sandwich detection assay using the 
anti-cNDP1 antibody (HPA008933) as capture reagent. Samples 1–3 represent 
the prostate cancer-free control group (white bars) and samples 4–6 are from 
patients with an elevated risk for prostate cancer (burgandy bars).
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Figure 2. Presence of cNDP1 in human blood was determined by  
A) immunohistochemical staining of prostate cancer tissue detecting 
cNDP1 in blood vessels, and by b) Western blot. Lane 1 hosts the marker 
(230,130,95,72,56,36,28,17,11 kDa), lane 2 RT-4 cell lysate, lane 3 U-251Mg 
sp cell lysate, lane 4 human plasma, lane 5 tonsil lysate and lane 6 liver 
lysate. In both methods, the Anti-cNDP1 antibody HPA008933 was used 
for protein detection.
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HIgH-THROugHPuT SCReeNINg 
Of PePTIDe SuBSTRATeS  
for Tyrosine Kinases featuring PReCISIO®  
Kinases and PePscreen™ Custom Peptide Library

ARTICLe SpOTLIgHT

Abstract
Protein Tyrosine Kinases (PTKs) play important roles in modulating 
a wide variety of cellular events, including differentiation, 
proliferation, metabolism, and apoptosis. Therefore, identification 
of the substrates for PTKs is vital for basic research and drug 
development. We report a high-throughput eLISA-based method to 
identify peptide substrates for class-specific and/or enzyme-specific 
PTKs. The amino acid sequences of the 13-mer tyrosine peptides for 
the library were generated using a proprietary algorithm developed 
for all potential protein substrates of PTKs. Next, the peptides were 
synthesized using PePscreen™, a proprietary peptide synthesis 
platform, and then subjected to a screening of 39 PTKs using an 
eLISA-based method. The 173 sequences selected were classified 
into different groups with the reactivity to single, multiple, or all 
PTKs, and further validated. Validation results indicated that this 
screening method has a very high sensitivity and reproducibility. 
The combination of our algorithm for selecting peptide sequences, 

the PePscreen peptide synthesis platform, and eLISA-based assay 
using PRecISIO® Kinases, provides a successful high-throughput 
system for the screening of PTK peptide substrates.

Introduction
Kinases are a large group of proteins modulating a wide variety of 
cellular events, including differentiation, proliferation, metabolism, 
and apoptosis1. There are 518 protein kinases in the human genome, 
responsible for phosphorylation of over 30% of all cellular proteins2. 
Thus, kinases represent an important target for drug discovery3 and a 
better understanding of kinase pathways and their substrates would 
greatly impact basic research and drug development. 

Kinases mediate their effector functions through phosphorylation 
of specific amino acid residues in target protein substrates 4. Protein 
kinases are divided into two major classes based on the target amino 
acid present within the substrates: 1) Protein Serine/Threonine 

Danhui Wang, Fan Zhang, Tao Zhao, Fei Zhong, and Keming Song
Sigma® Life Science
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Kinases (PSKs) and 2) Protein Tyrosine Kinases (PTKs). The availability 
of known substrates for a given kinase represents a potential limiting 
factor for a kinase assay. Here, we report a high-throughput eLISA-
based method to identify peptide substrates for class-specific and/
or enzyme-specific protein kinases. Furthermore, this assay is suitable 
for detecting kinase activity both in vivo and in vitro. A peptide 
library containing 13-mer tyrosine peptides was generated using an 
algorithm developed in-house for all potential protein substrates of 
protein kinases. The peptides were synthesized using PePscreen™, 
a proprietary peptide synthesis platform, and then subjected to a 
screen using an eLISA-based method featuring PRecISIO® Kinases.

Materials and Methods
Unless otherwise indicated, all reagents and materials used in 
this work were obtained from Sigma®. The biotinylated peptides 
were synthesized on a 96-well format. PTKs were PRecISIO Kinases, 
obtained from Sigma. Phosphorylated and unphosphorylated 
tyrosine peptides (Biotin-RRLIeDAeYAARg) were obtained from 
AnaSpec, Inc. (San Jose, cA). SigmaScreen™ Streptavidin-coated 
384-well plate (S8686) was used to anchor biotinylated peptides. 
Anti-phosphotyrosine monoclonal antibody (P5872), anti-mouse 
Igg alkaline phosphatase conjugate (A3562), and p-nitrophenyl 
phosphate liquid substrate system (p-NPP, N7653) were used to 
detect phosphorylated tyrosine peptides. The optical density was 
obtained using SpectraMax Plus 384 microplate spectrophotometer 
(Molecular Devices, Sunnyvale, cA).

Selection of Tyrosine peptides
The potential substrates of identified kinases were obtained by 
searching public databases (Phospho.eLM, and PhosphoSite). The 
FASTA sequence file including the amino acid sequences of the 
substrates were compiled and loaded onto KinasePhos database 
(http://kinasephos.mbc.nctu.edu.tw/index.html) searching for 
the potential phosphorylation sites of each substrate. The output 
files were modified by a computer program to identify the 13-mer 
peptides covering the potential phosphorylation sites. commercially 
available peptide substrates for tyrosine kinases were used as positive 
controls for screening.

preparation of peptide Library for Screening
Peptides were reconstituted with 50% acetonitrile at a final concen-
tration of 5 mM. Four 96-well plates of peptides were reformatted into 
one 384-well plate. The 5 mM peptides were diluted to 0.5 mM with 
Tris-buffered saline (TBS) as working solutions for screening.

Kinase Reaction
The kinase reaction buffer, kinase, and ATP quantities for each 
reaction were used as indicated in the product information. 2.5 μl of 
each 0.5 mM peptide was aliquoted into each well of a 384-well plate 

followed by adding 22.5 μl of kinase reaction mixture including kinase 
reaction buffer, ATP, and kinase. The plate was incubated at 30 °c for 
15 minutes with constant shaking of 120 rpm. 6 μl of 0.5 M eDTA was 
then added into each well to stop the kinase reaction.

eLISA Assay
The kinase reaction solutions were transferred into a 384-well 
Streptavidin-coated plate followed by a shaking incubation of one 
hour at room temperature. The solutions were removed, followed by 
three washes with 50 μl of Tris-buffered saline with TWeeN-20 (TBST). 
40 μl of mouse anti-phosphotyrosine antibody (1:2,000 dilution) 
was added into each well followed by a shaking incubation of one 
hour at room temperature. The solutions were removed, followed by 
four washes with 50 μl of TBST. 40 μl of anti-mouse Igg conjugated 
alkaline phosphatase (1:30,000 dilution) was added into each well 
followed by a shaking incubation of one hour at room temperature. 
The solutions were removed followed by four washes with 50 μl of 
TBST. 40 μl of p-NPP was added into each well, followed by a shaking 
incubation of 30 minutes at room temperature. 8 μl of 3 M sodium 
hydroxide was added into each well to stop the enzymatic reaction. 
The optical absorptions at 405 nm were obtained.

Overview of Screening procedure

Peptide library in 96-well format

Reformat into 384-well format

Aliquot 2.5 μl of peptides into an assay plate

Add 22.5 μl of kinase reaction mixture into 
the assay plate followed by an incubation 

at 30 °C for 15 minutes

Transfer kinase reactions into a 
SA-coated plate followed by an 
incubation at R.T. for one hour

Perform ELISA assay on the plate
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Results: Establishment and Optimization of  Screening Platform
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Figure 1. eLISA-based Assay Offers both Sensitivity and Selectivity for 
the Screening of peptide Substrates.  Nine biotinylated peptides were 
synthesized and kinase assays were performed with Abl or Src kinase as 
described in Materials and Methods. The phosphorylated tyrosine residue was 
detected by an eLISA-based assay using anti-phosphotyrosine antibody. The 
graph results are the averages of two replicates. 

Kemptide: Biotin-LRRASLg-OH (a serine peptide as negative control)

Abltide: Biotin-eAIYAAPFAKKK-OH 

SrcPeptide1: Biotin-KVeKIgegTYgVVYK-OH 

IgF1Rtide: Biotin-KKKSPgeYVNIeFg-OH 

SrcPeptide2: Biotin-IYgeF-OH

SrcPeptide3: Biotin-TSTePQYQPgeNL-OH

MostPTK1: Biotin-KKKgPWLeeeeeAYgWLDF-OH 

MostPTK2: Biotin-RRLIeDAeYAARg-OH

Figure 3. Validation of Selected peptides from primary Screening. A total 
of 170 peptide substrates, divided in three groups based on different tyrosine 
protein kinases, have been selected after primary screening. Validation of 
peptide candidates was performed by eLISA assay with three repeats for 
each enzymatic reaction. This figure shows the validation results of activity 
assay for Tyrosine kinases of Src family against selected candidate peptides. 
The validation data are consistent and positively correlate more than 80% of 
results obtained in primary screening.
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Figure 2. Optimization of eLISA-based Assay platform. A) Four biotinylated 
peptides were synthesized and then coated on the Streptavidin plate at 5 μg/ml, 
1 μg/ml, 0.2 μg/ml, and 40 ng/ml. The eLISA-based assay was performed as 
described in Materials and Methods. Kemptide: Biotin-LRRASLg-OH;  
pS-Kemptide: Biotin-LRRApSLg-OH; Y-peptide: Biotin-RRLIeDAeYAARg-NH2;  
pY-peptide: Biotin-RRLIeDAepYAARg-NH2. b) 50 μl of pY-peptide (200 ng/ml) 
was used to coat Streptavidin plate. The phosphorylated tyrosine was detected 
by a series dilution of anti-phosphotyrosine antibody following the protocol 
described in Materials and Methods.
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Table 2. Validation of Selected Peptides from Primary Screening.

Number of Peptides
Single PTK 47
Non-receptor PTKs 14
Receptor PTKs 17
Non-receptor or Receptor PTKs 96

O
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Conclusions 
 The algorithm developed in house for selecting peptide sequences 
works well as 50% of the peptides selected showed reactivity to single 
or multiple kinase. The eLISA-based assay offers both sensitivity and 
selectivity for the screening of peptide substrates for tyrosine kinases, 
and PRecISIO Kinases provide suitable activity and consistent results 
in high-throughput kinase assays.
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Results: Screening of  Peptide Substrates for 39 Tyrosine Kinases

Table 1. primary Screening Results. X: Positive ReactivityTable 3. Reactivity of Selected peptide Substrates 
with 39 pTKs.

Kinase
Number of  

Peptide Screened
Number of  

Positive Hits
Range of Fold / 

Background
 

for Selection
AXL 384 0 1-2.3 2.5

EphA1 384 9 1-10.6 2.5

EphA2 384 20 1-11.4 3

EphB1 384 49 1-15.3 4

EphB2 384 48 1-15.3 2.5

EGFR 384 71 1-11.8 4

ERBB2 384 8 1-7.5 2.5

ERBB4 384 13 1-10.7 2.5

FGFR1 384 34 1-10 3

FGFR2 384 55 1-12 4.5

FGFR3 384 5 1-11 4

FGFR4 384 3 1-11.8 2.5

Met 384 12 1-8 3

IR 384 3 1-7.6 2.5

IGFI-R 384 15 1-19.5 3

TRKA 384 18 1-13.2 4

TRKB 384 56 1-9.3 3

PDGFα-R 384 13 1-6.3 3

PDGFβ-R 384 15 1-5.9 3

KIT 384 7 1-4.8 2.5

KDR 384 60 1-10.8 3

FLT3 384 30 1-10.7 3

Abl 384 12 1-12 6

BTK 384 8 1-6.6 2.5

CSK 384 9 1-7.3 3

FAK 384 10 1-5.6 2.5

FES 384 25 1-13 4.5

JAK2 384 62 1-11.6 7

ZAP70 384 1 1-3 2.5

Src 384 28 1-15 7

BLK 384 54 1-12.2 3.5

FGR 384 14 1-5.5 2.5

FYN 384 19 1-15.6 4

HCK 384 35 1-19.9 6.5

LCK 384 13 1-15.9 4

LynA 384 40 1-13.9 3.5

LynB 384 13 1-13.8 3

YES 384 44 1-11.7 4

FRK 384 20 1-10.7 4

Kinase 58 125 174 363 97 102 103
AXL
EphA1 x x x
EphA2 x x x x
EphB1 x x x x
EphB2 x x x
EGFR x x x
ERBB2 x
ERBB4 x
FGFR1 x x
FGFR2 x x x x x
FGFR3 x
FGFR4 x
Met x
IR
IGFI-R x x x
TRKA x x
TRKB x x x x
PDGFα-R x
PDGFβ-R x
KIT x
KDR x x x
FLT3 x x
Abl x
BTK x x
CSK x x
FAK x x
FES x x x
JAK2
ZAP70
Src x x x x
BLK x x x x
FGR x
FYN x x x x
HCK x x x x
LCK x x x x
LynA x x x x
LynB x x x x
YES x x x x
FRK x x x

Results
With Sigma’s PePscreen™ custom Peptide Synthesis, we generated 
a peptide library with 384 peptides for substrate screening. All 
peptides were lyophilized in a 96-well plate format. The success rate 
for peptide synthesis is over 99%. Upon reconstitution of peptides in 
suitable solution (50% acetonitrile), peptides were subjected to high-
throughput eLISA screening for kinase activity with each given protein 
kinase in 384-well plate. Prior to running the screen, we synthesized 
a set of biotinylated peptide substrates specific for kinase Abl, Src, 
IgF1R, or non-specific peptide substrates for most PTKs to test the 
binding selectivity of SA-coated plate and then tested the antibody 
specificity for phosphorylated tyrosine peptides by eLISA using an 
anti-phosphotyrosine antibody. The results (Figure 1) indicate that 
the eLISA-based assay provides both sensitivity and selectivity for 
peptide screening with specific detection of phosphorylated tyrosine 
peptides. Next, the optimal amount of biotinylated peptide for 
binding to SA-coated plate was identified to be 10 ng in a total of  
50 μl reaction (Figure 2A). Also, the optimal dilution of Sigma’s Anti-

phosphotyrosine monoclonal antibody (P5872) was 1:1000 (Figure 
2b). Primary screen was conducted with 384 peptides from the PTK 
library against each of 39 PTKs using PRecISIO® Kinases. The number 
of positive peptide substrates screened for each PTK was summarized 
(Table 1). Based on the primary screening results, 170 peptides were 
selected as potential substrate candidates for single or multiple PTKs 
and validated by a second round of assays with three replicates for 
each peptide. Figure 3 shows an example of the validation results 
for Tyrosine kinases of Src family against selected candidate peptides 
from primary screening. The validation data are consistent and 
positively correlate with more than 80% of results obtained in primary 
screening. Among those validated peptides, some were specific to 
single kinases; some for groups of non-receptors or receptors, and 
some for both receptors and non-receptors (Table 2). Finally, seven 
peptides were selected and tested for their reactivity to each of the 39 
PTKs selected (Table 3). 
For more information, visit sigma.com/precisiokinases

(see references at KINASeS on page 33)
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and hydrophobicity of the residue at the 
a2 position, in contrast to predominantly 
polarity-based recognition at the X residue 
in the ca1a2X model. Further comparison 
indicated the identity of the adjacent X 
residue also affects a2 selectivity, as well as 
multiple versus single turnover farnesylation 
behavior. Such context-dependent substrate 
recognition suggested that the ca1a2X model 
of FTase selectivity predicts only a subset 
of potential FTase substrates, raising the 
possibility of novel FTase substrates whose 
c-terminal sequences do not conform to the 
canonical ca1a2X motif.

Synthesizing Custom PEPscreen™ 
Peptide Libraries
High-throughput screening with custom 
peptide libraries has accelerated a range of 
experiments, from microarray-based antibody 
detection, antigenicity testing, T- and B-cell 
epitope mapping, to peptide therapeutic 
stability and efficacy optimization. You can 
review publications for these methods, and 
design your own peptide library for synthesis 

at sigma.com/pepscreen  

References:

1. Huang YD, Houston NL, Tovar-Mendez A, et al. A 
quantitative mass spectrometry-based approach for 
identifying protein kinase clients and quantifying 
kinase activity. Anal Biochem. 2010;402:69–76.

2. Houghland JL, Hicks KA, Hartman HL, et al. 
Identification of Novel Peptide Substrates for Protein 
Farnesyltransferase Reveals Two Substrate classes 
with Distinct Sequence Selectivities. J Mol Bio. 
2010;395(1):176–90.

3. Houghland JL, Lamphear cL, Scott SA, et al. 
context-Dependent Substrate Recognition 
by Protein Farnesyltransferase. Biochem. 
2009;48(8):1691–701.

(continued from pepTIDe page 25)

(continued from SIgNALINg page 23)

(continued from KINASeS page 32)

        Fall 2011       sigma.com/biowire   33References

http://www.sigma.com/pepscreen
http://www.sigma.com/biowire


gLOBAL eDuCATION PROgRAM
Sigma® Life Science 

A principle mission of the customer education Team at Sigma® Life Science is to enable science through education. We strive to provide 
researchers with leading technologies and the educational resources required for enhancing the understanding of all biological disciplines. 
This is achieved through the implementation of educational programs including technical courses, symposia, and seminars. Our programs 
position Sigma as a leading facilitator of science through education. We invite you to come learn with us by taking part in one of our 
programs for 2011. 

2011 Schedule of Programs

For a complete schedule or to register for one of our programs, go to: 
sigma.com/biouniversity

* Dates are subject to change

Program Location Date*

Technical Courses:

Targeted genome editing using Zinc 
Finger Nucleases

Osaka, Japan

Melbourne, Australia 

Life Science center and High 
Technology center, Saint Louis, MO

eMBL, Heidelberg, germany

August 24–26, 2011

October 18–20, 2011

November 14–16, 2011

December 6–8, 2011

Life Science Seminars and Events:

Use of Zinc Finger Nucleases for the 
Development of Next generation cell 
Lines and Animal Models

eMBL, Heidelberg, germany December 5, 2011

Biowire    A Biofiles Special Edition

http://www.sigma.com/biouniversity


Program Location Date*

Technical Courses:

Targeted genome editing using Zinc 
Finger Nucleases

Osaka, Japan

Melbourne, Australia 

Life Science center and High 
Technology center, Saint Louis, MO

eMBL, Heidelberg, germany

August 24–26, 2011

October 18–20, 2011

November 14–16, 2011

December 6–8, 2011

Life Science Seminars and Events:

Use of Zinc Finger Nucleases for the 
Development of Next generation cell 
Lines and Animal Models

eMBL, Heidelberg, germany December 5, 2011

Twitter 
getting involved in social media can be daunting for a first-time user. 
The TwitterSci blog, designed exclusively for scientists new to Twitter, 
can help you through the process. In addition to providing steps to 
get started, the blog also addresses why scientists should use social 
media. http://bit.ly/TwitterSci

Students Compete for Grants from Sigma® Life 
Science — Contest Deadline is October 28, 2011
Sigma Life Science is asking students to answer the question, 
“How will your Bio shape the future?” using a two- to three-minute 
video. The winners will receive a cash award for lab equipment and 
reagents needed for molecular biology research. To find out how to 
get involved, read full contest details and rules, and create your own 
biomosaic, visit sigmabiogrant.com

Scientists Get Social
Here are a few of our favorite social media sites for scientists:

postDocs Forum   
The PostDocs Forum invites members to write a guest post 
on topics related to research and the postdoc life. The goal of 
the forum is to “create a networking platform for postdocs and 
grad students allowing for collaboration, mutual assistance, and 
support.” Network with more than 1,000 PIs, postdocs, and grad 
students through this site.

Twitter — @postDocsForum
blog — http://www.postdocsforum.com
LinkedIn —  http://linkd.in/postDocForum

The genome Institute at Washington University
Keep up to date with the latest research on next generation 
sequencing and genomics from the genome Institute at 
Washington University in St. Louis, Missouri.

Twitter — twitter.com/genomeInstitute
Facebook — on.fb.me/genomeInstitute

biounity
Learn about the newest innovations from Sigma Life Science at 
our social media hub, Biounity. get updates on our Twitter feeds, 
Facebook status updates, Sigma Bioblogs, and YouTube videos. 
Visit us at sigma.com/biounity

Social Media in the
LIfe SCIeNCeS 
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bioediting

Bioaccess.
Permanently knockout any human, mouse or rat gene 
with CompoZr® Knockout Zinc Finger Nucleases. 

CompoZr Knockout ZFNs are more 
accessible than ever with new lower 
pricing and the addition of every gene 
in the mouse and rat genomes. A proven 
technology with validated Knockout ZFNs 
for nearly 60,000 genes.

 
Create knockout cell lines or animal models 
for research with confidence

sigma.com/knockout

CompoZr is a registered trademark of Sigma-Aldrich Co. LLC.
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