


3.5 Expression of the Reporter Protein in the Mutant Strains

The mutants were cured of all CRMAGE plasmids, then transformed with pAE0O1. The
fluorescence from sfGFP of the mutant strains was compared to the fluorescence of MG1655
PAEO0L. The samples were grown until ODgoo Was approximately 2, then the samples were
induced and incubated at 16 °C for 16h. The fluorescence was measured at the point of induction
(Figure 3.20), after 2 h incubation (Figure 3.21), and after 16 h incubation (Figure 3.22). At
16 h the gain had to be slightly lowered to measure the fluorescence, due to limited capabilities
of the apparatus, thus the fluorescence cannot accurately be compared between the timepoints.
When normalized by OD, the fluorescence of the WT strain was highest. However, after 16 h
there was very little difference between the WT and the secM mutant. The difference between

the secG- and the secM + secG mutant was also very small.
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Figure 3.20: The fluorescence measured at the point of induction, when expressing the 19G Fc-sfGFP
fusion protein from pAEOOL. The fluorescence is given in relative fluorescence units (RFU), normalized
by ODewo,, for each of the different mutants created, and compared to the WT strain. The values are the

mean of biological triplicates, and the error bars are the standard deviation of the mean. Measured with

gain 80.
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Figure 3.21: The fluorescence measured 2 h after induction, when expressing the 1gG Fc-sfGFP fusion
protein from pAEO0O0L. The fluorescence is given in relative fluorescence units (RFU), normalized by
ODsao, for each of the different mutants created, and compared to the WT strain. The values of the mutant
strain are the mean of biological triplicates, and the value of the WT is the mean from a biological

duplicate. The error bars are the standard deviation of the mean. Measured with gain 80.
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Figure 3.22: The fluorescence measured 16 h after induction, when expressing the 1gG Fc-sfGFP fusion
protein from pAEQ01. The fluorescence is given in relative fluorescence units (RFU), normalized by
ODeoo, for each of the different mutants created, and compared to the WT strain. The values of the mutant
strain are the mean of biological triplicates, and the value of the WT is the mean from a biological

duplicate. The error bars are the standard deviation of the mean. Measured with gain 77.
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The growth of the mutant strains, with pAE001, was studied by measuring ODsqo every other
hour for 4 h after inoculation, before induction (Figure 3.23). The growth of the secG mutant
was reduced. The growth of the secM mutant and the double mutant was slightly higher than
the growth of the WT.
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Figure 3.23: The growth of the mutant strains created and the WT, with pAEOOL1. The growth was

measured by ODeoo for 4 h after inoculation, before the cultures were induced for expression of the
reporter.
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4 Discussion

4.1 Establishing and Optimizing CRMAGE

The main problem of establishing CRMAGE at our laboratory was identified as achieving
correct assembly of pMAZ-SK with a changed gRNA insert. Plasmids that seemed to be
correctly assembled after colony PCR were revealed to contain the original gRNA when
sequenced. Once the method of assembly was changed from USER cloning to Gibson assembly,
correctly assembled plasmids were achieved with high efficiency and colony PCR seemed to

be reliable for screening.

The authors of the CRMAGE protocol, Ronda et al., calculated the efficiency of CRMAGE by
creating three knock out mutants, galK, xylA, and lacZ (17). The genes were knocked out by
the substitution of 1 bp, resulting in the formation of a stop codon. The CRMAGE efficiencies
was measured to 98 %, 99.7 %, and 96.5 %, respectively. They also measured the efficiencies
without negative selection by CRISPR/Cas9, using MAGE alone. These were measured to 5 %,
0.6 %, and 3.6%, respectively (17). Thus, CRMAGE seems to be a great improvement of
MAGE. The mutation efficiencies achieved in this work with the creations of secM, and secG
mutants were much lower. The efficiencies achieved were 15 % for the secM mutation, and 35

% for secG. However, these mutations were also much larger than one single bp.

Ronda et al. tested CRMAGE for the introduction of larger mutation by introducing a 6 bp
substitution (17). They changed the RBS sequence in front of GFP, in a strain with GFP inserted
into the genome. For this longer mutation, they achieved an efficiency of 62 % for CRMAGE
and 6 % for MAGE (17). In this work, the secM oligo introduced an insert of 57 bp, and the
secG oligo introduced an insert of 17 bp. Thus, when both the sizes of the mutations and the

achieved efficiencies are compared the results seems to be in agreement.

In addition to the mutations introduced in this work being larger, the MAGE oligos used were
longer. Both these factors could explain the lowered efficiency of A Red recombineering. Larger
mutations lead to lower MAGE efficiencies. Longer oligos can increase the efficiencies, but it
also increases the risk for formation of secondary structures which can lower the efficiencies

(18). The design of MAGE oligos is therefore a difficult balance. Especially, as the formation
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of secondary structures is dependent on the sequence, meaning the optimal length of the
homology regions will vary between each mutation. Oligos with shorter overlaps could have
been designed and tested. These could potentially be easier and cheaper to have synthesized.
Also, if the oligos used forms secondary structures, shorter homology regions could have

increased the efficiency.

There is still room for optimizing the protocol of the CRMAGE method in our laboratory, both
regarding simplifying the protocol and increasing the efficiency. The protocol for
electroporation used by Ronda et al. are slightly more laborious than the protocol for
electroporation otherwise applied with the work of this thesis. As the creation of
electrocompetent cells is the most work intensive part of the CRMAGE protocol, simplifying
it would be of interest. However, this was not tested. If the protocols for electroporation could
be exchanged without losing efficiency, this would be a great modification of the CRMAGE
protocol. If not, reducing the amount of labour could sometimes be worth the cost of slightly

lowering the efficiency.

In the original CRMAGE protocol the cells were incubated for two hours with aTet to induce
CRISPR/Cas9 for negative selection. The duration of this incubation was a step that could
potentially be optimized for increasing the mutation efficiency. After consultations with the
group of prof. Alex Toftgaard Nielsen from Technical University of Denmark, the protocol was
modified (17, personal communication with Ida Lauritsen and Alex Toftgaard Nielsen,
Technical University of Denmark). The incubation time was extended to overnight incubation,
approximately 18 hours. This change was kept in the protocol used for CRMAGE, but the effect
of it was not studied in comparison to two hours incubation. The change decreased the length
of the protocol on the first day, but increased the protocol by one day in total. It increased the
time the cells were exposed to the inducer; therefore, it could have increased the efficiency of
the negative selection. However, Ronda et al. reported almost 100 % Kkilling of the WT after
three hours incubation (17), thus it is possible that overnight incubation is longer than necessary.
It is likely that the optimal incubation time would differ for different mutations. If the mutation
causes reduced growth rate in mutants compared to the WT, it is likely that prolonged

incubation increases the percent of WT cells in the population, thus lowering the efficiency.
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4.2  Frame Shift Mutations in secM Mutants

The mutation frequency was lower for the secM mutation than the for the secG mutation. The
homology regions of the two MAGE oligos were the same length, but the secM mutation were
larger, than the mutation of secG. Larger mutations can lower the efficiency of A Red
recombineering (18). The larger mutation also means that the overall length of the secM MAGE
oligo were longer. As mentioned, this increases the possibility that the oligo forms secondary
structures, which can also lower the efficiency of the recombineering through less frequent

binding to the homologous DNA sequence (18).

However, sequencing results revealed that all secM mutants had different off-target mutations.
All three mutants had frame-shift mutations early in the sequence of the gene. Thus, the whole
amino acid composition was changed, and translation was stopped by an early stop codon. This
could indicate that the target mutation had deleterious effects on the cells, and that these off-
target mutants were more viable than the target mutants. A deleterious mutation could create a
selective pressure toward having an off-target mutation. Cells with a off-target mutation would
outcompete those that does not, and the off-target mutants become more prevalent in the
population. If the secM target mutation is deleterious this could be a possible explanation for

why the mutation efficiency was lower than for secG mutants.

The native signal peptide of SecM is atypical. It is longer than usual, and also contain several
atypical amino acids (14). The function of SecM is regulating the translation of secA. The
mechanism of regulation is a translational pause during translation of SecM, which unfolds a
secondary structure in the mRNA and exposes the Shine-Dalgarno sequence of secA. The
translational pause is caused by the translation of an arrest peptide at the end of the gene, which
halts the ribosome (49). The translation is then continued when the nascent polypeptide makes
contact with the translocon. The signal sequence is important for making this contact (16).
Overproduction of SecM, using secM with a defect signal sequence have been found lethal.
This could possibly be due to a large number of ribosomes being bound to the mRNA in
translational pause, affecting the translation of other proteins (50). As the target mutation was
a change in the signal sequence of SecM, this is a likely explanation if the target mutation were

in fact deleterious.
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However, it is difficult to explain why the off-target mutation would cause higher viability. The
off-target mutations frame-shifts during the translation of secM. This causes a shorter open
reading frame, with a stop codon long before the arrest peptide. A simple conclusion would
then be that the off-target mutation abolishes the translational pause, thus saving the cell.
However, mutations in the sequence of the arrest peptide, with the effect of abolishing the
translational pause has also been shown lethal. The translation of SecM, with the translational
pause, is required for the cell to express the necessary levels of SecA (49). For the cells to be
viable, the off-target mutation must allow a minimum expression of SecA, while also allowing

release from the translational pause.

Another possible explanation for the off-target mutations are technical difficulties with the
recombination. As all the off-target mutations are within the sequence of the MAGE oligo, this
is a possibility. The off-target mutations are all different. Thus, there are nothing wrong with
the sequence of the oligos. However, the insert is long, the homology regions are long, by
extension making the MAGE oligo long. It is possible that this increases the possibility of
mistakes happening during recombination, for example through the formation of secondary
structures. This could be investigated by testing shorter homology regions. Other MAGE oligos
with the same length of insert and homology regions could also be tested, to see whether they

give the same effect.

4.3 Higher Mutation Efficiency when Introducing Second Mutation

When introducing the secG mutation to one of the secM mutant strains, 18 of 20 colonies
screened were double mutants. The mutation efficiency for creating double mutant were more
than doubled compared to the mutation efficiency for creating secG single mutants. This is in
agreement with the results of Ronda et al. (17). They tested CRMAGE for multiplexing by
introducing two mutations simultaneously, the galK mutation and the GFP mutation previously
mentioned. They used a pMAZ-SK with two sgRNAs. When screening colonies carrying one
mutation, they found that all screened colonies also carried the other mutation. They had 100 %
efficiency for simultaneously introducing both mutations. Thus, their population contained
only, or almost only, non-mutants or double mutants. When they did the same experiment with
MAGE alone, without negative selection by CRISPR/Cas9, they had only 10 % efficiency of

simultaneously introducing both mutations. Meaning, only 10 % of colonies carrying one
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mutation also carried the other (17). In this work the mutations were introduced sequentially,
not simultaneously as by Ronda et al. (17). Yet, even though the methods for creating double
mutants were different, it seems reasonable that the same mechanism is responsible for the

effect in both works. Especially as the effect is so pronounced using both methods.

As the difference in efficiency for simultaneously introducing two mutations between
CRMAGE and MAGE s so large, it is possible that the negative selection by CRISPR/Cas9 is
the cause of the effect. Ronda et al. suggests that some cells are able to escape the negative
selection by CRISPR/Cas9 due to mutations in their PAM sequence or a region 8 bp upstream
of the PAM (17). The expression of Cas9 and sgRNA could be slightly leaky, creating a
selection pressure towards having a such mutation, before the inducer is added. However, they
also report that the abundance of such escapers is very low (17). The efficiency of generating
secG mutants is higher when the mutation is introduced to secM mutants than when it is
introduced to the WT. As the same protocol is used, it seems as if having already performed
one round of CRMAGE somehow makes the target mutation more abundant or the escape

mutation less abundant.

Knowing why the efficiency is increased for the construction of double mutants could be
valuable for future use of the CRMAGE method, if introducing more than two mutations, or if
colony PCR cannot be used for screening. It would also be interesting to study whether the
effect applies to more than two mutations, both when introduced by multiplexing and when

introduced in sequence.

4.4 No ffh Mutants Were Created

Mutant strains with the secG and secM mutations were successfully created using CRMAGE.
However, after two rounds of CRMAGE and extensive screening and optimization of screening
methods, no tested colonies had the ffh mutation. In previous studies, ffh has been put under the
control of a promoter which is inducible by arabinose (10, 51). The strains were then shown to
be dependent on arabinose, proving that the Ffh is essential for growth of E. coli (10). In another
study Ffh were depleted by first growing the cells in the presence of arabinose, then after

washing and diluting the cells were grown without arabinose. The depletion of Ffh was then
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shown to disrupt the proper assembly of membrane proteins in the cytoplasmic membrane (51)
Thus, if the combined downregulatory effect of the changed ribosomal binding site and the
changed start codon were too high, the target mutants were likely to be unviable. This would
explain why the generation of ffh-mutants were unsuccessful. The failure to properly assemble
and integrate the cytoplasmic membrane proteins could lead to the loss of many functions, and

affect the integrity of the membrane.

To find a mutation that would have caused a viable, preferably optimal, level of
downregulation, several MAGE oligos could have been designed and tested. Ribosomal binding
sites could have been created with different target translation initiation rates. These could have
been tested in combination with different start codons, and without changing the start codon.
As an insert larger than 10 bp is required for proper binding of an insert-specific primer during
screening with colony PCR, only changing the start codon could not have been done. A single
base pair change could not have been detected with PCR primers. All colonies would have had
to be screened by sequencing, increasing both the cost and time. Then, mutants with varying
degrees of ffh downregulation could have been tested to find a viable strain. If the strains had
changed levels of translocation, different levels of downregulation could have been tested to

find the optimum.

4.5 Reliability of the Reporter Protein

For sfGFP to fluoresce it needs to be properly folded (28). The IgG Fc-sfGFP fusion protein
was expressed with the OmpA signal peptide in order to be translocated to periplasm through
the post-translational pathway of the Sec-pathway. In E. coli, the chaperone SecB keeps
proteins unfolded before translocation, and then helps the signal peptide bind SecA. It was
therefore hypothesized that the chaperone SecB would keep the whole protein unfolded until
after translocation. The sfGFP would then not be able to fluoresce in cytoplasm, but when
translocated it would be able to fold properly and give fluorescence. Thus, the level of
fluorescence, as measured by a plate reader, could serve as reporter. However, it is possible that
the improved folding capacities of the sSfGFP allowed it to fold prematurely in cytosol (28). The
assumption that sfGFP would only be correctly folded in periplasm could be confirmed using

fluorescence microscopy. This would allow the detection of the exact localization of folded
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sfGFP. The assumption could also by confirmed by comparing the fluorescence of a lysate to

the fluorescence of a periplasmic lysate.

If sSfGFP folds prematurely, it would be unfit as a reporter for translocation levels through the
Sec-pathway. Not only because it fluoresces in the cytoplasm and a plate reader would not be
able to detect whether the fluorescence is from cytoplasm or periplasm. Also, as the translocon
of the Sec-pathway are not able to translocate folded proteins (7, 9), the level of translocation
for the reporter would be affected. Thus, fluorescence microscopy and periplasmic lysis would

also be unreliable methods for studying translocation in the mutants.

If the IgG Fc-sfGFP fusion protein had been proven unfit as a reporter, other alternatives could
have been tested. However, these reporters would also have had to be studied, and their fitness
as reporter in this study assessed. The sfGFP variant of GFP was created to have improved
folding capacities as a component of fusions protein (28). It is supposed to be able to fold
correctly even when its fusion partner is not correctly folded. Other variants of GFP are more
dependent on correct folding of their fused protein to fold correctly itself (28). Such GFP
variants would be reporting correct folding of IgG Fc. If IgG Fc is consistently unfolded in
cytoplasm and correctly folded in periplasm, other GFP variants could be better suited as
reporters for periplasmic translocation. The reporter could also be changed completely, for
example into alkaline phosphatase (PhoA). Correct folding and activity of the PhoA enzyme
requires the formation of two disulphide bonds (52). Disulphide bonds are more easily formed
in the oxidative environment of the periplasm(5), PhoA should therefore be more active after
translocation (52). However, the activity in cytoplasm would have had to be measured. This

could have been done by expressing 1gG Fc fused to PhoA, without any signal peptide.

4.6 Effects of the Introduced Mutations

The IgG Fc sfGFP fusion protein was expressed, and the fluorescence measured. The results
indicate that the introduced mutations affected the translocation of proteins, as expected.
However, the effect was not positive. Lower levels of fluorescence were measured from all the
mutant strains than from the wild type. The exception was after 16 hours incubation the

difference between the secM mutant and the wild type was very low, and not significant, as the
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standard deviation of the means overlap. Two hours after induction the fluorescence levels of
all mutants were clearly lower, thus there could still be a difference between the secM mutant
and the WT, even though it is not evident after 16 hours incubation.

The secM mutants did not seem strongly affected by the mutation. After 16 hours the level of
fluorescence was very similar to the fluorescence level of the wild type, and the growth was not
reduced. The levels of fluorescence measured for the secG mutant and the secM and secG
double mutant were also very close. However, the secM mutation was designed to affect
translocation also in combination with the ffh mutation, not only by itself. The secM mutation
was supposed to change the atypical signal peptide of SecM, and ensure that SecM would use
the SRP pathway for translocation. The ffh mutation was then supposed to downregulate the
SRP pathway. Combined, the translocation of SecM was supposed to be lowered, thus
increasing the expression of SecA. As ffh mutants were not successfully created, this hypothesis
could not be tested. Also, as the secM mutants had off target mutations, it is difficult to say
what effect the SecM mutation had, and what the potential combined effect of the two mutations

would have been.

Only 20 colonies were screened for the secM mutation. Three of these had the target mutation,
and all three also had off-target mutations. It is possible that mutants without off-target
mutations would have been found if more colonies were screened. Then the effect of the target
mutation could have been measured as well. The fluorescence of the reporter was only
measured in one of the three mutants. As all three had different off-target mutations, it is
possible that each strain was affected in a different way. The fluorescence of all three could

have been measured and compared, along with any additional mutants found by screening.

The secM mutants seemed to grow slightly faster than the wild type before induction. The
wildtype had a higher level of fluorescence at the point of induction, thus a possible explanation
is that the wild type spent more energy and resources expressing the reporter. However, the
secM and secG double mutant grew faster than the secG mutant before induction, while having
the same or possibly higher level of fluorescence. Thus, it is possible that some aspect of the

secM mutation allowed higher growth rates. Another possibility is that the effect of the secM
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mutation slightly weakens the effect of the secG mutation. As SecG is thought to have a role in
cycling binding of SecA to the SecYEG complex (8), it is possible that a slightly higher
expression of SecA could ease the effects of SecG downregulation.

The measured fluorescence of sfGFP was lower from the mutant strains than from the WT
strain. However, it is difficult to say whether the effect is caused by reduced translocation of
the reporter to periplasm or other factors. The mutations could be affect the expression levels
of proteins, lowering the amount of translated protein, thus also lowering the amount of
translocated protein. Thus, the lowered levels of fluorescence could be caused by changes at

the level of transcription, translation, translocation or folding.
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5 Conclusion
After several tests and a lot of effort, the CRMAGE method were successfully established at

our laboratory. Lower efficiencies were achieved than by the original authors of the CRMAGE
protocol. A likely explanation is that the efficiencies were lowered due to larger mutations to
be introduced. However, the large mutations make screening for mutants easier, reducing the
need for high mutation efficiencies. For the purpose of future works, where higher efficiencies
might be needed, such as the introduction of smaller mutations or multiplexing, there might still
be some room for optimization. The design of MAGE oligos could be optimized, and possibly
some aspects of the CRMAGE protocol.

CRMAGE was used to successfully generate two single-mutation strains, secM and secG. A
mutant strain harbouring both mutations were also successfully generated. The two mutations
where introduced sequentially, with the secG mutation being introduced to the secM mutant
strain. The efficiency of introducing the secG mutation as a second mutation was remarkably
higher than when introduced as the only mutation. Further exploration of this effect would be
interesting in order to assess the potential of CRMAGE for multiplexing. Generation of a third
mutant strain, with a mutation in ffh was not achieved. As the ffh gene is essential, the

explanation is probably the nature of the mutation.

A fusion protein with 1gG2 and sfGFP was successfully cloned into pVB1-251. It was
successfully expressed and exhibited fluorescence. The fusion protein contained the signal
peptide of OmpA, targeting it for translocation through the Sec-pathway. The fusion protein
was used as a reporter for measuring the effect of the mutations on the mutant strains. The
results indicated that the mutations successfully affected the translocation, lowering it. The
translocation was lowered for all mutant strains, but the secM mutant strain was only slightly
affected. However, it is possible that the decreased fluorescence is due to lowered expression,

not only lowered levels of translocation.
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Appendix 1 — DNA Sequences
Primers

The primers used in this work, both for PCR reactions and for DNA sequencing for are listed
in Table 1

Table 1: The primers used for PCR reactions and for DNA sequencing, with their sequence.

Name Sequence
PMAZ-SK Backbone Gibson F  GTTTTAGAGCTAGAAATAGCAAG
PMAZ-SK Backbone Gibson R  GTGCTCAGTATCTCTATCACTGATAGG

glyA gRNA check F TTAGCTGAGTCAGGAGAT

ffh gRNA check F TCTCTCGCCTGGGGTGGA

secM gRNA check F TGAGTGGAATACTGACGCGC
secG gRNA check F AATGCTTCAACCAATAAAGC
rpos gRNA (universal) R CGACCGCGTATTTCGTCTC
glyA genome check F CTTCCAGTTTCGTAGCAAAG
glyA genome check R GCTCGAGGAACACTTCTACC
ffh genome check F GAAATCAACGCCCACCTG

ffh genome check R ACACATCTTTGCCACATCTG
secM genome check F AAGATTTGGCTGGCGCTGGCTG
secM genome check R ATGCCTTGCGCCTGGCTTATCC
secG genome check F ACAGGCGATGTATGAACAGG
secG genome checkR TTGAACTGGCGCTGAAAC

pVB1-251 Backbone Gibson F  GCGGCCGCTGATAAGCTTG
pVB1-251 Backbone Gibson R ATGTTCATGACTCCATTATTATT
pAEOO01 sequencing 1 F AAGAAGCGGATACAGGAGTG
pAEO001 sequencing 2 R TGCGGTTTACCAGGGTATCG
pAEO001 sequencing 3 F GGACCATATGAAGCAGCATGAC




DNA Sequence of OmpA — 1gG2 Fc — sfGFP Fusion Protein

The whole sequence of the designed fusion protein is shown in Figure 1.

ATGAAMAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCCGTGGAATGLCCG
L omph_signal sequence A =5

CCTTGCCCAGCTCCTCCCGTTGCTGGCCCGTCGGTCTTTTTATTCCCTCCCAAACCTAAAGATACACTTATGATT
= 1gGZ Fe-fragnent =7

AGTCGTACTCCTGAAGTCACCTGTGTAGTTGTTGACGTTTCTCATGAGGATCCAGAGGTTCAATTTAATTGGTAT
iz IgG2 Fe-fragment EYS

GTAGATGGAGTAGAGGTTCATAACGCCAAGACAAAGCCTCGTGAAGAACAGTTTAATTCGACATTTCGCGTTGTT
iz IgG2 Fe-fragment =}

TCCGTGCTGACCGTTGTGCATCAGGATTGGTTGAACGGAAAAGAATACAAATGTAAGGTGAGCAATAAGGGTCTG
iz IgiG2 Fe-fragment =

CCAGCTCCCATTGAAAAGACAATTTCAAAAACCAAAGGCCAACCACGTGAACCGCAAGTATACACTTTACCCCCT
iz IgiG2 Fe-fragment =

TCACGTGAAGAAATGACAAAAAATCAAGTATCGCTGACGTGTTTGGTCAAAGGCTTCTACCCTTCAGACATTGEG
iz IghZ Fe-fragment =

GTAGAGTGGGAATCGAACGGTCAACCAGAAAATAACTACAAAACCACTCCCCCGATGTTAGACTCTGACGGCTCG
i IghZ Fe-fragment »E

TTCTTTTTATACTCCAAATTGACGGT GGATAAAAGTCGCTGGCAACAAGGCAATGTCTTCTCGTGCAGCGTAATG
H IghZz Fe-fragment i

CACGAAGCTCTTCATAACCATTACACCCAGAAGTCCCTGTCTCTTTCACCGGEAAAGGGATCCGCTGECTCCGET
dw IgG2 Fe-fragment f Llinker wk

GCTGGTTCTGGCGAATTCCGT AAAGGCGAGGAGCTGTTCACTGGTGTCGTCCCTATTCTGGTGGAACTGGATGGT
Ir 1inker | sFGFP e

GATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGAAGGTGACGCAACTAATGGTAAACTGACGCTGAAG
B sTGFF BE

TTCATCTGTACTACTGGETAAACTGCCGETACCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGE
i= sFGFF mF

TTTGCTCGTTATCCGGACCATATGAAGCAGCATGACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAGGAA
= sFGFF =7

CGCACGATTTCCTTTAAGGATGACGGCACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATACCCTGGTA
iz sTGFF =F




AACCGCATTGAGCTGAAAGGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTT
i sFGFP %L

AACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGCCACAAC
i sFGFP wE

GTGGAGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAACACTCCAATCGGTGATGGTCCTGTTCTGCTG
i Flicia wE

CCAGACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCATATGGTTCTG
* Eicid T3

CTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAACTGTACAAATGATGA
HE SFGFF B

Figure 1: The whole sequence of the OmpA — 1gG2 Fc — sfGFP fusion protein.



Appendix 2 — Sequencing Results

Sequencing of SecG Mutant Strains

The sequencing results of the secG mutant strain used for measuring the effect on periplasmic
translocation are shown in Figure 2. All mutant strains sequenced seemed to have the correct

insert, with no mutations, thus only one sequencing result is shown.

accgeaggtageggegatccacttgageatgagtecagttaaagocgtgaccgeagagegttgaagetgcgotgegeaacegtgracgegtgttgetgegtaaatooggeace
template sequence Sect

ACCGCAGGTAGCGGCGATCCACTTGAGCATGAGTCAGT TAAAGCCGTGACCGCAGAGGTTGAAGCTGCGCTGGGCAACCGTGLACGCGTGTTGCTGCGTAAATCCGGCACC
aligned sequence 31

gaaccgttaattcgegtgategtggaagecgaagacgaagegcagetgactgaatttgeacaccgcatcgocgatgecagtaaaagocgtttaaagegttagataactgget
template sequence Sect

GAACCGTTAATTCGCGTGATGETGGAAGGCGAAGACGAAGCGCAGGTGACTGAATT TGCACACCGCATCGCCGATGCAGTAAAAGCCGTT TAAAGCGTTAGATAACTGGCT
aligned sequence 31

aaaaaggcgegcgattgtegecttttttetcagegaacacategettttgctgtttttttccgecagttgatacaatgegataaaattgocccttgogaaggtecattogettts
te SeqUENcE Sech

AAABAGGCGGCGATTGTCGCCTTTTTTCT CAGC GAACACATCGGTTTTGCTGTTTTTT TCCGCAGT TGATACAATGCGATAAAATTGCCCTTGCGAAGGTCATTCGCTTTG
aligned sequemce 31

gttagtattcacacccTGTTCATACATCGCctgtatgaagct
template sequence Sect

GTTAGTATTCACACCCTGTTCATACATCGCCTGTAAAAG--~-
aligned sequemce 31

Figure 2: The sequencing results of one secG mutant strain. The sequenced fragment is aligned to the
region of secG. The arrow shows the beginning of the secG gene. And the insert is marked.



Sequencing of SecM Mutant Strains
The sequencing results for secM mutant strains are shown in Figure 3. As all three mutants had
off target mutations, all three are shown. Aligned sequence 2 was used for measuring levels of

translocation, and for generating the double mutants.

[ l
FTGAAAAAGATTTGGCTGGCGCTGGCTGGTTTAGTTTTAGCGTTTAG—CGCATCGGCGCtcttattagggatggttgcggcgagtttaggtttgcctgcg
template sequence SecH

——;ll_li TAAGATTTGGCTGGCGCTGGCTGGT TTAGT TTTAGCGTTTAG-CGCATCGGCGCTCTTATTAGGGATGGT TGCGGCGAGT TTAGGTTTGCCTGLG

igned sequence 1

F—;l—_TTAAGAT'I'!GGCTGGCGCTGGCTGG'I_I'T.iG'I_I"I'I'AGCGT'ITAG—CGC.iTCGGCGCTC'ITATI'AGGGhTGG]TGCGGCGAGWT.iGGT]TGCCTGCG
igned sequence

F—;IEMGATTI!'GGGEGGCGCTGGCTGG'I_I'T.iG'I_I"I'I'AGCGT'ITAGECGC.iTCGGCGCTC'ITATI'AGGGhTGG]TGCGGCGAGWT.iGGT]TGCCTGCG
sequence

ctcaﬁcaacgcc—gccgaaccaaacgcgcccgcaaaagcgacaacccgcaaccacgagccttcagccaaagttaactttggtcaattggccttgctggaa

te sequence SecH

CTEIAGTAACGCEGGCCGAACCAAACGEGCCCGCM——GAEMCCEGCMEE&CGAGCCT TCAGCCAAAGTTAACTTTGGTCAATTGGCCTTGCTGGAA
igned sequence 1

CTEIA—CAACGCC;GCCGMCCAAACGCGCCCGCMMGCGACAACCCGCMCCACGAGCCT TCAGCCAAAGTTAACTTTGGTCAATTGGCCTTGCTGGAA
igned sequence

CTEI%MCGCC;GCCGAACCAAACGCGCCCGCAAMGCGACAACCCGCMCCACG.iGCCTTCAGCCMAG]TMCT[TGGTCAATTGGCC]TGCTGGM
sequence

chaacacacgccgcccgaattcgaactattccgttgattactggcatcaacatgccattcgcacggtaatccgtcatctttctttcgcaatggcaccgc
te sequence SecH

GCEI%ACACGCCGCCCGMTTCGM\CTM_I'CCGTI'G.iTI'ACTGGCATCMC.iTGCC#WCGCACGGTMTCCGTC#TCTFTCWCGCMTGGCACCGC
SEUERCE 1

GEEI%ACACGEEGCCEGMTTCGM\CTATI'EEGTI'GATI'ACTGGCATCME#TGCEhWCGCACGGTMTEEGTCATCTFTCWCGCMTGGCACEGC
SEqUEncE

GCQ%ACACGCEGCCCGMTTCG.AACTA'I'I'CCGTI'GATI'ACTGGCATCMCATGCCATI'CGCACGGTMTCCGTCATCWTCTFFCGCMTGGCACCGC

aaacagﬁgcccg{i&thaagaatctttgrctcttcaggcgcaacatcttgcattactggatacgctcagcgcgctgctgacccaggaaggcacgccgtc

MQI%TGCCCGTTGCTGAAGMTCT'I'I'GCCTETI'CAGGCGCAACATC'ITGEATI'ACTGGATACGCTCAGCGCGCTGCTGACCCAGGAAGGEACGCCGTC
sequence 1

MQI%TGCCCGTTGCTGMGMTCT'I'I'GCCTETI'CAGGCGCMCATE'ITGEATI'ACTGGATACGCTEAGCGEGCTGCTGACCCAGGAAGGEACGCCGTC
sequence 2

M:lijﬁ:dTGCCCGTTGCTGMGMTCTT[GCCTCTI'CAGGCGCMCATCTI'GC.iTI'ACHGGATACGCTCAGCGCGCTGCTGACCCAGGAAGGC#CGCCGTC
sequence 3

Figure 3: Sequencing results of the secM mutant strains. The gene is shown from the beginning. The

insert is marked



Sequencing of OmpA - IgG Fc — sfGFP

The correct insertion of the fusion protein into the pVB1-251 plasmid was confirmed with
sequenced using three different primers: pAE001 sequencing 1 F, pAE0O1 sequencing 2 R,
pAEQ01 sequencing 3 F. Together the three reads cover the whole sequence, overlapping. The
results confirm that the sequence is correct. The results are shown in Figure 4.

TCCGTGCTGACCGTTQ;GE&IC#GGATTGGTTGAACGGAAAAGAATACAAATGThhGGTGAGCAhT#AGGGTCTGCCAGCTCCChTTGhAhAGhCAATTT
tt-)].i SEqUENCE pyil-

TCCGTGCTGACCGTTGTGCATCAGGATTGGT TGAACGGAAAAGAATACAAATGTAAGGTGAGCAATAAGGGTCTGCCAGCTCCCATTGAAAAGACAATTT
aligned sequence 120015 (120015 ahl1)

TCCGTGCTGACCGTTGTGCATCAGGATTGGT TGAACGGAAAAGAATACAAATGTAAGGTGAGCAATAAGGGTCTGCCAGCTCCCATTGAAAAGACAATTT
aligned sequence 12014 (120014.ab1)

aligned sequence 12DC18 (120C16.ab1)

CAAMAACCAAAGGCCAACCACGTGAACCGCAAGTATACACTTTACCCCCTTCACGTGAAGAAATGACAAAAMAATCAAGTATCGCTGACGTGTTTGGTCAA
template sequence pvBl-251 with GFP construct

CAAMAACCAAAGGCCAACCACGTGAACCGCAAGTATACACTTTACCCCCTTCACGTGAAGAAATGACAAAAAATCAAGTATCGCTGACGTGTTTGGTCAA
aligned sequence 12DC15 (120015.ab1)

CAAAAACCAAAG?&EA%EE#CEJGAACCGCAAGTATACACTTTACCCCCTTCACGTGAAGAAATGACAAAAAATCAAGTATCGCTGACGTGTTTGGTCAA
igned sequence 14 4

aligned sequence 12DC18 (120016.ab1)

AGGCTTCTACCCTTCAGACATTGCGGTAGAGTGGGAATCGAACGGTCAACCAGAAAATAACTACAAAACCACTCCCCCGATGTTAGACTCTGACGGCTCG
te SeqUENCE pVB1-251 with GFP construct

AGGCTTCTACCCTTCAGACATTGCGGTAGAGTGGGAATCGAACGGTCAACCAGAAAAT AACTACAAAACCACTCCCCCGATGTTAGACTCTGACGGCTCG
aligned sequence 12DC15 (120015.ab1)

AGGCTTCTACCCTTCAGACATTGCGGTAGAGTGGGAATCGAACGGTCAACCAGAAAAT AACTACAAAACCACTCCCCCGATGTTAGACTCTGACGGETCG
aligned sequence 120014 (120014 ab1)

aligned sequence 120C18 (120016.ab1)
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ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCCGTGGAATGCCCGCCTTGCCCAGCTCCTCCCGTTGCTG
te sequence pVE1-251 with GFP construct

TTGAAAAAGACAGCTATCGCGAT TGCAGTGGCACTGGCTGGTTTCGTTACCGTAGCGCAGGCCGTGGAATGCCCGCCTTGCCCAGCTCCTCCCGTTGETG
aligned sequence 12015 (120015.ab1)

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCCGTGGAATGCCCGCCTTGCCCAGCTCCTCCCGTTGETG
aligned sequence 12DC14 (120014.ab1)

aligned sequence 120C16 (130016 ab1)

GCCCGTCGGTCTTTTTATTCCCTCCCAAACCTAAAGATACACTTATGATTAGTCGTACTCCTGAAGTCACCTGTGTAGTTGTTGACGTTTCTCATGAGGA
template sequence pyBl-251 with GFP construct

GCCCGTCGGTCTTTTTATTCCCTCCCAAACCTAAAGATACACTTATGATTAGTCGTACTCCTGAAGTCACCTGTGTAGTTGTTGACGTTTCTCATGAGGA
aligned sequence 12DC15 (120015.ab1)

GCCCGTCGGTC'I'I'J;I'I'A(;I'JECCTCCCAMCCTAAAGATACACTTATGATI'AGTCGTACTCCTGMGTCACCTGTGTAGTI'GTI'GACGTTI'CTCATGAGGA
igned sequence 14 4.2k

aligned sequence 120C16 (120016, ab1)

TCCAGAGGTTCAATTTAATTGGTATGTAGATGGAGTAGAGGTTCATAACGCCAAGACAAAGCCTCGTGAAGAACAGTTTAATTCGACATTTCGCGTTGTT
template sequence pvBl-251 with GFP construct

TCCAGEGGTI'CAAE.E\E?GTATGTAGATGGAGTAGAGG'I'I'CATMCGCCAAGACAAAGCCTCGTGAAGAACAGWTMT[CGACATFFCGCGTTGTT
igned sequence 120C1

TCCAGAGGTTCAATTTAATTGGTATGTAGATGGAGTAGAGGTTCATAACGCCAAGACAAAGCCTCGTGAAGAACAGTTTAATTCGACATTTCGCGTTGTT
aligned sequence 120014 (130014 ab1)

aligned sequence 12DC16 (10C16.ab1)

TTC'I'I'I"I'I'ATACTCCAAATI'GACGGTGGATMAAGTCGCTGGCAACMGGCMTGTCTTCTCGTGCAGCGTMTGCACGAAGCTCTTCATMCCATTACA

pYBE1-251 with GFF construct

TTC'I'I'I"I'I'ATACL%C%E?ACGGTGGATMAAGTCGCTGGCAACMGGCMTGTCTTCTCGTGCAGCGTMTGCACGAAGCTCTTCATMCCATTACA
igned sequence 120€1

TTCTI'I"I'I'hTACTCCMATI’GACGGTGGATMAAGTCGCTGGCMCMGGCMTGTCTTCTCGTGCAGCGTMTGCACGAAGCTCTTCATMCCATTACA
igned sequence 13DC14 (130014, abl)

aligred sequemce 120C16 (130006, abi)

CCCAGAAGTCCCTGTCTCTT TCACCGGGAAMGGGATCCGCTGECTCCGCTGCTGGTTCTGGCGAATTCCGTAAAGGCGAGGAGCTGTTCACTGGTGTCGT
template sequence pvB1-251 with GFP construct

CCCAGAAGTCCCTGTCTCTTTCACCGGGAAAGGGATCCGCTGECTCCGCTGCTGGTTCTGGCGAATTCCGT AAAGGCGAGGAGCTGTTCACTGGTGTCGT
aligned sequemce 1:DC1S (120C15.abl)

CCCAGAAGTCCCTGTCTCTTTCACCGGGAAAGGGATCCGCTGECTCCGCTGCTGGTTCTGGCGAATTCCGT AAAGGCGAGGAGCTGTTCACTGGTGTCGT
aligned sequemce 1:DC14 (120014.abl)

aligned sequence 1:DC1E (120016.abl)

CCCTATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGAAGGTGACGCAACTAATGGT AAACTGACGCTGAAG
template sequence pvB1-251 with GFP construct

CCCTATTCTGGTGGAACTGGATGGTGATGTCAACGETCATAAGTTTTCCGTGCGT GGCGAGGGTGAAGGTGACGCAACTAATGGTAAACTGACGCTGAAG
aligned sequence 120015 (120015, abl)

CCCTATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGECAAAGGTGAAGGTGACGCAACTAATGGTAAACTGACGCTGAAG

aligned sequemce 120C14 (130004, ab1)

aligned sequemce 120C16 (130016, abl)
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TTCATCTGTACTACTGGTAAACTGCCGGTACCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATGA
template sequence pyBii-251 with GFP construct

TTCATCTGTJ\CTMITGGTAAACTGCCGGTACCTTGGCCGACTCTGGTMCG.&CGCTGAC’I'I'ATGGTGTTCAGTGCTT[GCTCGTMTCCGGACCAT#ATGA
aligned sequemce 120C15 (120015.ab

TTCATCTGTACTACTGGTAAACTGCCGGETACCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATGA
aligned sequemce 120014 (120014 ab1)

aligned sequemce 120C16 (120C16.ab1)

AGCAGCATGACTTCTTCAAGT CCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAGGATGACGGCACGTACAAMACGCGTGCGGAAGT
template sequence pyiii-251 with GFP construct

AGCAGCATGACTI'C"I'I'CAAGTCCGCC.ﬁTGCCGGMGGCTATGTGCAGGMCGCACGATTFCCTTTAAGGATG&CGGEACGTAMCCGCGNGNCGNN#
aligned sequemce 120C15 (120015.ab1)

AGCAGCATGACTTCTI'CAAGTCCGCCATGCCGGAMGCTATGTGCAGGMCGCACGATTFCCTTTAAGGATG#CGGCACGTACMCGCGGGCGGM\AT
aligned sequemce 120014 (120014 ah1)

—————————————— NNHHNNNI"II"INCNHHGNCI‘-IGGMECTATGTGCEGG—ACGCACGATTI'CCTTTAAGGATGACGGCACGTACMMCGCGTGCGGAAGT
aligned sequence 120C16 (120016.ab

GAAATTTGAAGGCGATACCCTGGTAAACCGCAT TGAGCTGAAAGGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTT
template sequence pvBi-251 with GFP construct

MNNNNNN---
aligned sequemce 120C15 (120015.ab1)

GAMWTGMGGCMR\CCTCGGTAAAACCGCATFGMECTGAMGGU TTGCTTTTAAAAMAAAACGGCATAATCCGGGGCCAAAACCGGGAAAAAATTTT

aligned sequemnce 120014 (120014.ah1)

GAAATTTGAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAAGGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTT
aligned sequemce 120016 (120016.ab1)

AACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGCCACAACGTGGAGGATGGCAGCGTGCAGCTGG
template sequence pvB1-251 with GFP construct

aligned sequemce 1:DC1S (120C15.abl)

AMCCCCCCMGGGTTT ACTCCCCCGCCCAMAMAAAMAAAAMATGGCTTTAAAGCNAAATTTTAAAATT TCCTCCAACCGNNGNAAGAAGGGCCACTGGGL

igned sequence 1:DC14 (120014.abl)
MCAGCCACMT%];F{A(E\; EACCGCCGATMACAMAAMTGGC&WAAAGCGAMTTI'AMMTCGCCACAACGTGGAGGATGGCAGCGTGCAGCTGG
igned sequence 1

CTGATCACTACCAGCAAMACACTCCAATCGGTGATGGTCCTETTCTGLTGCCAGACAATCACTATCTGAGCACGCAMMGCGTTCTGTCTAMMGATCCGAA
template sequence

pVB1-251 with GFF construct

aligned sequemce 12DC15 (120015.abl)

NNGH;GG'\ITAAATNNNNCHWEAMAACCTCCAATNNNTGAAEGGCCCGGTTCCNNGGCCCA&MAACTCTNNNTNGAMCCTMMTACTTH’NM’NM

igned sequence 1:0C14 (120014.ab1)
CTGhTCACTAC[‘.AGCAAAACACTCCMTCGGTGATGGTCCTGTTCTGCTGCCAGACMTCACThTCTGhGCACGCAAAGCGT[CTGTCT#MGATCCGAA
aligned sequemce 120C16 (120006, ab

CGAGAAACGCGATCATATGGTTCTGCTGGAG'I'I'CGTMCCGCAGCGGGCATCACGCATGGTATGGATGMCTGTACAMTGATGA

pVB1-251 with GFP construct

aligned sequemce 120C15 (130015, abl)

AANNCNNNMGAAMACGCCAMTFAGGGC

igned sequemce 120C14 (120018 abl)

CGAGAAACGCGATCATATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAACTGTACAAATGATGA
aligned sequence 1:DC1E (120016.abl)

Figure 4: The sequencing results of the correct insertion of the fusion protein into pVB1-251. Plasmids
from one strain were sequenced using three different primers. The sequence of the whole fusion protein

is shown.
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