
-Brew: iGEM’s first and finest SynBio Beer

The TU Munich iGEM Team engineered Saccharomyces 
cerevisiae, also known as baker's yeast, in order to lay 
the foundations for a new generation of functional 
foods with nutritionally valuable ingredients. 
As an example, for iGEM’s �rst SynBio Beer the com-
pounds xanthohumol (anticancerogenic), limonene 
(lime�avor), ca�eine (CNS-stimulant) as well as thau-
matin (protein sweetener) were chosen to demon-
strate the spectrum of BIOSYNTHETIC possibilities to 
complement traditional foods or beverages.
The metabolic pathways for these substances were converted to genetic BioBricks. Using our new  
shuttle vector system pTUM10X, which was adapted to the BBF RFC standards, transient transfection 
and expression in yeast were achieved. The gene products were subsequently characterized and their 
biosynthetic activities were investigated.
Constitutive, ethanol-inducible and light-switchable promoter systems were developed to individu-
ally REGULATE the expression of these gene cassettes. By combining these BioBricks our team has 
been able to brew iGEM’s �rst and �nest SynBio Beer. 
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The �avoring substance limonene was 
successfully produced by expressing 
limonene synthase in S. cerevisiae, which 
naturally synthesizes the educt geranyl-
pyrophosphate (GPP) [3]. For puri�cation 
of limonene synthase streptavidin a�nity 
chromatography with followed enrich-
ment and gel �ltration was performed. As 
limonene is a volatile organic compound 
it was measured in vivo via headspace 
(SPME needle) GC-MS. This resulted in a 
comparison of limonene synthase with 
(BBa_K801060) and without consensus 
sequence (BBa_K801061) of a two to 
three fold enhanced expression depend-
ing on consensus sequence in yeast (see 
Fig. 5B).

The protein Thaumatin is over 2,000  
times  sweeter than sucrose on molar 
basis [5] and has been approved as a 
food additive in the European Union 
(E957). We successfully expressed 
thaumatin in S. cerevisiae.  Thaumatin 
was puri�ed using an ion exchange 
chromatography and was succesfully 
detected via SDS-PAGE (Fig. 8).

All three enzymes required  for caf-
feine biosynthesis  (7-methylxanto-
sine synthase, theobromine synthase 
and ca�eine synthase,  Fig. 9  [6]) were 
successfully expressed in S. cerevisiae . 
The functionality of the pathway was 
shown up to the intermediate theo-
bromine (Fig. 10). The second reaction 
of the pathway  is also catalyzed by 
the endogeneously expressed purine 
nucleoside phosphorylase.

Xanthohumol is known as a putative cancer chemopreventive agent 
due to its antioxidant activities [4]. The whole biosynthetic pathway for 
the production of xanthohumol was converted into BioBricks. This im-
plicates �ve enzymes: phenylalanine ammonia lyase, 4-coumarate-
coenzym A ligase, naringenin-chalcone synthase, aromatic prenyltrans-
ferase and chalcone O-methyltransferase. Every part was sequenced 
and added to the registry of standard biological parts.

The parts registry did not yet comprise an 
RFC-compatible expression vector 
system for yeast, hence designing one 
was essential for our project. Based on 
the commercially available pYES2 vector 
from Invitrogen the RFC compatible shut-
tle vector pTUM100 was created. Further-
more inducible and constitutive promot-
ers have been integrated in pTUM100.

Neither antibiotics nor auxotrophies are 
suitable selection markers during the 
brewing process, thus genome integra-
tion is the only possibility to ensure on-
going gene expression.

The underlying idea of a light-switchable system is 
to create a gene expression system which can be 
toggled by light of di�erent wavelengths.
Such promoters are extremely attractive, as induc-
tion does not require the addition of a speci�c sub-
stance. This makes induction cheap, fast, precise 
and also compatible with the German Purity Law. 

The KlADH4-promoter from the yeast K. lactis is 
known to be ethanol-inducible.  All involved tran-
scription factors also occur in S. cerevisiae [1].

REFERENCESTo assess the suitability of our 
lab strain (INVSc1), the 
growth was tested in three 

di�erent media. Compared to a conventional brewing yeast 
strain, no signi�cant adverse e�ect was observable. Further-
more we brewed our �rst limonene SynBio Beer using trans-
genic yeast carrying the BioBrick for limonene synthase under 
the control of a constitutive promoter in a 3 liter scale (Fig. 15B).  

Plant of origin:
  Citrus limon (L.)

Plant of origin:
Humulus lupus (L.)

Plant of origin:
Co�ea arabica (L.)

Plant of origin: 
Thaumatococcus daniellii (Benn.)

Molecular structure
 of limonene

Molecular structure
 of xanthohumol

Molecular structure 
of ca�eine

Protein structure of thaumatin
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Bayesian inference, 
the mathematical 
framework that we 

introduced to iGEM for the �rst time, conveys the idea of Bio-
Bricks: For every parameter 
in the model a prior den-
sity can be added to the 
simulation in a modular 
fashion. The prior density 
will improve the inference 
of the a-posterior  distribu-
tion from experimental 
data. The a-posterior den-
sity itself can then serve as 
prior density for other 
teams.

OUTREACHUsing the example 
of iGEM's �rst SynBio 
Beer our team tried 

to bridge the gap between the scien-
ti�c community and the general 
public by hosting a variety of “Human 
Practice” events. We organized a panel 
discussion to debate on genetic engi-
neering in food with politicians and 
scientists. Besides, we arranged a na-
tionwide information day in coopera-
tion with other German iGEM teams. 
Furthermore we designed a comic 
that illustrates our project in a playful 
way, made a movie and visited a class 
of 10th and 11th graders. 

BBF RFC

Fig. 1: Overview of our project.
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Fig. 2: (A) and (B) show the two states of 
the presented light-switchable promoter 
system [2]. The system consists of a DNA-
binding domain fused to a phytochrome 
domain (PhyB) and PIF3 basic helix-loop-
helix protein fused to a transcription acti-
vating domain. The PhyB domain’s confor-
mation changes upon absorption of a red 
photon from inactive Pr to active Pfr and 
then interacts with PIF3, bringing the asso-
ciated transcriptional activation domain 
into position to activate transcription from 
a downstream reporter. (C) Characteriza-
tion of the GAL4 based system via Luci-
ferase Assay. Irradiation was carried out 
using LEDs with emission peak at 660 nm 
with pulse duration of 10 seconds and 
frequency of 1 pulse every 5 minutes. The 
di�erence between high and low intensity 
was 10 fold. (D) Emission spectra of eGFP 
obtained during cultivation of S. cerevisiae 

transformed with 
pTUM100_KLADH4_eGFP using 
di�erent carbon sources. Blue: 
Galactose was used as carbon 
source.  The peak at 509 nm 
indicates that eGFP is 
expressed. Red: Glycerol was 
used as carbon source. No eGFP 
�uorescence could be detected. 

Fig. 3:  Figure (A) shows the new multiple cloning site (MCS) containing the RFC 10/25 restriction sites and 
the DNA sequence coding for the Strep-tag II. Figure (B) gives an overview of all important functional 
elements located on the vector backbone. Upstream to the new MCS lies a T7 promoter primer binding site 
allowing easy forward sequencing of integrated gene constructs using the standard T7 primer. The URA 3 
gene is a prototrophy marker used for the selection of transfected yeast cells. Figure (C) to (E) present the 
successfully designed RFC backbones:  pTUM100 simply contains the new MCS, the transcription terminator 
and further elements required for cloning and transfection.  pTUM101 to pTUM103 additionally contain the 
constitutive promoters pTef1, pTef2 and ADH. pTUM104 keeps the galactose inducible promoter pGAL1.

Fig. 4: Reaction catalyzed by limonene synthase.

Fig. 5:  Detection of limonene in headspace above cell culture supernatant. (A) GC/MS spectrum of limonene obtained 
when analyzing cell culture that was transformed with pTUM104 harboring BBa_K801060. (B) Gas chromatography peaks 
measured for BBa_K801060, BBa_K801061, each with and without addition of GPP and negative controls.

Fig. 7:  Analytical gel �ltration of limonene synthase 
on Superdex 200.

Fig. 6:  Streptavidin a�nity (SA) chromatography of 
limonene synthase.

Fig. 8: (A+C) Ion exchange chromatograms of  purchased thaumatin and cell lysate of transformed 
yeast. (B) Bands in SDS-PAGE of reference protein at proper height (22kDa) with a maximum in elu-
tion fraction 14. (D) SDS-PAGE belonging to (C). The elution fraction 14 of the cell lysate shows a 
band corresponding to the reference. This elution pattern matches to the reference pattern and 
demonstrates the same isoelectric point. 
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Lehrstuhl für Biologische Chemie, Technischer Universität München, Emil-Erlenmeyer-Forum 5, 85354 Freising, Germany.

Fig. 9:  Reactions of the ca�eine pathway.

Fig. 10: LC/MS chromato-
grams of the �rst enzyme 
assay. Used substrate: Xan-
thosine. (A) Reference chro-
matogram of theobromine. 
(B) Chromatogram of a solu-
tion obtained from the 
enzyme assay with the crude 
extract having been isolated 
from yeast cells transformed 
with the ca�eine synthesis 
pathway composite part. (C) 
Chromatogram of a solution 
obtained from the enzyme 
assay with crude extract 
from yeast cells transformed 
with the empty vector 
pTUM100.

Fig. 11:  Two a-posterior densities obtained in the 
simulation of our pTUM104 vector. k1 is the induced 
and � the uninduced transcription rate. (A) and (D) 
show non-normalized marginal densities with 95% 
quantiles as horizontal lines. (B) and (C)  are  scatter 
plots of samples drawn from the joint density of the 
two parameters with the color indicating the prob-
ability of the sample. Fig. 16:  (A) Evaluation of measured OD600 of INVSc1 and brewing yeast under di�er-

ent conditions. (B) Experimental setup for limonene SynBio Beer. 
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Fig. 12:  Panel discussion about 
genetic engineering in food. 

Fig. 13:  Our booth in the city 
center of Munich at the 
national iGEM-Germay action 
day.
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negative control
non induced

negative control
non transformed

iGEM’s core idea is standardiza-
tion, yet over time our team has 
come to the conclusion that this 

idea is not yet fully conveyed in most BioBrick part descriptions.  
Accessing the Registry frequently to plan a project using Bio-
Bricks, one very quickly realizes that the part descriptions are 
often unstructured. We surveyed 147 members from 55 di�er-
ent teams asking several key questions that allowed us to de-
velop a new annotation template.
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Fig. 15:  Evaluation of answers to question 5.Fig. 14:  Evaluation of answers to question 4.
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Do you think a standardization of the part 
descriptions could increase the usability 

of BioBricks ? n=116
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The part descriptions were always satisfactory.
The part descriptions were mostly satisfactory.
The part descriptions were often satisfactory.
The part descriptions were occasionally satisfactory.
The part descriptions were never satisfactory.

How would you describe the average quality of the 
part descriptions that you dealt with? n=116

TU Munich’s yeast vectors:

empty inducible

constitutive

Link to 
our wiki

Please correspond to igem@wzw.tum.de
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