Figure 13.Relativein vivo(in Synechocysfjsactivity from different Kivd using sub-
strates KIV and KIC. ARelativein vivo activity using KIV as substrate. Relative
activity in Synechocystiengineered strain equals to isobutanol production (mg L

OD 1) divided by the relative protein expression lew&l.Relativein vivo activity

using KIC as substrate. Relative activitySynechocystiengineered strain equals to
3M1B production (mg L OD ) divided by the relative protein expression level. As-
terisks represent significant differences between the corresponding strain and the orig-
inal strain, *** = 0.0001 < p < 0.001 and **** = p < 0.0001 in t-test. All the results
represent the mean of two technical replicates per two biological replicates. The error
bars represent the standard deviation of these calculated values. (Figure from Paper

1)

In addition,in vitro activity assays using KIV as substrate was also performed
on crude extracted protein from the selected strains, and the activities were
normalized according to the relativgpeession levieof the corresponding

Kivd variant (Fig. 12). Similar to thim vivo results, strains VI, ST, and SV
showed significant increase on Kiwal vitro activity towards the substrate

KIV (Fig. 14).

Both thein vivo and in vitroactivity results indicate that the enlargement
of Val461 to isoleucine might help the substrate to anchor in the pocket in an
appropriate position, making the interaction between the substrate and the co-
factor easier. Moreover, S286, which was not suggested as a part of the active
site of Kivd, is nevertheless an important amino acid for both the overall ac-
tivity of Kivd and the preferential shift towards isobutanol production.

In summary, this study is the first demonstration on engineering protein for
increasing production of specific compoundsynechocystis and the evalua-
tion of the engineered proteins based on deep analyses of their pexfioe
mance. It clearly demonstrates that a single amino acid substitution can sig-
nificantly affect the expression level and the function of a prote8yirecho-
cystis Therefore, protein engineering is a powerful tool to modify the output
of a cyanobacterial metabolic pathway.
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Figure 14. In vitro activity of different Kivd variants using substrate KIV. Crude ex-
tracted protein from each strain was used in the in vitro assay and the concentrations
were normalized to the same level for all reactions. Then, the relative activity was
calculated based on the relative Kivd expression level in the different strains. It rep-
resents the relative NADH consumption in a certain time per same amount of Kivd
protein. *=p < 0.05 and **** =p <(0.0001 in t-test. All the results represent the mean
of two technical replicates per two biological replicates. The error bars represent the
standard deviation of these calculated values. (Figure from Paper I1I)
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Further enhancement of isobutanol production in Synechocystis
(Paper 1IV)

In Paper II and Paper IlI, isobutanol production in Synechocystis has been im-
proved step by step from below 0.5 mg L' OD™ to 18.6 mg L' OD™! via ge-
netic engineering and protein engineering approaches. Nevertheless, it was
still much lower than the isobutanol production observed in heterotrophic or-
ganisms. This contrast makes the concept of photosynthetic isobutanol pro-
duction less competitive. Therefore, the study in Paper IV focused on further
enhancement of isobutanol production in Syrnechocystis via modifying the cul-
tivation condition and addressing other potential bottleneck enzyme(s) than
Kivd.

Firstly, the best isobutanol producing strain ST (pEEK2-ST) generated in
Paper III was utilized here for examining three different light intensities and
two different pH adjustments. Generally, the Synechocystis cells are grown
under relatively low light condition (30 - 50 umol photons m 2 s™") in the la-
boratorium thus 15 umol photons m 2 s~ and 100 umol photons m* s ' were
applied in this study for low light condition and high light condition, respec-
tively. 50 pmol photons m s™' was used as medium light condition. Cultures
growing under 50 umol photons m* s™' showed better overall performance,
faster growth and higher isobutanol titer, compared to the cultures growing
under the other two light intensities. The cultures growing under 100 umol
photons m? s showed the fastest growth till day 3 but a quick bleaching
phenotype after day 4, which resulted in a low isobutanol in-flask titer in the
end (Fig. 15A). Hence, 50 pmol photons m *s~' was further employed to the
cultures for investigating different pH adjustments.

HEPES buffering was one of the pH adjustment methods examined since
HEPES is a widely used organic chemical buffering agent in cell culture. A
significant amount of HEPES was added to the cultures every second day in
this study since the initial NaHCO; concentration was as high as 50 mM and
2 ml BG11 media with 500 mM NaHCO; was supplemented to each culture
every second day after sampling, which resulted in an even higher NaHCOs
concentration in the cultures. The growth and isobutanol in-flask titer of the
HEPES buffered cultures were significantly higher than that of the cultures
without any pH adjustment though HEPES could not buffer the cultures back
to pH between 7 and 8, and the final pH observed in the cultures was around
10 (Fig. 15B).
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Figure 15. Growth and isobutanol titer of strain pEEK2-ST growing in different cul-
tivation conditions. A: Growth and isobutanol titer of the cells growing under low (15
umol photons m~2 s7!), medium (50 pmol photons m2 s, and high (100 umol pho-
tons m~2 s7!) light intensities without any pH adjustment. B: Growth and isobutanol
titer of the cells growing under 50 pmol photons m 2 s~ with different pH adjustments,
HEPES buffering and HCl titration. Cells without any pH adjustment were the control.
The aimed pH range is between 7 and 8. The pH labeled on the growth curves are the
actual pH observed in the end of the cultivation. (Paper IV)

In order to have a more efficient pH adjustment, certain amount of 37% HCl
was added every day to titrate the cultures to pH between 7 and 8. Surprisingly,
the titration contributed to a more than 40% increase of isobutanol in-flask
titer compared to that from the HEPES buffered cultures though the growth of
the titrated cultures was not as fast as the HEPES buffered ones (Fig. 15B).
Moreover, isobutanol produced per cell in the titrated cultures was 2.4 times
higher than in the HEPES buffered cultures on day 10.

The notable difference on growth between the cultures with and without
pH adjustment may indicate that the closed system together with the culture
pH affected the carbon uptake in the cells. When the culture has alkaline pH
above 10, the carbon form in the media towards more to CO3*, which cannot
be used by the cells. Thus, by adjusting the pH to a range between 7 and 8, the
carbon equilibrium shifted towards HCOs™ and CO, formation, and these
HCOs™ and CO; molecules could get into the cells and provide additional car-
bon, which resulted in better growth and higher isobutanol production.

Surprisingly, the HCl titrated cultures maintained in stationary phase (s) for
more than 30 days without losing the ability of producing isobutanol and
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3M1B. The cultivation was kept till day 46 when the isobutanol in-flask titer
had dropped for 3 continues measurements (Fig. 16). A maximal isobutanol
in-flask titer of 435 mg L™ was observed on day 40. However, the in-flask titer
could not fully represent the exact amount of product produced by the cells
since there was a dilution in each culture every second day from the exchange
of 2 ml withdrawn culture for isobutanol extraction and 2 ml fresh media for
fulfilling the original volume. Therefore, the cumulative isobutanol titer was
calculated to 847 mg L' on day 40 when the cultures showed the highest in-
flask titer with a final cumulative titer of 911 mg L™ in the end of the cultiva-
tion on day 46. The cumulative titer for 3M 1B was also calculated in the same
way resulting in a final cumulative titer of 225 mg L™ was gained on day 46.
Furthermore, a highest isobutanol production rate of 43.6 mg L' was observed
between days 4 and 6 coinciding with cells in maximal growth rate (Fig. 16).
This indicates that maintaining the culture in the growth phase using che-
mostate may be an efficient way to further improve isobutanol total production
in Synechocystis.
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Figure 16. Growth, in-flask titer, cumulative titer of both products, and isobutanol
production rate from the long term cultivated engineered Synechocystis strain ST. S1:
Steady state phase I, S2: Steady state phase I, S3: Steady state phase II1. The culture
was cultivated under 50 pmol photons m™2 s light intensity with HCI titrated pH
between 7 and 8. Results represent the mean of three biological replicates, error bars
represent standard deviation. (Modified from Paper V)
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Figure 17. Schematic overview of isobutanol synthesis pathway employed in this
study. The Synechocysits endogenous genes are in green while the heterogenous en-
zymes are in blue. AlsS: acetolactate synthase from B. subtilis, IIvC: acetohydroxy
acid isomeroreductase from E. coli, IlvD: dihydroxy acid dehydratase from E. coli,
and Kivd: a-ketoisovalerate decarboxylase from L. lactis. (Paper IV)
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After the investigation on cultivation conditions, additional engineered Syn-
echocystis strains containing one operon or two convergent orientated operons
expressing Kivd>**T and other genes in the isobutanol synthesis pathway were
generated to potentially identify any other metabolic bottlenecks (Fig. 17). All
the engineered strains were cultivated for 8 days, and expression level of all
the enzymes were detected on crude extracted protein on day 2 while isobuta-
nol titer was detected on day 2, 4, and 8.

Since there was no clear clue on the genes encoding Synechocysits endog-
enous acetolactate synthase (AlsS), three related genes, s/[0065, sll1981, and
slr2088 were examined in this study together with the heterogenous AlsS from
B. subtilis (Fig. 17). Unfortunately, the construct containing Kivd>**T and
AlsS (B. subtilis) could not be conjugated into Synechocystis successfully,
which may due to the high activity of the enzyme [104]. Thus, strain pEEK2-
ST11920P-AlsS, supposed to have low expression level of AlsS was gener-
ated. Nevertheless, isobutanol titer observed from three biological replicates
of this strain showed high variation and no AlsS expression could be detected
via the anti-Flag tag Western-immunoblot. Furthermore, not as expected, the
control strain pEEK2-ST still showed the highest isobutanol production
among all the strains containing one operon, the expression level of Kivd®*¢T
in different strains varied significantly, and the expression of some co-ex-
pressed enzymes could not be detected via the anti-Flag tag Western-im-
munoblot (Fig. 18A). Interestingly, strain pEEK2-ST1981 showed the lowest
isobutanol titer, which was 5 times less than the control strain pEEK2-ST on
day 8. This may be another evidence for the a-ketoglutarate decarboxylase
function of s//1981 encoded enzyme in TCA cycle [58]. In this study, the ex-
pression of s//71981 might lead more carbon flux towards TCA cycle instead
of L-Leucine or L-Valine synthesis pathways (Fig. 18A).
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Figure 18. Genetic constructs, protein expression, and isobutanol titer from the engi-
neered Synechocystis strains. A: Basic construct, SDS-PAGE, Western-immunoblot,
and isobutanol titer from the strains containing a single operon for expressing Ki-
vdS?8T and other gene(s) in the isobutanol synthesis pathway. Anti-Strep tag Western-
immunoblot was used to detect the expression of KivdS?*T and ADH (codon opti-
mized s/rl192) while anti-Flag tag Western-immunoblot was used to detect the ex-
pression of all the other genes B: Basic construct, SDS-PAGE, Western-immunoblot,
and isobutanol titer from the strains containing two convergent orientated operons for
expressing KivdS?#T and other gene(s) in the isobutanol synthesis pathway. Anti-Strep
tag Western-immunoblot was used to detect the expression of KivdS?%¢T while anti-
Flag tag Western-immunoblot was used to detect the expression of all the other genes
in the convergent operon. Protein size: AlsS: 62 kDa, IIlvC: 54 kDa, IlvD: 65 kDa,
Kivd (ST): 61 kDa, S111981: 60 kDa, SI11363: 40 kDa, SIr0452: 59 kDa, Slr1192: 36
kDa, S110065: 21 kDa, SIr2088: 68 kDa. (Modified from Paper V)

In order to have identical expression level for Kivd (ST) and higher expression
level for the other genes, strains containing two convergent orientated operons
were generated, and the control strain was pSNKO1, which contains Kivd®**¢T
in the Ptrccor-BCD driven operon and CcdB in the Ptreco.-RiboJ driven op-
eron. pEEK2-ST was used as an additional control strain while examining the
expression levels of Kivd (ST) in different strains. Surprisingly, this control
strain showed significantly higher Kivd (ST) expression level than all the
strains containing two operons (Fig. 18B). The low Kivd®**T expression in the
strains with two operons may due to the interference between the two operons
which was caused by supercoiling [105]. However, the expression levels for
all the other genes could be detected clearly by employing the additional con-
vergent orientated operon, which was an improvement compared to the one
operon strains. The strains expressing Kivd>*" with either ilvC-ilvD or
sll1363-slr0452 showed significantly higher isobutanol production than the
control strain pSNKO1 while the strains expressing each of these genes solely
with Kivd®®*T did not show any improvement on isobutanol production. Un-
fortunately, the isobutanol titers from all the strains with two operons were
lower than that from strain pEEK2-ST, which due to the significantly lower
Kivd®**T expression level in those strains, and the contribution from express-
ing the other genes in the pathway could not overcome the negative effect
from the low Kivd>**T expression.

In summary, this study clearly showed the importance of applying suitable
cultivation conditions for enhancing the production of isobutanol in Synecho-
cystis. Moreover, the observations in this study indicate that the expression
level of Kivd®**T can be significantly affected by the co-expression of other
genes either in the same operon or in a convergent orientated operon. There-
fore, choosing suitable (optimal) location and strategy for gene expression in
Synechocystis plays an important role in improving the production.
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Photosynthetic production of 1-butanol in Synechocystis
(Paper V)

Photosynthetic 1-butanol biosynthesis via an acetyl-CoA dependent pathway
has been studied for nearly a decade in two model cyanobacterial strains, Syn-
echocossus elongatus and Synechocystis. Many steps in this pathway have
been improved by using oxygen tolerant enzymes, NADPH dependent en-
zymes and ATP driving force [106][92][57]. Herein, the enzymes that showed
good performance in all the previous investigations, were selected for better
isobutanol production (details in Paper V). After massive amount of compar-
ison of different enzymes in the first stage of this study, the best 1-butanol
producing strain, SynBuOH-8, was generated and nearly 140 mg L' in-flask
1-butanol titer (38 mg L' OD7s50") was observed after 8 days cultivation in the
closed system using NaHCO; supplemented BG11 media without pH adjust-
ment (Fig. 19). In strain SynBuOH-8, five optimal enzymes for catalyzing
malonyl-CoA to butyraldehyde were integrated into Synechocysits genome to-
gether with an additional copy of Synechocystis endogenous alcohol dehydro-
genase, encoded by s/r1192. These six genes were expressed in three different
loci on the genome and the transcription of all three operons were driven by
the short version of Synechocystis native PpsbA2 promotor (Fig. 20 blue) [37].

In order to further improve 1-butanol production, a mutated NADPH-de-
pendent acetoacetyl-CoA reductase, PhaB (T173S), was employed since it has
more than 3 times higher K, than the wild-type PhaB from R. eutropha and
it showed enhanced in vivo activity when expressed in Corynebacterium glu-
tamicum (C. glutamicum) (Fig. 20 purple) [107]. As expected, the utilization
of this highly active PhaB enhanced 1-butanol in-flask titer to 180 mg L.
Furthermore, the Synechocystis cells did not easily segregated when the op-
eron with an additional copy of s/r1192 was integrated into the genome. Thus,
slr1192 was replaced by the codon re-optimized version (s/r/1920P) and re-
sulted in more than one third increase of 1-butanol production (Fig. 21 purple).
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Figure 19. Selection of enzymes in 1-butanol synthesis pathway in Synechocystis.
All the enzymes that were claimed to have high activity were combined and exam-
ined for 1-butanol synthesis in this study. (Paper V)

The third improvement stage mainly focused on selecting stronger promotors
and suitable 5’UTR sequences to enhance the expression level of the butanol
synthesis pathway in Symechocystis. Different combinations of PpsbA2,
Pcepeseo, Ptrc20, Ptreeo.BCD, and Ptrec..Ribol for the three operons were ex-
amined (details in Paper V). In addition, a NADPH dependent crotonyl-CoA
reductase (Ccr) from S. collimus was used to replace the NADH dependent
crotonyl-CoA reductase (Ter) from 7. denticola (Fig. 20 red) since there are
more NADPH than NADH in cyanobacteria and the NADPH/NADH ratio in
Synechocystis is much higher than in E. coli [108][109][110][111]. In the
screening, strain SynbuOH-29 utilizing Ptrcco.RiboJ, Ptrce..BCD, and Ptre-
core promotors showed the highest in-flask 1-butanol titer of 572 mg L™ after
11 days cultivation.
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Figure 20. Strategic improvements on the 1-butanol biosynthesis pathway in Syn-
echocystis. Stage 1 (in blue): Basic 1-butanol synthesis pathway driven by PpsbhA2
promotor, (in blue) was integrated into three /oci (Pta, Acs, and PhaEC sites) in the
genome of Synechocystis. Stage 2 (in purple): Two enzymes were replaced for higher
activity. Stage 3 (in red): Ter was replaced by Ccr and promotors were changed to
three strong Ptrc-based variants: PtrccoreRibol, Ptrccoe.BCD, and Ptrccore. NphT7:
acetoacetyl-CoA synthase from Streptomyces strain CL190, PhaB: acetoacetyl-CoA
reductase from R. eutropha, PhaB (T173S): mutated version of PhaB, PhaJ: (R)-spe-
cific enoyl-CoA hydratase from 4. caviae, Ter: crotonyl-CoA reductase from 7. denti-
cola, Ccr: crotonyl-CoA reductase from S. collimus, PduP: CoA-acylating propio-
naldehyde dehydrogenase from S. enterica. ADH (slr1192): alcohol dehydrogenase
from Synechocystis, ADH (slr11920P): codon re-optimized version of ADH
(slri192).
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Figure 21. Schematic overview of the final optimized 1-butanol biosynthesis pathway
introduced into Synechocystis. The endogenous genes are in green and the introduced
genes are in blue boxes. The red crosses indicate the knockout loci in Synechocystis
genome. NphT7: acetoacetyl-CoA synthase from Streptomyces strain CL190, PhaB
(T173S): mutated version of acetoacetyl-CoA reductase from R. eutropha, Phal: (R)-
specific enoyl-CoA hydratase from A. caviae, Ccr: crotonyl-CoA reductase from S.
collimus, PduP: CoA-acylating propionaldehyde dehydrogenase from S. enterica.
SIr11920P, codon re-optimized version of Slr1192 (ADH) from Synechocystis, Pk:
phosphoketolase from P. aeruginosa, Pta: phosphate acetyltransferase from B. sub-
tilis, Xu5P: xylulose S5-phosphate, F6P: fructose 6-phosphate, G3P: glyceraldehyde 3-
phosphate.

After optimizing every single step of the pathway from acetyl-CoA to 1-buta-
nol, additional metabolic modification was done to increase the acetyl-CoA
pool in Synechocystis for even higher 1-butanol production (Fig. 21). Nine
different phosphoketolase (PK) from different organisms were examined in
this study and the one from P. aeruginosa showed the best performance (de-
tails in Paper V). Moreover, in order to enhance the flux from acetyl-P to ac-
etyl-CoA, an additional Pta from B. subtilis was introduced into Synechocystis
in the same operon as NphT7 and PhaB™'"*%, resulting in strain SynBuOH-44,

49



which showed 836 mg L' in-flask and 1 g L' cumulative 1-butanol titer on
day 11.

In light of the results from Paper IV, 50 umol photons m 2 s™' light and HCI
titrated pH were utilized for long-term cultivation of the best 1-butanol pro-
ducing strain SynBuOH-44 in this study. As expected, the 1-butanol produc-
tion from this engineered strain dramatically increase when grown under 50
umol photons m ™ s~! with HCI titrated pH between 7 and 8. Due to the im-
pressively high 1-butanol production, product feedback inhibition and carbon
supply might become obstacles in the culture. Thus, instead of taking samples
and supplementing new BG11 with NaHCOs every second day, this procedure
was done every day. By doing so, the strain managed to grow and produce 1-
butanol for more than 20 days with the highest in-flask titer observed being
2.13 g L' and a cumulative titer of 4.71 g L' on day 23 and 27, respectively
(Fig. 22).

5000
—+In-Flask t _—*

= Cumulativ

4000
g
o
£ aw -
~ :
2 Vol
= S
2 P i
":! 2000 . »\.\_\_‘__
F-1 e =3
- » z

- 4
- W

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (Days)

Figure 22. 1-butanol in-flask and cumulative titer during a long-term cultivation of
the best 1-butanol producing Synechocystis strain. Cultivation condition: Initial OD7so
= 0.5, BG11 media supplemented with 25 mM NaHCOs3, 50 pmol photons m2 s,
sampled every second day for 1-butanol detection before OD7s0 reached 2 and after-
wards sampled every day. Same volume of fresh BG11 media with 500 mM NaHCO3
were added to each culture after each sampling. pH was adjusted to the range between
7 and 8 every day with HCI. (Paper V)

In summary, this study demonstrates a well-designed systematic strategy on
engineering Synechocystis for producing a valuable chemical, 1-butanol. The
investigations include engineering on genetic level, transcription/translation
level, and over all metabolic flux level. In addition, the 1-butanol titer was
finally boosted when a more suitable cultivation condition was employed.
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Conclusions and outlook

This thesis demonstrates step-wise engineering strategies for producing valu-
able compounds in the cyanobacterial stiran Synechocystis and how to en-
hance the production systematically. Take the development of isobutanol pro-
duction in Synechocystis as an example, the improvement from gene level to
protein level and finally to the cultivation system level successfully enhanced
photosynthetic isobutanol production titer hundreds of times (Fig. 23).
Through these impressive results for both isobutanol and 1-butanol produc-
tion, we can clearly see the potential future of cyanobacteria as green cell fac-
tories which can compete with the heterotrophic organisms.
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Figure 23. Summary of the process of improving isobutanol production in Synecho-
cystis via different approaches. Syn-1B-4: PpsbA2 promoter - (kivd, slri192) ex-
pressed on s/r1556 locus. Strains Syn-IB-5: Ptrccore promoter with bicistronic design
— (kivd, slr1192) expressed on s/r1556 locus. Syn-1B-6: Ptrccore promoter with bi-
cistronic design — (kivd, slri192) expressed on pEEK?2 vector. pEEK2-Kivd: Ptrccore
promoter with bicistronic design — (kivd) expressed on pEEK?2 vector. pEEK2-ST:
Ptrccore promoter with bicistronic design — (best mutated kivd) expressed on pEEK2
vector.

Besides the modifications within the aimed biosynthesis pathways, additional
changes in the entire metabolic net should be considered as well in order to
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further improve the productivity of the engineered strains to a commercially
viable level. For instance, it was determined that the largest portion of carbon
flux in Synechocystis is funneled towards sugar and fatty acid synthesis path-
ways [101]. Therefore, alter this carbon flux partitioning in the cell would be
useful to elevate the production of compounds link to other carbon consuming
pathways, though it was claimed that under photo-autotrophic conditions, the
re-routing of carbon flux in Synechocystis is significantly harder than under
mixotrophic or heterotrophic conditions [112]. Moreover, re-direct carbon
flux from growth to production in the cell using CRISPRi system could be
another efficient strategy to optimize the carbon usage [113].

In addition, selected cultivation system is another important factor that di-
rectly affects the yield of aimed product. For example, when the aimed product
is a volatile, suitable collecting system in (organic trap) or outside (condenser)
the photo-bioreactor is preferred to avoid the loss of products from evapora-
tion [91][114][115]. Some organic solvents, such as dodecane, are not toxic
for the cells, thus they can be added directly on the top of the culture as a trap
layer for removing specific products from the culture [116][117].

In summary, this thesis enriches the knowledge about synthetic biology in
cyanobacteria, highlights the power of protein engineering, and overall helps
the development of cyanobacteria as a chassis for high-flux production of val-
uable compounds.
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Svensk sammanfattning

Virldens energibehov okar i en otroligt hog takt pa grund av den alltmer till-
tagande folkméangden samt den moderna livsstilen. Inom 20 ar kommer det
finnas mer dn 9 miljarder ménniskor i varlden. Detta betyder att energibehovet
kommer att 6ka med mer &n 30 % jamfort med dagens energiforbrukning.
Dessutom ér fossila brinslen sdasom olja, kol och naturgas fortfarande de
storsta energikéllorna. Den geografiska fordelningen av fossila branslen kan
orsaka en rad problem, exempelvis internationella konflikter och stigande
matpriser. Forutom detta kan framstdllningen och forbrukningen av fossila
branslen leda till att toxiska &mnen uppkommer. Dessa &mnen kan bade vara
livsfarliga och skada miljon. Darfor dr vi i omedelbart behov av att framstélla
renare och fornybara energikéllor som ej dr centraliserade till ett fatal stéllen
1 véarlden. Solenergi kan bli den utmaérkta fornybara energikéllan, eftersom sol-
ljus finns Overallt och mangden ljus som nar atmosfaren varje timme ar till-
racklig for att tillfredsstdlla méanniskans energibehov for ett ar. Att hitta ett
effektivare sitt att utnyttja och lagra solenergi skulle darfor kunna 16sa flera
av de ovanstdende problemen. Solceller &r ett effektivt och direkt sétt att Gver-
fora solenergi, medan mikroorganismer med fotosyntetisk formaga (ex.
mikroalger och cyanobakterier) kan vara effektiva i detta hinseende genom
att omvandla solenergi och koldioxid till kemisk energi.

Cyanobakterier dr en grupp fotosyntetiska gramnegativa prokaryoter som
har funnits pa jorden i ndstan 3 miljarder ar. De &r ursprunget till att det finns
syre i atmosféaren. Synechocystis ér en encellig cyanobakteriestam som kan
Overleva i manga olika miljéer. Bakterien uppticktes och isolerades for forsta
gingen fran en sjo 1 Kalifornien. DNA-sekvensen for Synechocystis hela ge-
nom &r kind och det finns vél utvecklade metoder for att dndra i genomet.

Synechocystis anvands vid metabolisk genmodifiering i syfte att producera
olika vérdefulla foreningar sasom etylen, alkoholer, terpenoider, vitgas och
fettsyror (artikel VI). I denna avhandling visas hur Synechocystiskan modifie-
ras till att producera kemikalierna och biobrinslena isobutanol och 1-butanol.
Bada dessa d&mnen ér véirdefulla &mnen som direkt kan anvindas som brinsle
i dagens forbranningsmotorer, eftersom de har liknande energiinnehall som
bensin samt ar stabilare och sékrare dn etanol (ett av de huvudsakliga alterna-
tiva brinslena idag).
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Varken isobutanol eller 1-butanol produceras naturligt av Synechocystis.
Detta betyder att det inte finns nagra syntesvégar i bakteriens metaboliska sy-
stem som leder till att dessa foreningar skapas. Déarfor har gener som kodar
for de enzymer som skapar dessa metaboliska system valts ut fran andra org-
anismer. Dessa gener har sedan lagts in 1 Synechocystis, antingen i genomet
eller som separata plasmider utanfor genomet. For att introducera gener till
olika stéllen i en cell har speciella DNA-molekyler som kallas for vektorer
(anvdnds som badrare for att pa artificiell vig fi in frimmande genetisk
material in till en cell) skapats (artikel I och II). Ett véldigt viktigt enzym, Kivd
(a-ketoisovalerat dekarboxylas fran Lacotcocus lactis) som ér ett mellansteg i
syntesvdgen for isobutanol, kan anvéinda olika substrat och producera olika
amnen. I artikel II producerades isobutanol och 3-metyl-1-butanol (3M1B)
samtidigt nar Kivd fordes in i Synechocystis och enzymet identifierades som
en flaskhals i syntesvégen for isobutanol. Fyra separata snarlika enzymer som
katalyserar sista steget i syntesvigen for isobutanol undersoktes ockséa och det
enzymet som finns i Synechocystis naturligt visade bést resultat. I artikel II1
modifierades strukturen for Kivd-substratets bindningsplats for att forbattra
produktionen av isobutanol. Detta genom att anpassa bindningsfickan till sub-
stratet for isobutanolproduktionen, som &r betydligt mindre dn sunbstratet for
3M1B-produktionen. Fler dn 10 olika nya Kivd-enzymer designades och
skapades. Négra av stammarna med dessa nya Kivd-enzymer producerade en
markant storre médngd av bade isobutanol och 3M1B &n ursprungsstammen
samt hade en signifikant 6kad andel isobutanol jamfort med 3M1B. Det bést
modifierade Kivd-enzymet producerade mer dn 3 ganger s& mycket isobutanol
jamfort med ursprungsenzymet. Eftersom produktionen av isobutanol fortfa-
rande var lag, trots den bédst modifierade stammen, sa kunde det finnas andra
hinder for produktionen forutom Kivd. I artikel IV utfordes dérfor fler gene-
tiska modifieringar och olika odlingsmiljéer for Synechocystis undersoktes.
Resultatet visar att proteinnivan for Kivd paverkas avsevirt av den genetiska
miljon i ndra anslutning till den proteinkodande genen. En optimal odlings-
miljo identifierades och genom att applicera detta odlingsforhdllande, artikel
IV, producerades 911 mg L™ kumulativ isobutanoltiter av den stam som pro-
ducerade knappt 60 mg L™ isobutanol artikel III. Liknande tillvigagangssitt
for att paverka produktionen av isobutanol, genetisk modifiera samt optimera
odlingsmiljon anvandes for produktionen av 1-butanol i Syrnechocystis och en
kumulativ titer pa 4.7 g L' uppmiittes frn den bist modifierade stammen (ar-
tikel V).

Alla artiklarna i denna avhandling visar hur man kan anvinda genetisk mo-
difiering, syntetisk biologi, proteinmodifiering och metabolisk optimering for
att skapa nya modifierade stammar av Synechocystis och for att forbattra pro-
duktionen av vérdefulla féreningar. Mer specifikt undersoker denna avhand-
ling 1 detalj de enskillda enzymens funktion och bidrag i den introducerade
syntesvdgen. I avhandlingen visas ocksa att produktionen av isobutanol och
1-butanol stegvis kan forbdttras genom att anvdnda av flera olika strategier.
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Slutresultatet av dessa undersokningar, de kumulativa produktioner av iso-
butanol och 1-butanol i cynaobakterier som presenteras i denna avhandling,
ar de hogsta uppmiaitta i litteraturen.
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