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3.2 Inhibition of pyrE transcription with CRISPR 
interference 
CRISPR interference (CRISPRi) is a method for targeted repression of gene expression, 

consisting of a catalytically deactivated version of the DNA endonuclease Cas9 that acts as a 

steric hindrance for RNA polymerases to bind DNA or proceed transcription and a guide RNA 

that specifies the target site of dCas9 48.   

For transcriptional silencing of pyrE in E. coli EcoR18, we designed 4 guide RNAs, 3 of which 

bind within the pyrE gene and one without a target sequence that acts as a control guide RNA. 

It has previously been shown that the binding sites of guide RNAs define the transcriptional 

repression strength 48. In order to create bottlenecks of different strengths, we therefore 

designed the 3 pyrE targeting guide RNAs to bind at different parts of the gene, binding either 

the promoter region (sgRNA1), at the beginning (sgRNA2) or the end of the gene (sgRNA3) 

(Figure 15a).  

 
Figure 15: Introduction of a metabolic bottleneck into the pyrimidine pathway using 
CRISPRi. 
(a) Designed guide RNAs and target sites. (b) Growth rates of constructed strains in M9 minimal medium with glucose. 

(c) Concentrations of all four measurable intermediates of the pyrimidine pathway. NC is the negative control with a non-

DNA binding sgRNA. 
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4 Creation of switchable enzymes using 
the Split Protein approach 

 

Besides Domain Insertion (see Chapter 5), Split Proteins is one of two techniques which are 

based on directed evolution and which we evaluated in this work to create metabolic enzymes 

with synthetic regulation. As a proof of concept, we decided to combine two systems commonly 

used for protein fragment complementation assays, mDHFR, split in the fragments mDHFR1,2 

and mDHFR367 and rapamycin-dependent FRAP/FKBP12 107.  

4.1 mDHFR-FRAP/FKBP12 

4.1.1 Design and Construction 
DHFR is a monomeric enzyme of the folate biosynthesis pathway and catalyzes the reduction of 

dihydrofolates (DHF) to tetrahydrofolates (THF) which are important C1 group carriers needed 

in many different metabolic pathways, such as for the synthesis of purines, thymine, serine, 

methionine and glycine 108–110. mDHFR has already been used to examine protein-protein 

interactions and for this purpose split into two fragments 67.  

FRAP, commonly known as mTOR (mechanistic target of rapamycin) is a protein kinase 

involved in different eukaryotic cellular processes, FKBP is a protein folding chaperon. Both 

proteins do usually not interact; only in presence of rapamycin, a macrolide used as 

immunosuppressor, both FRAP and FKBP form a protein complex 111. It has been shown 

previously that a small fragment of FRAP (105 of 2850 amino acids), the FRB domain, is 

sufficient for binding of rapamycin and the desired interaction with FKBP12 107 so that we 

decided to use only this fragment for the creation of the protein switches. 

As linkers we chose very long flexible linkers of the composition (GGGGGS)2 which were 

supposed to enable the correct folding of adjacent proteins as well as an easier interaction of 

the fused proteins with their respective interaction partners.  

The individual fragments have been amplified by PCR, assembled together using CPEC (112, 

see Chapter 8.4.5.4) and cloned onto two expression plasmids. In addition to the potentially 

rapamycin-dependent fusions FRB-mDHFR1,2 and FKBP12-DHFR3, two controls have been 

created as well (Figure 17):  
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Figure 17: Created split mDHFR variants. 

 

As a positive control, we fused the mDHFR fragments to leucine zippers 113. Leucine zippers are 

oligopeptides that form α-helices. Two of these zippers can interact with each other and form 

coiled coil structures. Originated from eukaryotic transcription factors, in which leucine zippers 

mediate the interaction of two transcription factors to form oligomers, leucine zippers can also 

be utilized as domains to bring two fused proteins into close proximity. 

As a negative control, we fused the mDHFR fragments to two proteins that are not only not 

interacting with each other but are, in addition, supposed to act as a steric hindrance of random 

interaction of the fused enzyme fragments. For that, we used a combination of the two fusion 

proteins FRB-mDHFR1,2 and ZIP-mDHFR3. 

A crucial factor for the creation of split proteins is the order within the fusion proteins. When a 

protein is split, two new termini, a C-terminus at the first fragment and an N-terminus at the 

second fragment is created. Usually, the regulatory proteins are fused to these termini. In this 

case it is necessary that the fused regulatory proteins have an antiparallel orientation to each 

other. Neither for the leucine zippers, nor FRB/FKBP12 is this the case (Figure 18a + b). To 

solve this problem, in one of the fusion proteins the enzyme domain has to be connected to the 

regulatory domain to another terminus as depicted in Figure 18d. Usually, this requires an 

extended flexible linker connecting both domains of this fusion protein. 

In our case fortunately the N- termini of both fragments of DHFR are in very close proximity 

(Figure 18c) so that FRB and FKBP12 could be fused at these ends.   

The resulting three strains have then been examined for rapamycin-dependent growth and 

metabolism. 
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Figure 27: Overview over the original Domain Insertion protocol. 
The protocol is divided in four parts. Part A: Preparation of the plasmid harboring the gene for the regulatory domain. 

The plasmid is randomly linearized with the sequence-independent nuclease DNaseI. Sticky ends are blunted as well as 

nicks sealed in the next step by T4 polymerase and T4 ligase. As only a fraction of the plasmids is linearized by DNaseI, 

this fraction is isolated by gel electrophoresis and gel extraction in the next step. Finally, the linearized plasmids are 
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dephosphorylated to prevent self ligation. Part B: Preparation of the enzyme gene fragment. The enzyme gene is 

amplified without start and stop codons and with linker sequences on one or both ends if needed and subsequently 

purified. Part C: Library generation and screening. Enzyme genes and linearized plasmids are ligated first to create a 

pooled plasmid library. Dependent on the site the plasmid was linearized by DNAseI the gene is inserted at different 

posititions within the plasmid. Next, the plasmids are transformed into a enzyme gene knockut strain to create a pooled 

strain library. Part D: To find enzymes with synthetic allosteric regulation, two steps of screening are necessary. First, 

the strains are tested for functional enzyme activity by incubating them in minimal medium. Plasmid in which the gene is 

inserted inside the regulatory domain but out of frame, in the wrong direction or when the insertion site is not suitable to 

allow the formation of a functional enzyme variant (3rd plasmid), plasmids in which the enzyme gene inserts outside of 

the open reading frame of the regulatory domain (4th and 5th plasmid) or religated plasmids (6th plasmid) will not result in 

functional enzymes and therefore will not support growth. Next, the complementing strains are screened in a second 

round for condition-dependent enzymes. For that, cells are incubated for example in presence of an effector. A majority 

of the complementing enzymes will be unaffected by the effector, resulting in normal growth (2nd plasmid). We are 

interested in enzymes with impaired activity in presence of the effector which will subsequently cause lowered growth 

rates (1st plasmid). 

 

 
Part A: Preparation of the acceptor plasmid 

Prior to Domain Insertion we cloned the MBP coding malE gene on the expression plasmid. To 

obtain sufficient amounts of plasmids, 120 mL cultures of the E. coli strain harboring the plasmid 

have been used for plasmid preparation. 60 µg of plasmids could be isolated and used for the 

following steps. 

For the linearization of the plasmid we initially used the sequence-independent nuclease 

DNaseI. First, we determined the optimal concentration of DNaseI for the digest. The targeted 

concentration allows a linearization of a substantial part of the plasmids while simultaneously 

overdigestion is prevented. We found that with a concentration of 10-4 U/µg DNA a significant 

ratio of the plasmids was linearized (Figure 28b) and used this concentration for the further 

digests. Lower concentrations do not result in linearized plasmids, whereas higher 

concentrations lead to an overdigest. The determined concentration has been used for the 

random linearization of the in the first step prepared plasmids. 

After linearization, the plasmids were repaired for which T4 DNA ligase was used for sealing of 

nicks and T4 DNA polymerase for blunting of sticky ends. We then isolated the fraction of 

linearized plasmids. For that, we loaded the plasmids on a TAE agarose gel and extracted the 

band formed by linearized plasmids which migrate faster than nicked circles and slower than 

supercoiled DNA (Figure 28a).  

At last, in order to prevent self-ligation in the subsequent ligation step, the ends of the linearized 

plasmids have been dephosphorylated using Antarctic phosphatase. After a last DNA 

purification step, about 1 µg of randomly linearized, repaired, blunted and dephosphorylated 

plasmid was obtained which could be used for ligation.  
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Figure 28: DNaseI digestion 
(A) Digest of plasmids leads to the formation of fractions of linear DNA, nicked/relaxed plasmids and still undigested, 

supercoiled DNA. These fractions can be separated by gel electrophoresis. (B) Determination of an optimal DNaseI 

concentration. Linear plasmids are marked with a black box. A concentration of 10-1 and 10-2 U/µg DNA leads to a 

complete digestion, whereas a concentration of 10-5 U/µg DNA and lower does not result in a sufficient linearization. A 

concentration of 10-3 and 10-4 U/µg DNA resulted in a sufficient amount of linear plasmids. 

 

Part B: Preparation of the enzyme gene 

For the preparation of the enzyme gene, mDHFR without start and stop codons had 

been amplified with phosphorylated primers and subsequently purified. To the 5’ ends 

of both primers, sequences coding for long flexible glycine linkers of the composition 

(GGGGS)2 were added. 

 

Part C: Library construction 

Linearized plasmids containing malE and insert consisting of mDHFR and linkers sequences at 

both ends were ligated in a blunt end ligation reaction. Following the original protocol we used 

T4 DNA ligase and PEG-6000 which was added to increase the likelihood of interactions of 

blunt ends in the reaction mix. After purification, the plasmids were transformed into chemically 
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competent E. coli NCM3722 cells and plated on M9 minimal medium agar plates with glucose 

as carbon source and Trimethoprim to inhibit bacterial DHFR. 

We found that the original protocol resulted in insufficient library sizes. For instance, after 

plating of E. coli NCM3722 strains with plasmids constructed following the original Domain 

Insertion protocol, we obtained only 11 strains. 

In addition, by sequencing some of these strains we noticed an overdigestion of the acceptor 

plasmid, resulting in the deletion of parts of the regulatory domain gene. Resulting enzyme 

variants may therefore be functional but usually do not possess a functional maltose binding 

domain.  

To increase library sizes and reduce the number of overdigested plasmids, we therefore sought 

to optimize the Domain Insertion protocol. 

 

Optimizations of the protocol in order to increase library sizes 

In order to increase the number of transformants with candidate enzyme variants, we evaluated 

and optimized almost all steps in several rounds of Domain Insertion. All adaptions to the 

protocol that led to an increase of library sizes are summarized in Table 3. 

 

Table 3: Adaptions to the Domain Insertion protocol 

 

Step Change Remarks 

Linearization DNaseI   

S1 Nuclease 

Avoiding over-digestion as S1 nuclease 

cuts only circular, not linear DNA. Also 

used by Tullman, Guntas, Dumont, & 

Ostermeier (2011) 

Repair T4-Ligase  

T7-Ligase 

Avoiding re-ligation of linearized plasmids. 

Dephosphory-
lation 

Increased Incubation time, 

different enzymes tested 

Avoiding plasmid re-ligation in the 

subsequent ligation reaction 

Ligation Different protocols, 

suppliers, enzymes and kits 

tested 

Increasing the number of successful 

ligations while avoiding multiple ligation 

events.  

Transformation Different transformation 

protocols and suppliers of 

competent cells tested 

Increasing the number of transformants 

after transformation of the ligation mix 
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As mentioned above, we noticed that the usage of DNaseI to randomly linearize plasmids often 

led to an overdigestion of plasmids, resulting in the deletion of parts of the regulatory domain 

gene and often to frameshifts. Resulting enzyme variants may therefore be functional but 

usually do not possess a functional maltose binding domain. To solve this problem and by that 

enhance the quality of produced libraries, we therefore sought to replace DNaseI with S1 

nuclease which has been shown to linearize specifically supercoiled double stranded DNA and 

already been used for Domain Insertion 75.  

We evaluated S1 nuclease for its usage in Domain Insertion. In particular, we were interested if 

S1 nuclease can linearize a sufficient fraction of the plasmids and if the linearization is 

sequence-independent. To test this, we followed the suggested reaction conditions 75 and found 

that compared to DNaseI, a larger fraction of the plasmids in the reaction had been linearized 

(Figure 29a) which is beneficial for the desired increase of library sizes.  

 

 
Figure 29: Digestion of plasmids with S1 nuclease. 
(A) Comparison of DNaseI and S1 nuclease digestion. The digestion of plasmids with S1 nuclease leads to a higher 

yield of linearized plasmids. Note that here a boric-acid based agarose gel buffer has been used, leading to linearized 

plasmids to migrate fastest through the gel. (B) Evaluation of the sequence dependency of S1 nuclease. Shown is the 

undigested plasmid (1), the S1 digest (3) and as comparison the plasmid linearized with a restriction enzyme (2). The 

linearized plasmids of the S1 digest have been isolated (4). This fraction has then been digested with a restriction 

enzyme (5). A biased S1 digest leads to a predominant formation of certain fragments as observed here. 
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By additionally digesting the linearized plasmid with a sequence specific and single-cutting 

restriction enzyme, we tested if linearization of S1 nuclease is sequence-independent: Whereas 

a random linearization would result in many products of different sizes, in case of a preference 

for a certain sequence, the predominant formation of certain products could be observed. When 

linearizing our expression plasmid with S1 nuclease and additionally digest the linear plasmids 

with HindIII, we found that two fragments with sizes of about 2200 and 2800 bp formed, 

indicating a sequence preference od S1 nuclease (Figure 29b). Hence, although larger amounts 

of linearized plasmids could be isolated through gel extraction when digested with S1 nuclease, 

a smaller variance of insertion sites is expected.  

In addition to the replacement of DNaseI by S1 nuclease we also tested different enzymes and 

reaction conditions for subsequent protocol steps. For instance, we replaced the T4 ligase with 

T7 ligase for the repair of nicked plasmids. The reason for this is that T7 ligase is known to have 

a lower preference for blunt DNA ends and therefore reduces the likelihood of unwanted re-

circularization of previously linearized plasmids. For dephosphorylation and ligation, we found 

that Antarctic Phosphatase and a premade ligation master mix specifically developed for blunt 

end ligations (Blunt/TA ligation master mix, New England Biolabs) resulted in a higher number 

of transformants.  

We also speculated if the low number of transformants could have been caused by the direct 

transformation of the ligation reaction into the respective knockout strain and plating on minimal 

media plates which probably leads to stress the cells may not be able to cope with. We 

therefore decided to do two sequential transformations: First, the ligation reactions were 

transformed in highly electrocompetent laboratory strain cells, the resulting transformants were 

plated on rich media plates to avoid a bias in the library and reduce stress. The transformants 

were then pooled and the plasmids isolated. These isolated, amplified and purified plasmids 

were then retransformed in the final step into the enzyme gene knockout strain. 

With all abovementioned adaptions, we were able to significantly increase the quantity of strains 

within libraries. A list of all created libraries can be found in Table 4. Of most libraries we 

isolated several individual strains which were in parts further characterized in more detail by 

comparing the growth rates when growing on maltose or glucose minimal medium (Chapter 

5.4). In addition, our last constructed library with MBP as regulatory domain, linkers of the 

composition (GGGGS)2 and DHFR as enzymatic domain consisted of more than 2000 strains 

and we could have increased the number of strains even more by repeating and upscaling the 

final transformation step. For such large libraries an isolation and individual screening of single 

strains is not feasible anymore. Instead, all colonies were pooled and intended to be screened 

in pooled growth assays. 
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Table 4: Composition and sizes of created and stored Domain Insertion strain libraries. 

Library Name Plasmid 
Backbone 

Regulatory 
Domain 

Linker Enzyme Size 

pSB4A5-malE-
αH-leuA  

pSB4A5 MalE α helices LeuA 30 

pTRC99KK-
malE-GS-
mDHFR 

pTRC99KK MalE Glycine-Serine mDHFR 38 

B0031-malE-
GS-mDHFR 

pSB4A5 MalE Glycine-Serine mDHFR 543 

B0031-malE-
GS-mDHFR 
pooled 

pSB4A5 MalE Glycine-Serine mDHFR > 2000 
(pooled) 

 

5.4 Screening of constructed MBP-mDHFR libraries 
Constructed libraries were screened in two steps: First, to identify functional enzymes, strains 

were tested for the ability to complement the native enzyme gene knockout. As for DHFR such 

a gene knockout strain does not exist, we instead treated the cells with the antimicrobial 

trimethoprim that inhibits bacterial DHFR. For the complementation screen, transformants were 

plated on M9 minimal medium plates so that only strains could grow in which the enzyme gene 

has been successfully inserted into the regulatory domain gene, in frame and in the right 

direction. All strains listed in Table 3 were able to grow on minimal medium plates and thus, 

possess catalytically active enzyme variants. 

Next, we screened for strains that possess enzymes that are sensitive to maltose, i.e. that have 

a reduced enzymatic activity in either presence or absence of maltose. As mentioned earlier, to 

identify enzymes with synthetic regulation, we screen for strains which have low growth rates in 

presence or absence of the intended allosteric effector, in our case maltose. Hence, we did 

comparative growth experiments by letting library strains grow in presence and absence of 

maltose. For instance, we measured the growth rates of 38 individual strains expressing MBP-

mDHFR in M9 minimal medium with either glucose or maltose as sole carbon source and 

supplemented with trimethoprim to inhibit native bacterial DHFR activity (Figure 30). We found 

that almost all of the tested 38 strains had growth rates between 0.7 and 0.9 h-1 when growing 

on glucose and between 0.45 and 0.75 h-1 when growing on maltose. One of the strains, K21, 

however had an interesting growth phenotype: With glucose as carbon source, the growth rate 

was relatively low but comparable to the other measured strains (Figure 30a), while when 

growing on maltose, a reduced growth rate could be observed. Such a growth phenotype would 

be typical for a Mal OFF enzyme switch: While in absence of maltose, the enzyme is active, 

thereby enabling sufficient fluxes and consequently a high growth rate, in presence of the 

effector maltose, the enzyme is less active, leading to reduced fluxes and consequently reduced 

growth rates.  
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Figure 30: Screening of 38 Domain Insertion library strains and subsequent 
characterization of two strains. 
(A) 38 E. coli strains expressing potentially maltose-dependent mDHFR variants and a control strain expressing solely 

mDHFR were grown on M9 minimal medium with either glucose or maltose as carbon source. Shown are the maximum 

growth rates in both growth conditions as scatter plot. Marked in orange is a strain with a low growth rate on maltose 

while growing with an average growth rate on glucose, a phenotype expected for strains with a maltose-sensitive 

mDHFR variant (K21). As a comparison, in purple the control strain (CTRL) has been marked. (B) Growth curves and 

growth rates of K21 and the control strain on M9-Glucose and M9-Maltose. (C) Sequenced gene of malE (red) with 

inserted mDHFR gene (blue) from K21. 

 

We sequenced the expression plasmid of K21 and found that, as intended, mDHFR was 

inserted into malE. However, despite using S1 nuclease to randomly linearize the plasmid, we 

also observed that parts of malE were deleted, probably due to overdigestion. We noticed that 
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the deletion led in this case to a frameshift so that the sequence adjacent to the mDHFR gene is 

no longer coding for the second MBP fragment (Figure 30c). The MBP was as a consequence 

truncated and consisted only of the amino acids 1-239, whereas the amino acids 240-396 and 

with that, important parts of the maltose-binding pocket (W340, Y341)122 were deleted. It is 

therefore very unlikely that the resulting enzyme switch is able to bind maltose and to control 

the activity of the fused enzymatic domain upon. 

Growth experiments have been performed for most of the created strain libraries with potentially 

switching enzymes. In most cases, a few strains showed initially an interesting growth 

phenotype in one of the growth conditions. However, so far none of the strains that showed 

conditional growth impairment were also found to possess switching proteins. Instead, we 

noticed that almost all sequenced plasmids were found to be overdigested – to our surprise 

independent of whether DNaseI or S1 nuclease had been used for the linearization – so that 

often large parts of the maltose binding protein could not be expressed.  
 

5.5 Discussion and Outlook 
Domain Insertion is a promising technique to create metabolic enzymes with synthetic allosteric 

regulation as enzymes and regulatory domains of interest can be combined to create potentially 

switching enzymes without the need for detailed knowledge about the structural properties of 

the involved proteins. In this project, we apply this approach to create such enzymes with the 

purpose to implement internal control of metabolic fluxes and consequently the growth rate.  

For that, we first defined needed specifications of enzymes and regulatory domains and then 

successfully tested an expression plasmid that allows very low and consequently growth rate 

limiting gene expression rates. 

Using both as groundwork we then tried to construct first metabolic enzymes with synthetic 

allosteric regulation. However, using the original protocol 73 only an insufficient number of library 

clones could be obtained. From previous applications of Domain Insertion we know that large 

library sizes are required in order to identify enzymes with synthetic allosteric regulation. A 

reference point of how many colonies are needed in order to isolate an enzyme with synthetic 

allosteric regulation is the study of 73: Of an original library of 1.000.000 strains, only 0.8% (8000 

strains) processed a functional enzyme. 10 % of those strains (800 strains) possessed in 

addition a functional regulatory domain. These strains were next screened for condition 

dependent enzymes. Although it has not been mentioned how many of these 800 strains 

showed condition-dependent enzyme activity, it is quite clear from these observations that 

thousands, if not millions of strains have to be produced in the first place in order to find a few 

strains that express enzymes with novel regulation. 

We therefore sought to optimize the protocol in order to increase the quantity of strains with 

candidate enzymes. We spent a significant amount of time and effort on the optimization 
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process and by changing most steps we were able to significantly increase library sizes. The 

production of a first large library consisting of over 2000 strains expressing functional and 

potentially condition-dependent enzymes was already successful and by repeating the 

transformation step, thousands and even millions of strains could be produced. 

Need for improved library quality 

However, not just the quantity, also the quality of obtained strains turned out to be problematic. 

When sequencing, we found that most plasmids previously linearized with DNaseI were 

overdigested. This can be very problematic as an overdigestion can cause i.) a frame shift and 

by that the expression of dysfunctional nonsense protein fragments at the C-terminus of the 

protein chimer or ii.) simply the deletion of crucial parts of the regulatory domain. To circumvent 

this problem, we decided to work with an alternative nuclease, the S1 nuclease. This nuclease 

has been reported to solely digest supercoiled DNA so that a digest of already linearized 

plasmids should be prevented. In addition, the successful usage of this nuclease in Domain 

Insertion has already been shown 75. We found that the linearization with S1 nuclease has the 

advantage that a larger fraction of plasmids can be linearized and consequently more linear 

plasmids prepared for the subsequent ligation step. However, we also observed a clear 

preference for a certain cut site, 2200 and 2800 bp away from a HindIII cut site. This indicates 

that the preferred S1 cut site is located in the origin of replication. Indeed, such a preference for 

inverted repeats commonly found in origins of replications has been reported 127. Plasmids in 

which the enzyme gene is inserted in this plasmid region is expected not to result in a functional 

plasmid as the replication of the plasmid might be affected, as well as the inserted gene will 

presumably not be able to be transcribed and translated. As a consequence, we assume that 

the higher yield of linearized plasmids will not result in more plasmids with enzymes inserted in 

the regulatory domain gene. In addition and in contrast to previous observations 75, even for 

plasmids linearized with S1 nuclease we noticed that a majority of plasmids is still overdigested.  

We therefore conclude that although the successful applications of DNaseI and S1 nucleases 

for sequence-independent linearization of plasmids for Domain Insertion have been reported 
73,75, as a result of the observed high number of overdigested plasmids we regard both 

nucleases as not suitable for Domain Insertion. Instead, alternative linearization methods are 

required in which overdigestions are prevented. In recent publications, such alternative methods 

have been presented: One uses random transposon insertion and subsequent replacement with 

an enzyme of interest 79. In another paper – interestingly from the same laboratory that 

developed the DNaseI and S1 nuclease approach – multiplex inverse PCR has been used to 

create linearized plasmids 76. The idea of this method is to create primer pairs for each possible 

insertion site and to amplify the whole plasmids. These plasmids can then be pooled and used 

for an insertion of the enzymatic gene via blunt end ligation. The big advantage of this technique 

is that all plasmids are linearized in frame and within the regulatory domain gene so that 

insertions outside the regulatory gene and overdigestions of the regulatory domain are 

prevented. Compared to the linearization by DNaseI and S1 nuclease, an amplification of the 
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acceptor plasmid has the disadvantage of being more laborious and expensive. However, we 

regard this approach as a promising technique to increase library sizes and especially to 

improve the quality of constructed libraries and therefore decided to use multiplexed inverse 

PCR in the next rounds of Domain Insertion. 

In addition to overdigestion by both nucleases, we speculate that the observed high ratio of 

overdigested plasmids and vice versa the low abundance of plasmids in which the enzyme had 

been correctly inserted into the regulatory domain might have been caused by another factor: It 

could be that the used combinations of enzymes, regulatory domains and linkers that have been 

tested so far are not suitable for Domain Insertion. For instance, this might be the case when 

enzymes are used that cannot correctly fold when other full length regulatory proteins are 

attached to the ends. In such a case, by plating on minimal plates we select for functional 

enzymes with only fragments of the enzymes attached so that their ratio in the library is high. 

Impaired protein functionalities as a result of insertions into other proteins are dependent on 

many factors such as the selected proteins, the insertion site but also linker size and 

composition. A prediction which combinations are suited for Domain insertion is therefore 

generally difficult. Instead, it is advisable, to test many different combinations or optimize the 

components. For instance, linker compositions can be varied very easily and for the 

optimizations of enzymes, methods like circular permutation could be applied that have already 

been shown to improve existing enzyme switch variants to be more responsive to the allosteric 

effector 74. 

Components that are planned to be used in future attempts of Domain Insertion 

We plan to test more combinations of enzymes, linkers and regulatory domains. For that, we 

selected several components of each group that are going to be combined with each other 

(Figure 31).  

 

 
Figure 31: Regulatory domains, enzymatic domains and linkers that are planed to be 
used for Domain Insertion. 

We still intend to work with MBP as regulatory domain and mDHFR as enzyme domain which 

are both monomeric proteins and therefore very suitable for Domain Insertion. However, several 

other regulatory domains and enzymes might be less suited as they form oligomers but would 
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6.2 Selective Enrichment of slow growing cells 

6.2.1 Creation of a metabolism-wide CRISPRi library 
We sought to verify if TIMER can be used to enrich fractions of slow growing strains from 

pooled large genetic variant strain libraries. A method to create such a large library is CRISPR 

interference. As shown in Chapter 3.2, the construction of sgRNAs that target genes of interest 

is relatively simple with only a handful of design principles to follow 133 and multiplexing of DNA 

synthesis enables the construction of large and comprehensive CRISPRi libraries that target 

large sets of genes. Dependent on the essentiality of the targeted gene and the strength of the 

introduced metabolic bottleneck, it can be expected that some strains within such a CRISPRi 

strain library will have reduced growth rates under certain environmental conditions – similar to 

strain libraries expressing enzymes with potentially implemented allosteric regulation. We 

therefore regarded CRISPRi as an interesting method to create a complex strain library that can 

be used to evaluate TIMER as a tool for the enrichment of conditionally growth impaired strains 

and sought to generate such a comprehensive CRISPRi library for E. coli. 

We chose to target every metabolic gene of E. coli. According to the last metabolic network 

reconstruction, iML1515, E. coli possesses 1515 genes involved in metabolism 1. For each of 

these genes we designed 4 to 5 sgRNAs, resulting in a library of 7184 sgRNAs. The target 

sequences have been identified and selected using a Matlab script. The criteria for target 

finding were that the binding sites should be evenly distributed over the whole gene sequence 

to allow different gene expression repression strengths, and that the sgRNA should bind to the 

non-template strand as binding to this strand proved to be more efficient than binding to the 

template strand 48. The full list of designed sgRNAs can be found in our publication. 

As the plasmids used in the original CRISPRi system are not compatible with the TIMER 

plasmid, we had to use another CRISPRi expression system for which we chose to work with 

pNUT1527 (Figure 38). This plasmid has the advantage to carry both, the genes for dCas9 

under the control of a strong IPTG inducible promoter (Ptac) and the sgRNA gene under the 

control of a constitutive promoter (PJ23119).  

 
Figure 38: Plasmids used for the screening of a metabolism-wide CRISPRi library and the 
enrichment of slow growing cells. 

 



  Chapter 6 - Enrichment of slow growing cells out of complex strain libraries using the fluorescent 
growth reporter TIMER 
 

79 

For cloning of the library, the sgRNAs were ordered and received as pooled oligonucleotides 

from Agilent Technologies and then amplified in a low cycle PCR with high amounts of template 

RNA to obtain double-stranded DNA without changing the composition of the library. Next the 

plasmid backbone was amplified and after purification, we used Gibson Assembly to fuse both 

and to create the CRISPRi library plasmids (Figure 39).  

 

 
Figure 39: Design and Construction of the metabolism-wide CRISPRi library. 

 

The plasmids were then directly transformed into electrocompetent NCM3722 cells harboring 

the TIMER plasmid, the resulting transformants plated on rich medium without inducers to 

minimize the impact of CRISPRi on the growth rates. The transformation resulted in 

approximately 107 cfus, which is above the 1000x library coverage threshold. All these colonies 

have been flushed and pooled resulting in the desired comprehensive strain library.  

We next examined the composition of the strain library with Next Generation Sequencing. For 

that, we amplified 300 bp fragments consisting of the sgRNA gene and flanking regions by 

PCRs with high amounts of template and low cycle numbers. The amplified DNA was then 

cleaned up and amplified a second time to add indexes to the fragments which allow binding of 

the fragments to the NGS chip. We performed Next Generation Sequencing and analyzed the 

obtained data using Matlab. After removal of all sequences that did not map to the sgRNA 

sequences in the reference library, we obtained 430.000 analyzable reads. In these reads we 

found that 7094 out of the 7184 sgRNAs (98.7%) were present in our strain library (Figure 40). It 

must be noted that several sgRNAs had only very low read counts, a few only with a single 

read. We therefore conclude that although an analyzable read count of 430.000 is usually 

regarded as very high, it is most likely not sufficient to allow sequencing of all low abundant 

sgRNAs and that actually more or less all sgRNAs are present within the strain library. In fact, 

20 of the 90 in the original library undetected sgRNAs could be detected in other rounds of 

sequencing. In the next step, we sought to enrich a slow growing fraction out of this library using 

the TIMER protein. 
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Figure 40: sgRNA abundances in the cloned strain library. 
Read counts of sgRNAs after assembly of the CRISPRi library. 7094 of 7184 sgRNAs (98.7%) were present in the 

library (black dots), 90 sgRNAs (1.3%, red dots) were not detected. 

 

It has been recently reported that an overexpression of dCas9 can be toxic to the cells 95 which 

might result in abnormal cell morphology 134. We therefore examined the cell morphologies of 

library cells expressing TIMER, dCas9 and gRNAs using microscopy (Figure 41). We could not 

observe any of the reported morphological changes, showing that impaired growth would not be 

a result of morphological changes caused by dCas9 overexpression but in fact caused by a 

combination of both, TIMER overexpression and gene repression by CRISPRi. 

 
Figure 41: Overlay green and red fluorescence in E. coli NCM3722 pBR322-C_TIMER 
pNUT1527-sgRNA:none. 
E. coli cells expressing TIMER, dCas9 and a non-targeting guide RNA. The expression of all three does not result in any 

cell length phenotype.  
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6.2.2 Enrichment of cells with a metabolic bottleneck in amino 
acid metabolism 

Out of the created CRISPRi strain library, our goal was then to isolate a fraction of strains which 

are growth impaired under certain conditions using the TIMER protein, in this case amino acid 

depletion.  

For that, we separated the growth period into two phases (Figure 42): First, we started the first 

culture by inoculating M9-Glucose minimal medium supplemented with 1 mM of each amino 

acid with a defined volume of the library glycerol stock. This culture was incubated for 6 hours to 

mid-exponential growth phase. Then, the cells were vacuum-filtered, washed and resuspended 

in fresh M9 minimal medium, only this time without supplemented amino acids. Again the cells 

were incubated for 6 hours to again reach mid-exponential phase as in this phase TIMER 

correlates best with the growth rate. This culture was then used for FACS-based analysis and 

sorting to enrich slow growing cells. 

 

 

 
Figure 42: Workflow for TIMER-based enrichment of strains with bottlenecks in amino 
acid biosynthesis. 
The enrichment is divided into two growth phases and a subsequent enrichment of cells with a low green/red 

fluorescence ratio using Flow Cytometry: In the first growth phase, a culture is started by inoculation of M9 minimal 

medium with glucose and 1mM of each amino acid with a defined volume of the library cryo stock. The culture is 

incubated for 6 hours. We expect the occurrence of a non-growing fraction (1) that will be outcompeted by the non-

affected, normally growing strains (2+3). Then the cells are washed and reinoculated in fresh medium for the second 

growth phase. In this phase, cells grow in absence of amino acids. Whereas most cells will grow unaffectedly (2), cells 

that are auxotroph for amino acids as a consequence of the introduced metabolic bottleneck will be growth impaired and 

appear red (3). This fraction can then be isolated by using flow cytometry. 
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concentration of the previous metabolite in the pathway, shikimate-3-P. As a control strain, we 

also measured the concentrations of these metabolites in the negative control strain. For each 

of the measured metabolites, we saw a specific accumulation in the corresponding strain with 

the metabolic bottleneck. Although this does not exclude the possibility that the growth 

impairment is also partially caused by off-target effects, i.e. the binding of the gRNAs to 

unintended targets, the accumulation of precursors proofs the successful implementation of 

metabolic bottlenecks that presumably at least contribute to the growth phenotypes. 

 

 
Figure 46: Intracellular concentrations of precursor metabolites. 
Depicted are the intracellular concentrations of 3 metabolites, Shikimate-5-phosphate, histidinol and L-citrulline, that 

were measured with LC-MS/MS and which are precursors in reactions in which metabolic bottlenecks were introduced 

with CRISPRi. Metabolite concentrations have been measured in the negative control strain as well as in the CRISPRi 

strains targeting the respective genes. LC-MS/MS parameters are shown on the left, the targeted reaction on the right. 
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We conclude from these results that our library consist of strains with different growth 

phenotypes under different growth conditions and that the isolation of growth impaired strains 

out of this library is possible with TIMER. Furthermore, Sanger sequencing of a small number of 

growth impaired strains already suggests that a large fraction of the isolated strains have 

bottlenecks in pathways directly or indirectly involved in the biosynthesis of amino acids. To 

quantify their appearances before and after enrichment more accurately, we next sought to 

analyze the library compositions with NGS.  

For that, the cells before washing and the isolated cells with a low green/red fluorescence ratio 

have been plated on rich media plates and incubated overnight. The resulting colonies have 

been flushed from the plate and minipreps have been performed on the pooled cell suspension 

to isolate the plasmids. The plasmids then have been used as the template to amplify the 

abovementioned 300 bp fragment including the guide RNA gene sequence and flanking 

regions. The fragments were then further processed as described in Materials and Methods and 

subsequently sequenced and analyzed. 

As the enrichment has been performed in two independent experiments, we first sought to 

analyze how much the enrichments differ between both experiments. We therefore compared 

the fold changes of abundances of each strain before removal of amino acids and after 

enrichment of slow growing strains (Figure 47). We found that in both experiments the majority 

of strains were comparably enriched or depleted. Particularly strains that showed a high level of 

enrichment after isolation of slow growing cells were enriched comparably in both experiments. 

Differences in the fold changes were especially observed for strains that were highly depleted in 

one of the experiments. These variations between the two experiments could be caused by very 

low numbers of sorted cells per strain, resulting in statistical errors. Another possible reason are 

differences in the gates that were set to isolate the fraction of cells with a low green/red 

fluorescence ratio so that in one of the experiments, cells with a certain, relatively low green/red 

ratio have been isolated, whereas in the other experiment, these cells were not within the gate 

and therefore have not been isolated. Nonetheless, as we are primarily interested in the strains 

with the biggest changes in abundance (i.e. cells with the highest enrichment upon isolation of 

presumably slow growing cells) and since their changes of abundances seem to be sufficiently 

robust, the observed differences of fold changes of abundances of other strains can be ignored. 
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Figure 47: Fold change of individual gRNAs in both experiments. 
Depicted are the fold changes of abundances of gRNAs after enrichment of the slow growing fraction compared to their 

abundances before removal of amino acids from the medium in both experiments. Each dot represents an individual 

gRNA. gRNAs on the black line have the same fold change of abundance in both experiments. 

 

Next, we were interested which ratio of the isolated strains with low green/red fluorescence ratio 

possessed targets in amino acid biosynthesis pathways. We found that in both experiments, 

before removal of amino acids, about 12 % of all strains within the cultures possessed gRNAs 

that are directly targeting amino acid biosynthesis pathways (Figure 48a). This ratio correlates 

very well with the theoretical ratio of amino acid biosynthesis targeting gRNAs in the library (12 

%; 837 of 7184 gRNAs) and shows that this group of gRNAs was not already enriched prior to 

washing. After removal of amino acids, incubation for 6 hours and sorting of the presumably 

slow and non-growing cells with a low green/red fluorescence ratio, we found that the fraction of 

cells with amino acid biosynthesis gene targeting gRNAs increased significantly to roughly 50% 

of the whole population. This number is in line with the previous results from Sanger sequencing 

of growth impaired isolates where also roughly half of the isolated strains possessed such 

gRNAs and already shows that the enrichment of strains with bottlenecks in amino acid 

biosynthesis pathways was successful. 
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Figure 48: Abundance of gRNAs targeting genes involved in amino acid biosynthesis. 
(a) Fraction of gRNAs within the library that target genes involved in amino acid biosynthesis. (b) Read counts of 

individual gRNAs within the library before removal of amino acids and after enrichment of slow growing cells. Orange 

dots represent gRNAs that target genes involved in amino acid biosynthesis. In red are the 6 gRNAs with the highest 

fold change marked that inhibit the expression of genes in amino acid biosynthesis. The black dashed line show a fold 

change of 1 and 10, respectively. 

 

When regarding only these strains with gRNAs targeting amino acid biosynthesis genes in more 

detail, we found that the extent of their enrichments differed strongly (Figure 48b): Some strains 

were less abundant in the isolated fraction of cells with a low green/red ratio, indicating that 

these strains possess gRNAs that are either not sufficiently strong to silence the targeted gene 

or that the knock down of transcription can be compensated. On the other hand, many strains 

with these gRNAs were highly enriched, indicating a strong difference in growth phenotypes 

before washing (sufficient growth) and after (impaired growth). These strains are expected to 

possess strong gRNAs that are sufficient to knockdown a gene that is essential in absence of 
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supplemented amino acids. 141 strains of the whole library showed a high level (more than 10 

fold) of enrichment after isolation. Of these highly enriched strains, 61% were directly linked to 

amino acid metabolism (Figure 49, blue dots). Interestingly, when comparing the different amino 

acid biosynthesis pathways we noted that of some pathways many strains were highly enriched, 

whereas in other pathways, we observed only for a small number of strains an increased level 

of abundance. For instance, of the methionine biosynthesis pathway, we noted a >10 fold higher 

abundance of 15 strains, with strains possessing gRNAs targeting metA, metB and metC 

partially being enriched >60 fold. The reason for this sensitivity of gene expression is that 

methionine biosynthesis usually operates at maximum capacity. Any disturbances of gene 

expression therefore reduce fluxes which apparently leads to lowered fitness, even when the 

gRNAs do not bind near transcription start site where repression is known to be more effective 

than downstream of the gene 48. 

 
Figure 49: Fold change of gRNA abundance by classes of metabolic pathways. 
Each dot represents the fold change of abundance of an individual gRNA after enrichment. Blue dots indicate gRNAs 

that showed a more than 10-fold higher abundance upon enrichment. Numbers above the lines show the amount of 

gRNAs with a more than 10-fold enrichment. The orange box marks all gRNAs that bind genes in amino acid 

biosynthesis pathways. 

 

On the other hand, even the strongest gRNAs targeting genes in the glutamine/glutamate 

biosynthesis pathway did not result in growth impairment to an extent that these strains were 

significantly enriched. This robustness might be a result of the central role these pathways have 

in ammonium assimilation and transamination reactions but could be also a consequence of 

high amounts of stored glutamate within the cell 104: After removal of amino acids, this pool 

might be large enough to maintain the metabolic network to a certain extent so that the 

metabolic bottleneck in glutamine and glutamate biosynthesis impairs growth only with a delay. 

When this delay is too long, the cells with such a bottleneck stop growing so late that TIMER 
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8.10.2 Enrichment of slow growing cells 

For the enrichment of slow growing cells with a metabolic bottleneck in a pathway required for 

growth in absence of amino acids (Chapter 6.2.2), cells were grown under two different 

conditions. For the first culture several 100 mL flasks each with 5 mL M9-Glucose medium 

supplemented with 1 mM of each amino acid has been inoculated with defined volumes of the 

cryo stock with dilutions between 1:1000 and 1:1,000,000. The cultures were then incubated at 

37°C and shaking for 6 hours.  

Desired was a culture with an optical density between 0.3 and 0.7 (mid-exponential phase). 0.5 

mL of such a culture has been filtered, washed with 10 mL prewarmed M9 glucose medium 

without amino acids and resuspended in 5 mL prewarmed M9 glucose medium without amino 

acids.  

With this suspension several 100 mL flasks with M9 glucose medium have been inoculated with 

final dilutions between 1:50 and 1:100.000 and total volumes of 5 mL to ensure sufficient 

aeration. The resulting cultures have been incubated for 6 hours shaking at 37°C, a culture with 

an optical density of about 0.2 has then subsequently been used for sorting. 
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