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General introduction 

General introduction 

1.1. A brief introduction to cyanobacteria 

Cyanobac te r i a are unice l lu lar p h o t o s y n t h e t i c p rokaryotes t ha t live in terrestr ia l as 
wel l as aquat i c e cosy s t ems (De los Rios et al., 2 0 0 7 ) . As they live in diverse e cosys t ems , 
cyanobac te r i a have spec ia l i sed g rowth hab i t and m e t a b o l i s m spec i f ic to e c o s y s t e m s for 
survival . Though all cyanobac te r i a are p h o t o a u t o t r o p h s , s o m e of t h e m are f o u n d to be 
mixo t roph i c as wel l as facu l ta t ive ly he te ro t roph i c in nature (Droop, 1974) , bu t m o s t of t h e m 
are ob l iga to ry p h o t o a u t o t r o p h s . He te ro t rophy enab les cyanobac te r i a t o use organic sources 
of ca rbon in dark phases t h rough the ox idat i ve p e n t o s e p h o s p h a t e (OPP) pathway, g lycolys is 
and t r i carboxy l i c ac id (TCA) cycle ( Subashchand rabose et al., 2 0 1 3 ) . M ixo t rophy gives 
cyanobac te r i a an advan tage under l imi ted l ight and chang ing ca rbon cond i t i ons (S toecker et 
al., 2 0 0 6 ) as it cons i s t s of b o t h p h o t o a u t o t r o p h i c and he te ro t roph i c m e c h a n i s m s (He idorn et 
al., 2 0 1 1 ) , whe reas l ight he te ro t rophy is a g r o w t h c o n d i t i o n in wh i ch cyanobacter ia l cu l ture 
is ma in t a ined w i th pu l s ed l ight (up to 5 m inu tes exposu re to l ight) w i th g lucose and fur ther 
ma in ta ined in da rkness (Tabei et al., 2 0 0 9 ) . 

The c i rcadian c lock cont ro l s t he s imu l t aneous shi f t in gene express ion in r e sponse to l ight 
and dark p h o t o s y n t h e t i c phases of cyanobac te r i a . A lso , t he b io rhy thm enab les t h e m to 
change g rowth sty les unde r l ight and dark phases (Dong and Go lden , 2 0 0 8 ) . As one of the 
m o s t u t i l i sed green producers and m o d e l o rgan i sm, c yanobac te r ium Synechocystis PCC 6 8 0 3 
is used as a hos t o rgan i sm to syn the t i se a var ious n u m b e r of p roduc t s , e.g., mass p roduc t i on 
of e thano l (Yosh ikawa et al., 2 0 1 7 ) or (E)-a-bisabolene (Rodr igues and L indberg , 2 0 2 0 ) . 

1.2. Isoenzymes 

I soenzymes ( i sozymes) are var iants of t h e e n z y m e w i th d i f ferent am ino ac id s t ruc tures bu t 
cata lys ing the same reac t ion . Hunter and Marke r t (1957) f i rst p r o p o s e d t h e t e rm i s o e n z y m e / 
i sozyme to desc r i bed " the di f ferent mo lecu la r f o rms in wh i ch prote ins may exis t w i t h t he 
same enzymat i c speci f ic i ty" . Though they have t h e same subst ra te (s ) and produc t ( s ) , they 
have di f ferent k inet ic p roper t i es . I soenzymes are f o u n d in b o t h in eukaryot i c and prokaryot i c 
o rgan i sms . An examp le of we l l-s tudied i sozyme is p h o s p h o f r u c t o k i n a s e (PFK), f o u n d in E. coli 
(PFK A and PFK B), and humans (organ spec i f ic PFK L, PFK M) . 

I sozymes differ in pr imary s t ruc ture because they are e n c o d e d by d i f ferent genes , e i ther 
al lel ic or non-allel ic. The pr imary s t ruc ture cou ld a lso be mod i f i ed by di f ferent react ive g roups 
or am ino ac id res idues (Scandal ios , 1969) . Fur thermore , t he occur rence of i s oenzymes in 
a spec ies happens due to m u t a t i o n in a gene - po in t m u t a t i o n s in genes create t w o or more 
cop ies of genes , post-t rans la t iona l mod i f i c a t i on (PTM), natura l se l ec t ion of mu l t ip l e var iants 
of t h e s a m e enzyme, a lso t hey can be exp ressed in spec i f ic s t age/phase of life (Huang, 2 0 0 9 ) . 

Many i sozymes or iginal ly act ive in p rokaryo tes are s i l enced in eukaryot i c o rgan i sms as 
redundanc ies (Ononye et al . , 2 0 1 4 ) . However, s o m e of t h e s e redundanc ies are react iva ted 
by cancer cel ls t o sat is fy t he increased me tabo l i c d e m a n d of cancer cel ls, and thus t he se 
i sozymes may be t a rge ted w i th n e w the rapeu t i c s t ra teg ies (Ononye et al., 2 0 1 4 ) . I sozymes 
are a lso c o m m o n l y obse r ved in cyanobac te r i a (Beck et al., 2 0 1 2 ) . However, many of t h e m 
have been a n n o t a t e d based on in si l ico m R N A to prote in t r ans l a t ion and BLAST, s o m e were 
s h o w n to have di f ferent f unc t i ons rather t han t h e pred i c ted one ( Jablonsky et al., 2013 ) 
whi le t h e f unc t i on of others , e.g., r ibose p h o s p h a t e i somerase B, are yet to be spec i f i ed . 
Me tabo l i c r equ i rements for each organ or t i s sue are di f ferent there fore the requ i rement of 
t issue-spec i f ic var iants of i s o e n z y m e s are unde rs t andab le . However, for a prokaryo t i c cel l 
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w i t h o u t hav ing any membrane-bound organel les , r equ i rements of several se t of i soenzymes 
(e.g., P G M in Synechocytis PCC 6 8 0 3 ; Table 1.1.) is rather in te res t ing to study. In the f o l l o w i n g 
sec t i on , I have d i s cussed more a b o u t d i f ferent t ypes of i s o e n z y m e s f o u n d in centra l ca rbon 
m e t a b o l i s m of Synechocystis PCC 6 8 0 3 . 

1.3. Isoenzymes in carbon metabolism of cyanobacteria 

Throughou t t he centra l ca rbon (Calv in-Benson-Bassham cycle, g lycolys is and TCA cycle) 
m e t a b o l i s m of Synechocystis PCC 6 8 0 3 (Synechocystis), a n u m b e r of i s o e n z y m e s are 
d i s t r ibu ted (Beck et al . , 2 0 1 2 ) in the me tabo l i c ne twork of c yanobac te r i um (Table 1.1.). It 
is a po in t t o be no ted tha t Synechocystis is one of t h o s e cyanobac te r i a t ha t have h ighes t 
n u m b e r of i s o e n z y m e s c o d i n g genes in the i r g e n o m e . Though the w h o l e g e n o m e sequenc i ng 
and a n n o t a t i o n fo r Synechocystis were d o n e in 1996 (Kaneko et al., 1996) , the re is m u c h 
con fus i on regard ing t h e a n n o t a t i o n of i s o e n z y m e s as many of t h e pred i c ted prote ins f o u n d to 
have s imi lar i t ies in a m i n o ac id s equences w i th enzymes f rom o ther spec ies . A lso , it is sti l l no t 
sure if a par t i cu lar e n z y m e is hav ing one or more t han one cop ies of gene under spec i f ic cases 
w i th m inor var ia t ions (po in t mu ta t i ons ) . It is a lso u n k n o w n for s o m e cases why i soenzymes are 
needed for a spec i f ic reac t ion , for instance , r ibose p h o s p h a t e i somerase (RPI) is in a p o s i t i o n 
of t h e Calv in-Benson-Bassham cycle (Calvin cycle) wh i ch does no t cross w i th o the r pa thways 
and thus , t h e need for a s e cond RPI is unclear. Finally, t he q u e s t i o n is a b o u t t he f unc t i on of 
t he se i soenzymes , do i s o e n z y m e s p ro tec t aga ins t t he a c c u m u l a t i o n of tox ic me tabo l i t e s such 
as sugar p h o s p h a t e s (e.g., f ruc tose-6-phosphate , d ihydroxyace tone phospha te ) t h rough the 
sys tem, or is it because of the i r survival in harsh env i ronmenta l changes? 

Table 7. 7. Isoenzymes in central carbon metabolism of Synechocystis PCC 6803. List contains 
isoenzymes that are experimentally verified as well as predicted (putative). Data source: Uniprot. 

Name 

)ose p h o s p h a t e i somerase R ibo ; 

F r u c t o s e b i s p h o s p h a t e a ldo lase 

F ruc tose b i s p h o s p h a t a s e / s e d o h e p t u l o s e 
1,7 b i s p h o s p h a t a s e 

P h o s p h o f r u c t o k i n a s e 

Glycera ldehyde-3-phosphate 
dehyd rogenase 

P h o s p h o k e t o l a s e 

Phosphog l yce ra te m u t a s e m o ; 

Pyruvate k inase 

P h o s p h o g l u c o m u t a s e 
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Glycogen syn thase GLGA 1 sll 0945 

GLGA 2 (putat ive) sil 1393 

Glycogen deb ranch ing e n z y m e GLGX 1 sir 0237 

GLGX 2 sir! 857 

Glycogen Phosphory l a se GLGP 1 sir 1356 

GLGP 2 sir 1367 

1.3.1. Ribose phosphate isomerase 

ribose-5-phosphate <->ribulose-5-phosphate 

R ibose p h o s p h a t e i somerase cata lyses the in te rconvers ion of r ibose-5-phosphate to 
r ibu lose-5-phosphate w i th in t h e Calvin cycle and p e n t o s e p h o s p h a t e pathway. Beck et al . 
(2012) m e n t i o n e d t h e p resence of 2 i soenzymes , RPI A (sir 0194) and RPI B (ssl 2153). RPI A is 
anno t a t ed and rev iewed (Uniprot ) , whereas RPI B is unrev i ewed . The sequences are s h o w i n g 
only 3 7 % s imi lar i ty w i th each other, and the BLAST resul t ind ica tes t ha t RPI A is more s imi lar t o 
cyanobacter ia l RPI whe reas RPI B is s h o w i n g more s imi lar i ty t o bacter ia l RPI sugar p h o s p h a t e 
i somerase (RPI B/LacA/LacB family) w i th t he excep t i on of Gleobacter genus (Figure 1.1.). 
Look ing at t h e p o s i t i o n of t he e n z y m e in the me tabo l i c ne twork of Synechocystis (Figure 
1.2.), t he need for an i s o e n z y m e for any spec i f ic scenar io is sti l l unclear. 
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General introduction 

Figure 1.2. Schematic representation of the central carbon metabolism network of Synechocystis sp. 
PCC 6803. Red indicates the isozymes. The scheme includes the Calvin-Benson-Bassham cycle, 
photorespiratory pathways, phosphoketolase pathway, glycolysis, the oxidative pentose pathway, 
Entner-Doudoroff pathway, and sink reactions (representing the adjacent pathway and the calculation 
of biomass production, indicated by metabolites in rectangular shapes). The reversibility of a particular 
reaction is indicated by two small arrows. Grey indicates the involved enzymes: RuBisCO ribulose-1,5-
bisphosphate carboxylase oxygenase, PGK phosphoglycerate kinase, CAP glyceraldehyde-3-phosphate 
dehydrogenase, TPI triose-phosphate isomerase, ALDO aldolase, FBPase fructose-1,6 bisphosphatase, PFK 
phosphofructokinase, TKT transketolase, SBPase sedoheptulose-1,7 bisphosphatase, RPI phosphopentose 
isomerase, PRE phosphopentose epimerase, PRK phosphoribulokinase, GPI glucose-6-phosphate 
isomerase, G6PD glucose-6-phosphate dehydrogenase, PGD phosphogluconate dehydrogenase, PGPase 
phosphoglycolate phosphatase, PKET phosphoketolase, GOX glycolate oxidase, SGAT serineglyoxylate 
transaminase, HPR hydroxypyruvate reductase, GLYK glycerate kinase, AGT alanineglyoxylate 
transaminase, TSS tartronatesemialdehyde synthase, TSR tartronatesemialdehyde reductase, SHMT 
serine hydroxymethyltransferase, GLOX glyoxylate oxidase, PSAT* phosphoserine transaminase, PRC -
phosphoenolpyruvate carboxylase, PGAM phosphogly cerate mutase, ENO enolase, PK - pyruvate kinase, 
GND 6-phosphogluconate dehydrogenase, ZWF glucose-6-phosphate dehydrogenase, GLGA - glycogen 
synthase, GLGX - glycogen debranching enzyme, GLGP - glycogen phosphorylase, EDD 6P-gluconate 
dehydratase, EDA 2-keto-3-deoxygluconate-6- phosphate aldolase, aspC L-erythro-4-hydroxyglutamate:2-
oxoglutarate aminotransferase (activity of aspartate aminotransferase), putA delta-l-pyrroline-5-
carboxylate dehydrogenase, proC pyrroline-5-carboxylate reductase. Names of metabolites in the 
suggested (red) pathway: 4-H-2-0G 4-hydroxy-2-oxoglutarate, E4-HGIu L-erythro-4-hydroxyglutamate, 
1-PYRR L-l-pyrroline-5-carboxylate. Open book symbol indicates involvement of metabolite in other 
reaction(s). The scheme was created in SimBiology toolbox of MATLAB 2021b (The MathWorks, Inc., 
Natick, Massachusetts, United States of America), http://www.mathworks.com. 
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1.3.2. Fructose bisphosphate aldolase  

fructose-bis-phosphate <-»glyceraldehyde-3-phosphate + dihydroxyacetone phosphate 

sedoheptulose-1,7-bis-phosphate ^dihydroxyacetone phosphate + D-Erythrose 
4-phosphate 

FBA cata lyses 2 revers ible reac t ions in t h e centra l ca rbon m e t a b o l i s m of Synechocystis, 
convers ion of sedohep tu lose-1 ,7-b i sphospha te (SBP) t o d ihydroxyace tone p h o s p h a t e (DHAP) 
and ery throse-4-phosphate (E4P) in Calvin cycle and convers ion of f ruc tose b i s p h o s p h a t e 
(FBP) t o GAP and DHAP in g lycolys is and Calvin cycle (Nakahara et al., 2 0 0 3 ) . Based on the i r 
react ion m e c h a n i s m , the e n z y m e FBA is d iv ided into t w o c lasses (Rutter, 1964) . Of t w o 
types of a ldo lases , c lass I is main ly f o u n d in an imals , p lants and green algae, whereas the 
class II is pr imar i ly p resen t in fung i . Bo th c lasses can be f o u n d in eukaryo tes and bacter ia 
(S iebers et al., 2 0 0 1 ; Pat ron et al., 2 0 0 4 ) . The t w o c lasses of FBAs share non-homo logous 
amino ac id s equences ; hence it can be a s s u m e d t h a t t h e t w o c lasses have o r ig ina ted and 
evolved separately. Synechocystis has b o t h c lasses of FBA, bu t m o s t of t h e o the r strains of 
cyanobac te r i a have only class II o f FBA present (Nakahara et al., 2 0 0 3 ) . 

In case of Synechocystis, t h e class I FBA (sir 0943 ) does no t require any d iva lent ion for its 
act iv i ty and fo rms Schiff base w i t h its subs t ra tes whe reas Class II FBA (sll 0 0 1 8 ) is d e p e n d e n t 
on d iva lent ion as wel l as it can be inh ib i ted by 1m M o l • l i t r 1 EDTA (e thy lened iamine te t raace t i c 
acid) . Though there are 2 FBAs present in Synechocystis, it is u n k n o w n wh i ch i s o e n z y m e has 
more act iv i ty in vivo under au to t roph i c and m ixo t roph i c cond i t i ons . Wh i l e in in vitro cond i t i on , 
9 0 % of t h e FBA act iv i ty is con t r i bu t ed by the class II o f FBA (FBA 2). It is a lready d i s cussed 
by Tabei et a l . (2007 ) , t ha t b o t h FBAs are expressed in au to t roph i c cond i t i ons bu t can be 
comp le te l y s u p p r e s s e d under p ro l onged dark cond i t i ons . However, occas iona l l ight pu lses 
and g lucose s u p p l e m e n t a t i o n can act ivate FBA 2 (Tabei et al., 2 0 0 9 , 2 0 1 2 ) . In contras t , FBA 
1 can be supp res sed by l ight pu lses (Tabei et al., 2 0 0 9 ) , t he se f ind ings sugges t t h a t FBA 2 
has the key role in l ight i nduced he te ro t rophy in Synechocystis and be longs to the g lyco lyt ic 
gene set con t ro l l ed by regula tor sll 1330 (Okada et al., 2 0 1 5 ) . Though in s o m e o the r spec ies 
of cyanobac te r i a , e.g., Halothece sp. PCC 7418 , it is f o u n d tha t t h e class I FBA (FBA 1) is 
benef ic ia l in p ro tec t i on aga ins t sa l t s t ress ( Pa t ipong et al., 2 0 1 9 ) . It is one of the m o s t s tud i ed 
enzymes in cyanobacte r ia . 

B io in fo rmat i c analys is of t he t ypes of FBA revealed tha t FBA 1 of Synechocystis have more 
s imi lar i ty to bacter ia l FBAs rather t han cyanobacter ia l FBA whereas FBA 2 is 9 0 - 6 0 % s imi lar 
( h o m o l o g o u s ) in a l m o s t all spec ies of cyanobacte r ia . This f i nd ing sugges t s t ha t Synechocystis 
might have acqu i red the FBA 1 t h r o u g h hor i zon ta l gene t rans fer f rom s o m e non-sister g roup 
of bacter ia . Through BLAST and phy logene t i c analys is (Fig. 1.3.), it was f o u n d tha t t h e FBA 1 
f rom Synechocystis s h o w e d m a x i m u m s imi lar i ty w i th the bacter ia l FBA f r om a mar ine bacter ia 
Blastopirellula marina (Sch lesner et al., 2 0 0 4 ) and Blastopirellula cremea, f irst i so la ted f rom 
s o u t h coas t of Korea (Lee et al., 2 0 1 3 ) , b o t h spec ies g row in sal ty env i ronment . 
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Figure 1.3. Phylogenetic analysis of FBA from different species in reference to Synechocystis PCC 6803 

(black dot). The blue branch of FBA consists of FBA class 2 (FBA II) originated in cyanobacteria, whereas, 

the purple branch, FBA class 7 (FBA I), originated in bacteria. The green sub cluster of FBAs originated 

from Plants. Class 7 FBA from Halothece 7418 (red line) clustered with plant-originated FBAs. Brown 

branch E. coli (Bacteria). The author of analysis is me. 

1.3.3. Fructose bisphosphatase  

fructose-1,6- bisphosphate -> fructose-6-phosphate 

sedoheptulose 1,7-bisphosphate -» sedoheptulose 7-phosphate (class II FBPase) 

FBPase conver ts Fructose-1,6- b i s p h o s p h a t e (FBP) into t h e Fructose-6-phosphate (F6P). 

This e n z y m e has t w o d is t inc t c lasses Class I FBPase (sir 0952) is subs t ra te spec i f ic , whereas 

class II FBPase (sir 2094) have t w o subs t ra tes : FBP and s e d o h e p t u l o s e 1,7-bisphosphate 

(SBP), see the s e c o n d reac t ion above . F rom the analys is of pr imary a m i n o ac id sequences of 

class I and class II FBPases, it was f o u n d tha t t h e s e t w o i s o e n z y m e s share ~ 2 1 % s imi lar i ty 

( EMBOSS Matcher ) . The t r ansc r ip tomic p roper t i es a lso vary signif icantly, FBPase class I is 

upregu la ted under au to t roph i c and l ight he te ro t roph i c cond i t i ons c o m p a r e d to m ixo t roph i c 
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cond i t i ons whereas for t h e gene of FBPase class II s ign i f icant up regu la t i on is f o u n d under 
m ixo t roph i c c o n d i t i o n compa red to the o ther t w o g rowth cond i t i ons (Yosh ikawa et al., 2013 ) . 
The b iochemica l charac te r iza t ion of t h e class II FBPase is yet t o be pe r f o rmed w i th b o t h of its 
subs t ra tes in case of Synechocystis. 

1.3.4. Phosphofructokinase  

fructose-6-phosphate +ATP -> fructose-1,6- bisphosphate + ADP 

PFK is one of the m o s t i m p o r t a n t enzymes in g lycolys is and probab ly t he one w i th the 
h ighes t n u m b e r of i s oenzymes ident i f i ed across t h e spec ies . In eukaryotes , it can be t issue-
speci f ic , has a major role in cancer m e t a b o l i s m as t h e c leaved PFK M f o u n d in h u m a n cancer 
cell fac i l i ta tes t he hyperact ive glycolys is , enab l ing fas ter g rowth (Andrejc et al., 2 0 1 7 ) . A lso , 
PFK B3 of h u m a n have mu l t ip l e o n c o g e n e s like exon codes due to a l ternate sp l i c ing (PTM) 
they ge t ac t i va ted (Shi et al., 2 0 1 7 ) . 

In the case of Synechocystis, it has t w o a n n o t a t e d i soenzymes , PFK A l (sll 1196) and PFK 
A2 (sll 0745), b o t h are ATP d e p e n d e n t , s imi lar i ty as PFK B of E. coli (Parducci et al., 2 0 0 6 ) . The 
express ion of PFK A2 is i nduced by g lucose in t h e dark wh i l e s l ight ly s u p p r e s s e d by l ight 
(Tabei et al., 2 0 0 7 ) . In con t ras t t o PFK A2 , PFK A l is no t exp ressed in t h e dark (Tabei et al., 
2 0 0 7 ) , and it be longs to l ight-glucose d e p e n d e n t se t of g lyco lyt ic i s ozymes (FBA A, PFK A l , 
g lucok inase , phosphog l y ce ra t e m u t a s e and pyruvate k inase (Tabei et al., 2007 ) ) . These light-
d e p e n d e n t i sozymes are regu la ted by regu la tor gene slll330 (Mar in et al., 2 0 0 4 ; W a n g et al., 
2 0 0 4 ; Tabei et al., 2 0 0 7 , and O k a d a et al., 2 0 1 5 ) , wh i ch is con t ro l l ed by h is t id ine k inases 8 
(HIK 8), ac t i va ted in t h e presence of g lucose and l ight ( l ight-induced he te ro t rophy ) (S ingh 
and She rman , 2 0 0 5 ) and high concen t r a t i on C 0 2 (Wang et al., 2 0 0 4 ) . The l ight- induced 
he te ro t rophy reg ime is based on l ight pu lses insuf f ic ient t o act ivate t he p h o t o a u t o t r o p h y 
(Anderson and M c i n t o s h , 1991) . 

A l t h o u g h there are t w o PFKs in Synechocystis, t ha t is n o t t h e case for major i ty of cyanobac te r i a 
hav ing only one PFK. W i t h the aid of current b io in fo rmat i c t o o l s (BLAST, MSA) , I searched for 
the poss ib l e d i s t r i bu t i on of t he se 2 PFKs a m o n g the cyanobacter ia l spec ies . Phy logene t i c 
analysis (Fig. 1.4.) w i th retr ieved am ino ac id s equences of PFK f r om var ious spec ies/s t ra ins 
of cyanobac te r i a (sources : Cyanobase , GenBank, Uniprot ) revealed the d i s t r i bu ted in three 
sub-clusters unde r s ame branch of cons t ru c t ed t ree . C lusters PFK A l and PFK A2 and t h e th i rd 
sub-cluster ( named as PFK A 3) cons i s t of PFKs f r om several stra ins of cyanobac te r i a (Fig. 1.4). 
PFKs f rom t h e cyanobacter ia l stra ins current ly a n n o t a t e d as PFK A l (Uniprot ) c ame under 
s ame sub-cluster PFK B l (Fig. 1.4.). Further, t he 2nd c luster is fu r ther d iv ided in 2 sub-clusters 
(PFK B2 and PFK B3). Sub-cluster PFK B3 is hav ing PFKs a n n o t a t e d as PFK A2 as wel l as o ther 
PFKs general ly a n n o t a t e d as 'PFK's in cyanobac te r i a . M o s t of t he PFKs of sub-cluster PFK B3, 
e.g., Synechoccous PCC 7942 , Synechoccous PCC 6301 and Lep to l yngbya NIES 2 1 3 5 , were 
s h o w i n g ident i t y coverage b e t w e e n 4 0 to 5 0 % w i th b o t h PFKs. 
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Figure 7.4. Phylogenetic analysis of phosphofructokinase from cyanobacteria and other reference 
model species (plants and bacteria) Blue branch - PFKs with similarity to the PFK A 7 from our reference 
species Synechocystis (black dot). Dark green branch is similar to PFK A2 also highlighted as PFK A2. 
Turquoise coloured branch - PFK A 3. Light green cluster consists of plants. Bacterial strains were 
highlighted with brown branches. The author of analysis is me. 

1.3.5. Glyceraldehyde-3-phosphate dehydrogenase 

glyceraldehyde 3-phosphate <-»D-glycerate 1,3-bisphosphate 

Glycera ldehyde-3-phosphate dehyd rogenase (GAPDH) is one of t h o s e enzymes wh ich 
can be f o u n d in mu l t ip l e me tabo l i c pa thways : Calvin cycle, g lycolys is and g l u c o n e o g e n e s i s 
(Koksharova et al., 1998) . It ca ta lyzes a revers ible reac t ion , conve rs ion of D-glycerate-1,3-
b i s p h o s p h a t e (BPG) to g lycera ldehyde-3-phosphate (GAP) and vice versa. Cyanobacter ia l 
spec ies have n u m b e r of GAPDH i soenzymes p resent it differs f rom spec ies t o spec ies . It is 
f o u n d f r om the w o r k o f Beck et al. (2012) t ha t several cyanobacter ia l spec ies have 3 GAPDH 
i soenzymes , for instance , Synechococcus 7 9 4 2 , N o s t o c 7 1 2 0 and Anabaena variabilis (Mar t in 
et al., 1993) , bu t m o s t o f t h e m have t w o GAPDH i soenzymes . 
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Synechocystis e n c o d e s t w o GAPDH i soenzymes , GAPDH 2 (sll 1342) opera tes in all 3 above 
m e n t i o n e d me tabo l i c pa thways of cyanobac te r i a whereas GAPDH 1 (sir 0884) is g lycolys is 
spec i f ic . Resu l ts of expe r imen t s d o n e by Gao et al . (2014) s h o w e d tha t GAPDH 2 express ion is 
rapidly i nduced by l ight and pho tosyn thes i s , bu t GAPDH 1 is weak l y exp ressed in t h e presence 
of l ight. Whe reas in dark and low C 0 2 c ond i t i on b o t h GAPDHs express ion was los t bu t add i t i on 
of g lucose can part ia l ly recover GAPDH 2 and GAPDH 1. A d d i t i o n of p h o t o s y n t h e t i c e lec t ron 
f low inh ib i tors can comp le te l y b lock t h e express ion of GAPDH 2 bu t in case of GAPDH 1 it 
can h a p p e n only in the absence of g lucose . Fu r the rmore GAPDH 1 be longs to t h e cascade of 
g lyco lyt ic genes con t ro l l ed by HIK 8 and sll 1330 genes (Okada et al., 2015 ) . 

1.3.6. Phosphoketolase  

D-xylulose 5-phosphate + phosphate <->acetyl phosphate + D-glyceraldehyde 
3-phosphate 

D-fructose 6-phosphate + phosphate <->acetyl phosphate + D-erythrose 4-phosphate 

PKET cata lyzes t w o revers ible react ions , t h e convers ion of f ruc tose-6-phosphate in 
erythrose-4-phosphate and acety l phospha te , xy lu lose-5-phosphate t o GAP and acety l 
p h o s p h a t e ( Jablonsky et al., 2 0 1 6 ) . In g e n o m i c and e n z y m e da tabases there is only one gene 
anno t a t ed as p h o s p h o k e t o l a s e (sir 0453), however, ano the r p red i c ted prote in (sll 0529 ) gives 
s imi lar i ty t o p h o s p h o k e t o l a s e s of o the r cyanobacte r ia , w i th ident i t y ma tch of 7 5 % (BLAST). 
Though t h e f unc t i on of th is gene is sti l l u n k n o w n , expe r imen t s d o n e by X i o n g et a l . (2015) 
imp l ied an i m p o r t a n t role in dark he te ro t rophy of cyanobac te r i a . Further, our o w n m o d e l l i n g 
work prov ide a s u p p o r t fo r the ex i s tence and func t i ons of secondary PKET in Synechocystis 
(Bachhar and Jablonsky, 2 0 2 0 ) . A lso , in absence of PKET 1 (sir 0 4 5 3 ) , t he acety l p roduc t i on 
gets d i s rup ted , ne i ther g lucose nor xy lu lose s u p p l e m e n t a t i o n can revive the acety l p h o s p h a t e 
p roduc t i on (X iong et al., 2015 ) . 

1.3.7. Phosphoglycerate mutase  

3-phosphoglycerate <->2,3-bisphosphoglycerate <->2-phosphoglycerate 

PGAM is an e n z y m e w i t h a major role in ma in ta in ing the ca rbon m e t a b o l i s m in cyanobac te r i a 
as it regulates t he ca rbon f l ow towards TCA cycle f rom lower glycolys is , Calvin cycle, as wel l 
as f rom O P P pathway. Jab lonsky et a l . (2013) had ana lysed t h e fou r a n n o t a t e d PGAMs in 
Synechococcus PCC 7942 , ou t of wh i ch only three were s u g g e s t e d to be benef ic ia l for centra l 
ca rbon m e t a b o l i s m func t i ons . PGAM 4 was pred i c ted as p h o s p h o s e r i n e p h o s p h a t a s e (PSP), 
prov id ing an add i t i ona l source for ser ine synthes is (K lemke et al. , 2 0 1 5 . Synechocystis conta ins 
2 anno t a t ed PGAMs (Okada et al., 2 0 1 5 ) , P G A M A (sir 1945) and P G A M B (sir 1124). A n o t h e r 
gene a n n o t a t e d as hypothe t i ca l p ro te in , sll 0395, has s h o w n s imi lar i ty w i th PGAMs f r om 
o ther cyanobacter ia l spec ies such as Microcystis aeruginosa NIES-843 or Cyanothece sp. PCC 
7822 w i th a round 7 4 % ident i ty . To note , b o t h m e n t i o n e d Microcystis aeruginosa NIES 8 4 3 , 
Cyanothece sp. PCC 7822 as wel l as Synechocystis b e l o n g to the ca tegory of cyanobac te r i a 
w i th h igher coun t of i s o e n z y m e w i th in centra l ca rbon m e t a b o l i s m (Beck et al., 2 0 1 2 ) . They 
are m ixo t roph i c and facu l ta t ive ly he te ro t roph i c in nature . Thus, based on the s imi lar i t ies w i t h 
o the r cyanobacte r ia , w e m igh t specu la te t ha t th is so far unver i f ied prote in m igh t be ano the r 
PGAMs . Finally, ou t of t w o a n n o t a t e d PGAMs , PGAM A (sir 1945) be longs to t h e cascade of 
gene con t ro l l ed by HIK 8 where as PGAM B is no t d e p e n d e n t on HIK 8 bu t g lucose can affect 
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t he gene express ion s l ight ly (s l ight ly upregu la ted ) (Okada et al., 2 0 1 5 ) . PGAM A is essent ia l for 
the survival o f Synechocystis as it pushes 3-phosphoglycerate (PG) (organic carbon) p r o d u c e d 
by the act iv i ty of Rub isco t owa rds glycolys is or Calvin cycle in f o rm of 2,3- d iphosphog l yce ra te , 
wh ich fu r ther conver t s into GAP. The excess a m o u n t of GAP is used in g l u coneogenes i s wh i ch 
in tu rn f eeds all t h e o the r g lyco lyt ic pa thways (Or thwe in et al., 2 0 2 1 ) . 

1.3.8. Pyruvate kinase  

phosphoenolpyruvate + ADP -» pyruvate + ATP 

PK cata lyzes the non-reversible convers ion of p h o s p h o e n o l p y r u v a t e t o pyruvate. In 
Synechocystis, t w o PKs are anno t a t ed , PK 1 (sll 0587) and PK 2 (sll 1275). Knowe l s and 
P laxton (2003 ) had d i s cussed a b o u t b o t h PKs act iv i ty t o g e t h e r increased to 2 0 0 - 3 0 0 % in 
he te ro t roph i c c o n d i t i o n c o m p a r e d to t h e p h o t o a u t o t r o p h i c cond i t i on . PK 2 is con t ro l l ed by 
HIK 8, whereas PK1 is no t k n o w n to be co-regulated. Individual act iv i ty of PKs are sti l l u n k n o w n 
as we l l as if t he t w o PKs are essent ia l fo r the survival o f Synechocystis or if it can survive w i t h 
only one PK like o the r ob l iga to ry p h o t o a u t o t r o p h i c cyanobacte r ia . 

1.3.9. Phosphoglucomutase  

D-glucose 1-phosphate <->D-glucose 6-phosphate 

P h o s p h o g l u c o m u t a s e (PGM) cata lyzes the in te rconvers ion of g lucose-1-phosphate to 
g lucose-6-phosphate . To date, the re are t w o k n o w n i soenzymes f o u n d for th is reac t ion 
in Synechocystis: P G M 1 (sll 0726) and P G M 2 (sir 1334) (Doe l lo et al., 2 0 2 2 ) . P G M 1 is 
wel l conse rved in o ther o rgan isms , whereas P G M 2 is a puta t i ve i s o e n z y m e tha t be longs to 
p h o s p h o h e x o m u t a s e fami ly and shares a round 5 0 % a m i n o ac id s equence conse rva t i on w i th 
o ther cyanobacter ia l p h o s p h o g l u c o m u t a s e s . 

1.3.10. Glycogen synthase  

Glucose 1-phosphate -> ADP + glycogen 

Glycogen syn thases (GLGA) have t w o k n o w n i so fo rms GLGA 1 (sll 0945) and GLGA 2 (sll 
1393; p robab le ) . GLGA is k n o w n to be essent ia l as mu l t ip l e copy numbe r s for each i s o e n z y m e 
are e n c o d e d in the Synechocystis g e n o m e and a c o m p l e t e doub l e m u t a n t of t h e s e pair of 
i soenzymes cou ld never be ach ieved (Yoo et al., 2 0 1 4 ) . The expe r imen t s pe r f o rmed by Yoo et 
al. (2014) a lso sugges t ed tha t in cases of GLGA s ingle mutan t s , t he act iv i t ies of t he rema in ing 
i s o e n z y m e were increased to cover for t h e de le ted i soenzyme , as wel l as the act iv i ty of GLGA 
2 s h o w e d a compara t i ve increase in act iv i ty in cases of GLGA 1 m u t a n t s c o m p a r e d the o ther 
way a round . 

1.3.11. Glycogen debranching enzyme  

Glycogen + orthophosphate -> glucose 1-phosphate 

The G l ycogen deb ranch ing e n z y m e (GLGX) is a par t of g l ycogen m e t a b o l i s m (Fig. 1.2.) 
wh ich conver ts g l y cogen back to g lucose-1-phosphate ( Romeo et al., 1988) . The i soenzymes 
involved in th is reac t ion are GLGX 1 (sir 0237) and GLGX 2 (sir 1857) ( N e u m a n n et al., 2022 ) . 
The ful l ex ten t of mo lecu la r f unc t i ons is yet t o be dec iphe red for th is pair of enzymes . 
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1.3.12. Glycogen phosphorylase  

Glycogen + orthophosphate->glucose 1 -phosphate 

Glycogen Phosphory l a ses (GLGP) takes par t in g l ycogen deg rada t i on . The GLGP i soenzymes 
acts under d i f ferent s t ress cond i t i ons . GLGP 1 (sir 1356) is act ively invo lved in g l ycogen 
m e t a b o l i s m unde r h igh t empe ra tu r e cond i t i ons , whereas GLGP 2 (sir 1367) is mos t l y act ive 
under dark cond i t i ons and re juvenat ion f rom ch loros is ( N e u m a n n et al., 2022 ) . 

1.4. Multifunctional enzymes 

Af ter a t h o r o u g h analys is t he enzymes , i s oenzymes and the i r subs t ra tes in the centra l 
ca rbon m e t a b o l i s m of Synechocystis, it is c lear t ha t more t han one e n z y m e s or i s oenzymes are 
capab le of m e t a b o l i z i n g di f ferent subst ra tes , e.g., FBA, FBPase and PKETs. O n the o ther hand , 
many enzymes have regu la tory roles and add i t i ona l f unc t i ons (Bachhar and Jablonský, 2022 ) . 
A s imp le s tudy of f ruc tose p h o s p h a t e and its a s soc i a t ed enzymes revealed tha t there are 
ten d i f ferent e n z y m e s capab le of m e t a b o l i s i n g f ruc tose as a pr imary or secondary subs t ra te 
in Synechocystis. The robus tness of f ruc tose m e t a b o l i s m in Synechocystis (Fig. 1.5.) cou ld 
be e i ther due to t h e po ten t i a l o f f ruc tose-med ia ted tox ic i t y in Synechocystis (Ungerer et al., 
2 0 0 8 ) or t o enab le rapid g rowth unde r t h e ever-changing aqua t i c env i ronment . However, it 
can be a s s u m e d tha t i s o e n z y m e s and mu l t i f unc t i ona l e n z y m e s are key t oo l s of Synechocystis 
t ha t he lps it t o b e c o m e one of the m o s t eff ic ient b i o m a s s p roduce rs in nature . 

Oxidative pentosephosphate 

Figure 1.5. Scheme of fructose phosphate metabolism in cyanobacteria. Orange denotes the 
pathways. Blue denotes substrates. 
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General introduction 

1.5. Possible isoenzyme regulation mechanism in Synechocystis PCC 6803 via regula
tory genes 

1.5.1. H IK8ands l l 1330 

Hist id ine k inases (HIKs) are invo lved in t h e t r ansduc t i on of env i ronmenta l s ignals in 
prokaryotes , as wel l as in p lants , fung i , and p r o t o z o a (Mar in et al., 2 0 0 4 ; Kore tke et al., 2 0 0 0 ) . 
W a n g et a l . (2004 ) desc r i bed t w o - c o m p o n e n t r e sponse regulators , rre32 (slr0312), rre33 
(sll0797), rre37 (slll330), and rre38 (slr!584), we re down-regu la ted by l ow inorganic ca rbon 
st ress . S ingh and She rman (2005 ) , In the i r paper they have sugges t ed t h a t HIK 8 has a major 
role in g lucose m e t a b o l i s m under dark cond i t i ons a lso r epo r t ed tha t s u p p l e m e n t a t i o n of HIK 
8 in Ah ik 8 m u t a n t stra ins of Synechocystis wil l recover p h o t o h e t e r o t r o p h y / he te ro t rophy 
in t h e m unde r dark. A lso , they have s u g g e s t e d t h a t af ter four days, c o m p l e t e g r o w t h was 
s u p p r e s s e d in Synechocystis (Osana i et al., 2 0 1 5 ) . The t ranscr ip t level o f FBA II was enhanced 
by HIK 8 ove rexpress ion under l ight cond i t i ons , wh i le t h o s e of GLGX (slr0237) and PFKA (sll 
7196) were repressed . 

sll 1330 is gene c o d e for ano the r r e sponse regulator, i nduced by l ight and g lucose , ac t i va t ing 
a cascade of genes (Tabei et al., 2 0 0 7 , 2 0 0 9 ) . Under he te ro t roph i c cond i t i ons in t h e absence 
of l ight, t he sll 1330 is down-regu la ted , howeve r t he express ion is part ia l ly regu la ted by HIK 
8, wh i ch can keep it exp ressed for a l imi ted a m o u n t of t im e under dark (S ingh and Sherman , 
2 0 0 5 ; Tabei et al., 2 0 0 7 , 2 0 0 9 ) . 

1.5.2. Regulation by of sil l 334 gene on genes controlled by HIK 8  

sll 1334 is a regula tor gene t h a t suppresses t h e upregu la t i on of g lyco lyt ic genes . Whe reas in 
the presence of g lucose , HIK 8 prote in is r espons ib l e for the upregu la t i on of cer ta in enzymes 
in t he g lyco lyt ic pa thway and OPP pa thway (Table 1.2.). Expe r iments d o n e by O k a d a et al., 
2 0 1 5 have s h o w e d the impac t of t he sll 1334 regula tor gene on HIK 8. It is w o r t h m e n t i o n i n g 
tha t sll 1334 m u t a n t var iants of Synechocystis have h igher rate of HIK 8 express ion c o m p a r e d 
to t h e w i ld t ype under dark s u p p l e m e n t e d g lucose cond i t i ons . 

Table 1.2. Enzyme coding genes controlled by HIK 8 and sll 1330 separately. 

HiK 8 SII1330 

GAP 1 

PFK 1 {sll 1196) PGK 

FBA PGAM {sir 1975) 

PGAM B {sir 7 724) TKT A 

PK SII0587 Eno lase 

TAL ( tyros ine a m m o n i a lyase) PK (sll 1275) 

CFXE (R ibu lose phosphate-3-epimerase) FBA* 

Z W F (glucose-6-phosphate-1 -dehydrogenase) 

PGL (6-phosphog lucono lac tonase ) 

GND (6-phosphog lucona te dehydrogenase ) 
FBA* a lso w o r k s i ndependen t l y of sll 1330 and HIK 
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Phosphoketo lase (PKET) pathway is predominant in cyanobacter ia (around 98% ) but current opinion 
is that it is virtually inactive under autotrophic ambient C 0 2 condit ion (AC-auto). Th is creates an 
evolut ionary paradox due to the existence of P K E T pathway in obl igatory photoautot rophs . We aim 
to answer the paradox wi th the aid of bioinformatic analysis a long with metabol ic , t ranscr iptomic, 
f luxomic and mutant data integrated into a multi-level kinetic mode l . We discussed the problems 
linked to neglected i sozyme, pketl ($110529) and inconsistencies towards the explanat ion of residual 
f lux via P K E T pathway in the case of si lenced pketl (slr0453) in Synechocystis sp. PCC 6803. Our in 
silico analysis showed : (1) 1 7 % flux reduct ion via RuBisCO for Apketl under AC-auto, (2) 11 .2-14 .3% 
growth decrease for Apfcet2 in turbulent AC-auto, and (3) flux via P K E T pathway reaching up to 
2 5 2 % of the flux via phosphoglycerate mutase under AC-auto. Al l results imply that P K E T pathway 
plays a crucial role under AC-auto by mit igat ing the decarboxylat ion occurring in O P P pathway and 
conversion of pyruvate to acetyl C o A linked to E M P glycolysis under the carbon scarce env i ronment . 
Finally, our mode l predicted that PKETs have low affinity to S7P as a substrate. 

Metabolic engineering of cyanobacteria provides many options for producing valuable compounds, e.g., acetone 
from Synechococcus elongatus P C C 7942' and butanol from Synechocystis sp. strain P C C 68032. However, certain 
metabolites or overproduction of intermediates can be lethal. There is also a possibility that required mutation(s) 
might be unstable or the target bacterium may even be able to maintain the flux distribution for optimal growth 
balance due to redundancies in the metabolic network, such as alternative pathways. The current dominant "trial 
and error" approach implies that our understanding of cellular metabolic regulatory mechanisms, including 
those involving isozymes, post-translational modifications or allosteric regulations, is secondary to achieve the 
desired effect/product. Integrating computational biology methods may help both to understand complex big 
data and to improve our understanding of cellular processes, improving potential biotechnological applications 
in the long term. 

Cyanobacterium Synechocystis sp. strain P C C 6803 (hereafter referred to as Synechocystis) is one of the more 
complex prokaryotes, known for its metabolic plasticity3. A l l known glycolytic pathways that exist in nature are 
accommodated in its central carbon metabolism: the Embden-Meyerhof-Parnas (EMP) pathway, the oxida
tive pentose phosphate (OPP) pathway, the phosphoketolase (PKET) pathway and the Entner-Doudoroff (ED) 
pathway. However, our knowledge about regulatory roles of P K E T in Synechocystis is still limited. 

Phosphoketolase converts xylulose 5-phosphate to glyceraldehyde 3-phosphate and acetyl phosphate, or, 
fructose 6-phosphate to erythrose 4-phosphate and acetyl phosphate, see Fig. 1. P K E T is, based on current 
data (Uniprot, September 2020), present in around 98% of cyanobacteria, which makes it more common than 
phosphofructokinase (around 72%) or E D pathway (around 64%) (Uniprot, September 2020). P K E T is found 
mostly in gram negative bacteria, cyanobacteria, fungi and algae but not in higher plants. It is assumed that P K E T 
pathway plays a role in heterotrophic conditions', and it is known that deactivation of P K E T pathway leads to 
11.5% slower growth under autotrophic ambient C 0 2 (AC-auto) condition 1 . Moreover, an engineered strain of 
Synechocystis with blocked glycogen synthesis and enabled xylose catabolism was reported with over 30% total 
carbon flux directed via P K E T 1 under mixotrophic condition on xylose and C 0 2 . Furthermore, overproduction 
of acetyl phosphate, caused by overexpression of pket (PKET gene), can negatively influence the pentose sugar 
metabolism 5 but may increase lipid synthesis6. Finally, recent 1 3 C labelling study concluded that there is virtually 
zero flux via P K E T under AC-auto 7 in Synechocystis. This finding is in direct disagreement with the previous 
theoretical stoichiometric 8 and kinetic 9 studies which estimated the flux via P K E T pathway to be 11.6% and 
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Figure 1. Schematic representation of the central carbon metabolism network, which was implemented in 
the multi-level kinetic model of Synechocystis. Blue indicates the reactions catalyzed by phosphoketolase. 
The model includes the Calvin-Benson cycle, glycogen synthesis (sink from glucose-6-phosphate), 
photorespiratory pathways, phosphoketolase pathway, glycolysis, the oxidative pentose pathway, Entner-
Doudoroff pathway and sink reactions (representing the adjacent pathway and the calculation of biomass 
production). The reversibility of a particular reaction is indicated by two small arrows. Purple indicates 
the involved enzymes: RuBisCO ribulose-l,5-bisphosphate carboxylase oxygenase, PGK phosphoglycerate 
kinase, GAP glyceraldehyde-3-phosphate dehydrogenase, TPI triose-phosphate isomerase, ALDO aldolase, 
FBPase fructose-1,6 bisphosphatase, PFK phosphofructokinase, TKT transketolase, SBPase sedoheptulose-1,7 
bisphosphatase, RPI phosphopentose isomerase, PPE phosphopentose epimerase, PRK phosphoribulokinase, 
GPI glucose-6-phosphate isomerase, G6PD glucose-6-phosphate dehydrogenase, PGD phosphogluconate 
dehydrogenase, PGPase phosphoglycolate phosphatase, PKET phosphoketolase, GOX glycolate oxidase, 
SGAT serineglyoxylate transaminase, HPR hydroxypyruvate reductase, GLYK glycerate kinase, AGT 
alanineglyoxylate transaminase, TSS tartronatesemialdehyde synthase, TSR tartronatesemialdehyde reductase, 
SHMT serine hydroxymethyltransferase, GLOX glyoxylate oxidase, PSAT* phosphoserine transaminase, PGM 
phosphoglycerate mutase, ENO enolase, EDD 6P-gluconate dehydratase, EDA 2-keto-3-deoxygluconate-6-
phosphate aldolase (EDD and E D A are currently simplified into a single reaction in the model). Open book 
symbol indicates an involvement of metabolite in other reaction(s). The scheme was created in SimBiology 
toolbox of M A T L A B 2010b (The Math Works, Inc., Natick, Massachusetts, United States of America), http:// 
www. mathworks .com. 

5.3% of flux via RuBisCO, respectively. Thus, we have decided to investigate this issue and to review the flux via 
P K E T pathway based on all available data. 

Our study aims to provide answers to the following questions with the help of multi-level kinetic model 
of central carbon metabolism for Synechocystis: (1) i f P K E T pathway is present i n cyanobacteria, especially 
in obligatory photoautotrophs, why it is inactive in autotrophic conditions during day, (2) what is the role of 
PKET2 and can we quantify its potential benefits and (3) does the role of P K E T pathway change in different 
environmental conditions? 
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Results and discussion 
O n e o r t w o p h o s p h o k e t o l a s e s in Synechocystis? Existence of two PKETs was biochemically charac
terized in cyanobacteria so far only in Nostoc/Anabena P C C 7120 (Nostoc) 1 0 but our multiple sequence align
ment showed 78% homology among PKETs in cyanobacteria with annotated P K E T isozymes (see Supplement). 
Phylogenetic analysis indicated a significant spread of P K E T isozymes, see Fig. 2, namely a clearly separated 
cluster for cyanobacteria, containing also pketl ($lr0453) of Synechocystis and pketl (alll483) of Nostoc. Inter
estingly, the secondary PKETs of cyanobacteria, including pketl (sll0529) of Synechocystis and pketl (alrl850) 
of Nostoc, are clustered also with fungi, bacteria and algae, implying a possible horizontal gene transfer. The 
common feature of photo synthetic and non-photosynthetic species in this heterogenous cluster is a complex 
metabolism, allowing to survive on organic source of carbon. Strikingly, PKET2 , firstly mentioned in 2010", 
was ignored in the metabolic studies despite the residual (approximately 10%) flux via P K E T pathway in the case 
of silenced pketl under both mixotrophic 1 and autotrophic7 condition. It was suggested that this residual flux is 
caused by the activity of phosphate acetyl-transferase (PTA) activity7. The problem with this explanation is that 
it considers only reactions towards T C A cycle, i.e., reversibility of P T A , even though the same residual flux was 
detected also towards glyceraldehyde-3-phosphate (GAP) synthesis'. Since G A P synthesis is not connected to 
PTA activity (Fig. 1), the proposed role of P T A on the residual flux via P K E T pathway lacks any justification. 

We propose that neglected P K E T 2 of Synechocystis is responsible for the residual flux via P K E T pathway. 
Furthermore, to explain why P K E T 2 is not taking over in the case of silenced pketl, we assumed that P K E T 2 
might be allosterically inhibited. This prediction is supported by the fact that bacterial PKETs, clustered with 
PKET2 in question (Fig. 2), can be inhibited by several metabolites, including phosphoenolpyruvate, oxaloac-
etate and glyoxylate 1 2. Moreover, based on residual flux, required 90/10 ratio of activity for PKET1 and P K E T 2 
is not unique for Synechocystis. We know at least one more example of allosterically inhibited isozymes with 
similar activity ratio, the aldolase 1 and 2. Ninety percent of total aldolase activity involves aldolase 1 (class II) 
whereas aldolase 2 (class I) supplies only 10% of total due to allosteric inhibit ion 1 3 . It can thus be speculated that, 
after pketl is silenced, P K E T 2 is behind the residual activity of P K E T pathway and PKET2 contribution does 
not increase due to allosteric inhibition. However, despite other known cases among isozymes in Synechocystis, 
allosteric inhibition is only one of possible explanations and we cannot prioritize it or exclude other options such 
as post-translational modification or regulation by signalling cascade(s), etc. 

We presented certain support for existence and role of P K E T 2 . However, it is still unknown what, i f any, 
are the benefits of secondary P K E T in the metabolism or growth of Synechocystis. Fortunately, our method of 
multi-level kinetic modelling (see "Materials and methods") is capable to quantify the impact of P K E T 2 . We 
performed an in silico experiment in which growth behaviour of Synechocystis was simulated under turbulent 
environment mimicked by a random variation i n gene expression, up to ± 20%. Two scenarios were tested, 
either one or two PKETs in the system; the flux via P K E T pathway was same i n both cases. Since it is unknown 
if either of F6P or Xu5P (Fig. 1) is preferred substrate for any specific growth condition, the fitted parameters for 
W T (i.e., 2 PKETs) could be biased. To avoid any mistake in judging the impact of single P K E T in the system, 
we analysed two rather extreme cases (ninety percent of flux via P K E T pathway occurs either via F6P branch or 
Xu5P branch) and balanced scenario (50% of flux occurs both via F6P branch and Xu5P branch). This analysis 
showed 11.2-14.3% higher growth in AC-auto in the case of 2 PKETs, see Fig. 3, regardless of low activity of 
PKET2. Furthermore, the negative impact of single P K E T was highest for Xu5P as the preferred substrate and 
lowest for balanced distribution of substrates (Fig. 3). Interestingly, the impact of single P K E T was positive but 
rather negligible under high C 0 2 autotrophic condition (HC-auto) and ambient C 0 2 mixotrophic condition 
(AC-mixo) , varying slightly in dependence of preferred substrate (Fig. 3). However, the statistical analysis for 
HC-auto and A C - m i x o indicated no significance for 2PKETs or a single PKET, i.e., second P K E T can be viewed 
as expendable in these growth conditions. 

In order to test the impact of P K E T 2 on growth i n case of Apketl, the activity of original P K E T pathway 
was reduced by 90%, based on the reported value of residual flux for Apketl. The simulated growth impact was 
- 13.6%, see Table 1, which was very close to previously reported experimental value - 11.5%"'. We note that 
some changes in gene expression were probably induced in the Apketl mutant but could not be considered in the 
simulation due to the lack of available data. Furthermore, we showed that Apketl could be beneficial under H C -
auto, see Table 1. Finally, the gene expressions of pketl and pketl were compared in the changing environment, 
see Table 2, and both were upregulated in AC-auto and downregulated in the in/organic carbon rich environ
ment. A l l presented bioinformatical analyses and simulations lead to the following conclusions: (i) P K E T 2 is 
very likely to be present in Synechocystis, (ii) P K E T 2 has a positive impact on growth rate in turbulent, carbon 
scarce environment and (iii) P K E T 2 is currently the only explanation of the residual fluxes via P K E T pathway 
in the case of silenced pketl, both towards T C A cycle and G A P synthesis. 

F lux c o n t r i b u t i o n o f p h o s p h o k e t o l a s e p a t h w a y in v a r i o u s s c e n a r i o s . The first attempt to assess 
the flux via P K E T pathway in Synechocystis was made with the aid of stoichiometric model based on flux bal
ance analysis, suggesting flux of 14.9 (11.6% of flux via RuBisCO) 8 . A t the time, it was believed that the model 
accurately describe HC-auto due to very good agreement with labeling experiment performed in HC-auto 1 1 . 
However, it was suggested later that the majority of fluxes are scalable in response to a changing environment9. 
Thus, explaining the stoichiometric model, designed for AC-auto, nearly fitting the fluxomic data for HC-auto. 
The rescaled value for P K E T flux under AC-auto from stoichiometric model is then 4.1. This value is more 
than double of our previous estimate (1.9, 5.3% of flux via RuBisCO) 9 . However, 1 3 C labeling experiment was 
recently performed for AC-auto which concluded virtually zero flux via P K E T pathway7. This result implied that 
both theoretically estimated values of P K E T flux were incorrect. The problems with such implication were: (1) 
stoichiometric modeling approach assumes the flux balance for maximal growth benefits so non-zero flux via 
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Figure 2. Phylogenetic tree created from the retrieved amino acid sequences of phosphoketolase (PKET) from 
sequence databases (Uniprot and NCBI) with M E G A 7 using Neighbour joining method (maximum bootstrap 
value of 500). The evolutionary distances were computed using the JTT matrix-based method. Square, diamond 
and triangle symbols are showing the first, second and third isozymes of PKET, respectively Red colour is 
highlighting Synechocystis. 
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Figure 3. Comparing the impact of having one and two PKETs in the metabolism during simulated variation in 
gene expression in the different environments. AC-auto, HC-auto and A C - m i x o denotes the growth conditions: 
ambient C 0 2 autotrophic, high C 0 2 autotrophic and ambient C 0 2 mixotrophic state, respectively. W T (wild 
type) represent the scenario with 2 PKETs. Single P K E T scenarios indicate the same flux via P K E T pathway as 
WT, however, with 90% preference of particular substrate (F6P or Xu5P) and 50% preference for both substrates. 
Fluctuation means a simulation of changing environment by random, up to ± 20%, variation in gene expression 
in the model. Each scenario was run 100-times; mean values and standard deviations are shown. We note that 
higher error bars for HC-auto indicates higher sensitivity towards changes in gene expression. Statistical analysis 
(paired t-test, 2 PKETs vs single PKET) showed no significance for HC-auto and A C - m i x o (p > 0.05) but a great 
significance for AC-auto (p<0.001). 

HC-auto AC-auto AC-mixo 

G r o w t h WT/Apketl 0.89 1.13 1.04 

Table 1. Impact of simulated silencing pketl on growth in various conditions. AC-auto, HC-auto and 
A C - m i x o denotes the growth conditions, ambient C 0 2 autotrophic, high C 0 2 autotrophic and ambient C 0 2 

mixotrophic state, respectively. 

AC-auto/HC-auto' AC-auto/ AC-mixo 2 

pketl (slr0453) 1.35 1.36 

pketl (sll0529) 1.10 1.21 

Table 2. Gene expression of phosphoketolases annotated for Synechocystis. Transcriptomic data were 
taken f rom 1 6 (1) and 1 8 (2). AC-auto, HC-auto and A C - m i x o denotes the growth conditions, ambient C 0 2 

autotrophic, high C 0 2 autotrophic and ambient C 0 2 mixotrophic state, respectively. 

P K E T pathway indicates at least a potential growth benefit and (2) our previous kinetic model 9 , validated for dif
ferent environmental conditions, also predicted non-zero flux via P K E T pathway in order to improve the match 
between the experiments and simulations. 

Therefore, we decided to elaborate the role and benefits of P K E T pathway in detail. We tailored the flux via 
PKET1 and PKET2 to match 11.5% growth decrease under AC-auto for Apketl3. The simulated flux via P K E T 
pathway was 3.16 (7.2% of flux via RuBisCO) under AC-auto which strongly out-performed (up to 2.5-fold) the 
flux via phosphoglycerate mutase, the exit point of E M P glycolysis from Calvin-Benson cycle, see Fig. 4; we note 
the high upper bound for P G M in the original labeling study7. Since more accurate simulation actually increased 
the estimated flux via P K E T pathway, we compared these values with original fluxes from labeling experiment7. 
The data from labeling experiment calculated a virtually non-existent flux via Xu5P branch (10~6) and high flux 
(16.86, 7.2% of flux via RuBisCO) via F6P branch of P K E T pathway7 which agrees with our predicted value 
perfectly. However, this result was not mentioned in their discussion, probably due to zero lower bound value 
for flux via both branches of P K E T pathway, implying theoretically inactive P K E T pathway. The lower bound of 
P K E T flux might be explained only by reversibility of PTA. In the case of PTA flux, lower bound was 16.86 which 
was the same as calculated flux via F6P branch of P K E T pathway. Since we have already rejected the reversibility 
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HC-auto - AC-auto - AC-mixo 

Figure 4. Experimental and estimated flux distribution in various environmental conditions. Green color 
indicates the flux via RuBisCO, blue color shows the flux via P K E T (phosphoketolase) and red color highlights 
the flux via P G M (phosphoglycerate mutase). E X P W T and S I M W T indicates the experimental and simulated 
wild type values, respectively. S I M A P K E T 1 shows the results for silenced pketl, while PKET2 remains active. 
Marked values indicates interesting values or their significant changes. Sources of experimental fluxomic data: 
HC-auto 1 AC-auto 7 and A C - m i x o 1 8 . 

Substrates of PKET 

Growth in AC-auto 

Substrates of PKET Mean SD Highest value Data fit 

F 6 P a n d X u 5 P 118.52 1.08 119.07 110.73 

F 6 P , X u 5 P a n d S 7 P 100 13.48 113.69 110.73* 

Table 3. In silico analysis of substrates dependent tuned P K E T pathway for theoretical maximal growth under 
AC-auto in Synechocystis. Mean and SD represent the statistical data from parameter estimation. Highest 
growth value denotes the maximal theoretical growth for a particular set of substrates. Data fit indicates the 
estimated growth rate based on experimental data (Apketl). Asterisks signifies data fit for scenario with S7P 
allowed to be metabolized by PKETs but the best fit considered zero activity via S7P branch. 

of P T A as the source of residual flux via P K E T pathway (see the section above), we can conclude that the flux via 
P T A is mostly, i f not fully, originated from P K E T pathway. 

Our flux analysis revealed other interesting information. First of all, silencing pketl has negative impact over 
all fluxes, especially via RuBisCO, under AC-auto, see Fig. 4. Hence, despite the carbon flux redirection after 
silencing pketl, less amount of carbon is available in the system due to decarboxylation in O P P and conversion 
of pyruvate to acetyl C o A linked to E M P glycolysis. This conclusion is further supported by the data from A C -
mixo (Fig. 4) where we can see that silencing pketl has a positive effect on fluxes via RuBisCO and P G M , i.e., 
the flux redirection is beneficial and is not impaired be limited carbon resources. Finally, we can see that impact 
of silenced pketl on the residual flux is different under all environmental conditions; namely that the residual 
flux in A C - m i x o is 35.5% of W T flux which could be due to significant change in metabolic network fluxes, sub
strates and inhibitors concentration in the presence of glucose, some of which are not considered i n the model. 

S e d o h e p t u l o s e - 7 P — a n o v e r l o o k e d s u b s t r a t e o f PKET? Recently, sedoheptulose-7P (S7P) has been 
identified as a substrate of P K E T in E. coli although with very low affinity ( K M = 68.1 m M ) and only 0.42% of 
total P K E T activity maintained by S7P branch 1 5 . P K E T breaks down S7P into ribose-5P and acetyl-P (Fig. 1). 
However, no information regarding S7P branch of P K E T is available for cyanobacteria where it might play a 
more prominent role. Therefore, we designed an in silico experiment to predict the possible benefits of this path
way on growth by maximizing the expression of pketl and pketl. Our growth-based in silico analysis predicted 
that P K E T pathway with S7P as one of substrates is once again beneficial only for AC-auto condition (data not 
shown). The target of our in silico experiment was to maximize the growth with any combination of the sub
strates (F6P, Xu5P and S7P) for PKETs. Firstly, the statistical analysis of results implies significantly higher vari
ability in growth rate when S7P is metabolized via P K E T pathway (Table 3). When the best fits were compared, 
4.5% decline in growth was observed when S7P was metabolized by PKETs (Table 3). Thus, involvement of S7P 
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in P K E T pathway is not providing any robustness to the system but rather has a destabilizing effect on the meta
bolic homeostasis; one of the possible explanations could be competition for S7P with transketolase. Although 
the estimated growth based on experimental data (Apketl) is the same for both scenarios (with or without S7P), 
the reason behind the same value is that parameter estimation routine applied zero flux via S7P branch of P K E T 
pathway due to its lower efficiency Thus, our model predicts that the affinity of PKETs towards S7P in cyanobac
teria is very low, similarly as shown for E. coli15. Nevertheless, experimental verification is required as the role of 
S7P branch of P K E T pathway might be more significant under certain stress conditions. 

Conclusions 
We presented the following support for the existence and role of two PKETs in Synechocystis: (1) bacteria have 
PKETs that are regulated by allosteric inhibit ion 1 2 and pket2 is in the cluster with bacteria (in contrast to pketl), 
opening the possibility for horizontal gene transfer; thus we can speculate that PKET2 is also allosterically inhib
ited by phosphoenolpyruvate, oxaloacetate or glyoxylate which provides currently the only explanation for the 
residual flux via P K E T pathway in Apketl and clarifies why PKET2 does not display any higher activity in such 
scenario; however, other alternative explanations such as post-translational modification cannot be currently 
excluded, (2) our in silico experiment of Apketl mutant with active P K E T 2 showed the same impact on growth 
as reported previously in AC-auto for silenced pketl which was believed at the time to be a total inhibition of 
P K E T pathway, (3) there are other known cases of allosteric inhibition in Synechocystis, including the proposed 
90/10 flux contribution of isozymes, e.g., aldolase 1 and 2, and (4) we showed a clear benefit of having P K E T 2 
in the central carbon metabolism of Synechocystis, namely, an 11.2-14.3% growth increase i n the turbulent A C -
auto. However, an experimental verification, i f the product of gene sll0529 (pket2) indeed has phosphoketolase 
activity, as well as what, i f any, is the impact of phosphate acetyl-transferase on residual flux via P K E T pathway, 
is needed. Similarly, here proposed allosteric regulation of P K E T should be experimentally verified. 

In addition to analysing the putative PKET2 isozyme, we have also focused on the flux distribution of P K E T 
pathway under various conditions. We showed that P K E T pathway could be the major carbon flux exit point 
from Calvin-Benson cycle i n AC-auto, overcoming the flux via phosphoglycerate mutase by up to 252%. This 
finding is in direct disagreement with recent 1 3 C labelling experiment which revealed virtually no flux via P K E T 
pathway under AC-auto. However, we have found a critical error in their analysis and their own labelling data 
supports our conclusion of the great importance of P K E T pathway. Furthermore, we have shown that silencing 
pketl has a negative impact over all fluxes, including RuBisCO and P G M in AC-auto but not in HC-auto and 
AC-mixo . We conclude that high flux via P K E T pathway mitigates the decarboxylation occurring in OPP pathway 
and conversion of pyruvate to acetyl C o A linked to E M P glycolysis under AC-auto, i.e., in the carbon scarce 
environment. Finally, we have tested S7P as a substrate for PKETs as it was reported for E. coli. Our analysis pre
dicted low efficiency of S7P branch of P K E T pathway and low affinity towards S7P, similarly as shown for E. coli. 

In the end, we did not analyse the role of P K E T pathway under heterotrophic condition because its impact 
has already been shown and because heterotrophic condition is substantially more difficult to integrate into our 
light-on-only multi-state model. Our main goal was to address the purported negligible impact of P K E T pathway 
in autotrophic condition; however, we plan to analyse the role of P K E T in heterotrophic or photoheterotrophic 
conditions in the future, together with other isozymes within the central carbon metabolism of Synechocystis. 

Materials and methods 
S o u r c e s o f e x p e r i m e n t a l d a t a i n t e g r a t e d i n to mul t i- leve l k ine t i c m o d e l . 

Trans criptomic data 

HC-auto to AC-auto 1 6 . 
AC-auto to A C - m i x o 1 7 . 

, 3 C labeling data 

HC-auto 1 4 . 
AC-auto 7 . 
A C - m i x o 1 8 . 

We note that, despite its not clearly stated i n the original work as authors are talking only about photoauto-
trophic c o n d i t i o n 1 t h e r e is a line of evidence that this particular labeling experiment is describing HC-auto. 
Firstly, the growth rate of culture was 0.09 h " 1 1 4 which is higher rate than the one observed for 3% C 0 2 enriched 
medium (0.06 h" 1 ) 7 . Secondly, authors used a high concentration of bicarbonate in their study and demonstrated 
that level of photorespiration is very small under high C 0 2 condit ions" ; study was performed under single 
environmental condition, i.e., HC-auto. Finally, we showed that majority of metabolic fluxes scales based on the 
level of carbon 9 which explains why most of fluxes are very similar for AC-auto and HC-auto after normaliza
tion. However, key exit fluxes, such as phosphoglycerate mutase, O P P or P K E T pathway do not scale9 which 
explains significant difference for exit fluxes between 1 1 and 7 , e.g., ratio between fluxes via RuBisCO and O P P is 
7.8 for HC-auto 1 4 but 1.7 for AC-auto 7 . 
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Metabolic data 

H C - a u t o 1 9 " 2 1 . 
AC-auto 1 9 - 2 0 . 
A C - m i x o 1 7 . 

Mutant data 

Apketl mutant 1. 

G e n e r a l i n f o r m a t i o n a b o u t t h e m o d e l . The multi-level kinetic model for Synechocystis was developed 
and simulations were executed using the SimBiology toolbox, Optimization toolbox, Global optimization tool
box and Parallel toolbox of M A T L A B (The MathWorks, Inc., Natick, Massachusetts, United States of America). 
The routine for parameter estimation was a hybrid genetic algorithm. The model for HC-auto is available in 
the Supplement in S B M L format L2V4 compatible with M A T L A B 2010b and higher. We recommend to open 
the model either in M A T L A B or user friendly COPASI (free academic license). The weight factors (applied 
transcriptomic data) necessary to run the model in other conditions (AC-auto and AC-mixo) is provided in 
Supplement. 

The scope of the model includes the following parts of central carbon metabolism: Calvin-Benson cycle, 
photorespiration, all glycolytic pathways (Embden-Meyerhof-Parnas pathway, Entner-Doudoroff pathway, 
phosphoketolase pathway and oxidative pentose phosphate) and carbohydrate synthesis. These metabolic reac
tions were coupled to simplified light reactions and C i and glucose uptake as the main input parameters. Biomass 
production is estimated as weighted sum of sink reactions9. This simplified approach allowed to estimate the 
C 0 2 fixation and glucose uptake by comparing to relative experimental fluxes in all tested conditions as well as 
to keep the track of growth rate, matching the experimental levels from literature9. Moreover, the biomass in the 
model is assumed to be equal to the amount of fixed carbon, whereas nitrogen was not a limiting nutrient factor 
in the experimental setups9. The definition of biomass in the model is provided by following equation, based on 
the model content, in which upper index s stands for accumulation of respective metabolite i n the sink (Fig. 1) 
and a particular coefficient corresponds to the amount of carbon atoms in the molecule: 

Mass = 2 * ( A c e P s + G L Y s + O X A s ) + 3 * ( P E P s + P Y R s + G A P s + S E R s ) + 4 * ^ ^ 

The model consists of 61 reactions, 48 metabolites and 214 kinetic parameters. The enzymatic reactions 
are described by Michaelis-Menten kinetics, except for the light reactions, C i and glucose uptake, which are 
described by mass action kinetics. A l l reactions, except for the import of external carbon, are localized in a single 
compartment. The starting point of modelling was our previous model of Synechocystis9, which was modified 
and extended in order to describe A C - m i x o condition. We note that the justification of using fold changes in the 
m R N A levels as a proxy between different environmental conditions, assuming a 1:1 ratio between a change in 
transcriptome and enzymatic amount, is provided in our previous study, including the support from experimental 
studies, can be found in our previous study9. 

S y s t e m s b i o l o g y w o r k f l o w . The integration of various omics data occurs in several steps. In the first step, 
trans criptomic data from HC-auto to AC-auto and AC-auto to A C - m i x o are included into the model in the form 
of mean values of measured m R N A changes as weight factors for each V m i l x . Then, we fit the experimental flux-
omics and metabolic data from HC-auto. In this process of parameter estimation, we obtain a set of parameters 
which wil l be used in all following steps or trashed and search for new set wi l l begin. If there is a match between 
simulation and experiment in HC-auto, metabolic and fluxomics data are saved (including the set of kinetic 
parameters). Then, we simulate a transition from HC-auto to AC-auto, i.e., applying the weight factors (mRNA), 
run the simulation for the steady state AC-auto, save the metabolic and fluxomic data and do the same for A C -
auto to A C - m i x o shift. At this point, we do semi-automated check for the reasonable match between simulated 
and experimental data for AC-auto and A C - m i x o (growth levels, physiological range of key metabolites such as 
3PGA, etc.), followed by manual curation of results. If acceptable match is found, the final step is a fine tuning of 
parameters and observing the changes in all three conditions. Manual tuning and curation of kinetic parameters 
at the different levels of parameter estimation and data integration is an essential part of modelling, because it 
provides a deeper understanding of system behavior and helps to detect errors in the algorithms, routines and 
model structure, e.g., when a new pathway is added. 

We note that we shifted our priority from metabolic levels to fluxomic data as a key reference for match fitting. 
The main reason is that we are analyzing now 3 environmental conditions and planning to add more. However, 
there is no study providing metabolic data for the particular conditions of our interest and combining multiple 
metabolic data sets from different studies proved to be extremely challenging. We continue observing and ana
lyzing the metabolic levels but in the case of parameter fitting, we currently only check if metabolic levels are in 
the physiological range and analyze the homeostatic stability of metabolites. Finally, simulation of fluctuating 
environment was done by applying up to ± 20% random variation in all V m i l x and k f parameters, running it 100-
times and calculating the mean value and standard deviation. Two scenarios, with one or two PKET, were tested, 
in all three environmental conditions. 

More information about the method, parameter estimation and other details can be found in our previous 
study9. The first application of the method, the case study of phosphoglycerate mutase, discussed the potential 
of this method, e.g., the verification of gene annotation 2 2 . 
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Entner-Doudoroff pathway in 
Synechocystis PCC 6803: 
Proposed regulatory roles and 
enzyme multifunctionalities 
Anushree Bachhar and Jiri Jablonsky* 
Institute of Complex Systems, FFPW, University of South Bohemia, CENAKVA, Nove Hrady, Czechia 

The Entner-Doudoroff pathway (ED-P) was established in 2016 as the fourth 
glycolytic pathway in Synechocystis sp. PCC 6803. ED-P consists of two 
reactions, the first catalyzed by 6-phosphogluconate dehydratase (EDD), 
the second by keto3-deoxygluconate-6-phosphate aldolase/4-hydroxy-2-
oxoglutarate aldolase (EDA). ED-P was previously concluded to be a 
widespread (~92%) pathway among cyanobacteria, but current bioinformatic 
analysis estimated the occurrence of ED-P to be either scarce (~1%) or 
uncommon (~47%), depending if dihydroxy-acid dehydratase (ilvD) also 
functions as EDD (currently assumed). Thus, the biochemical characterization 
of ilvD is a task pending to resolve this uncertainty. Next, we have 
provided new insights into several single and double glycolytic mutants 
based on kinetic model of central carbon metabolism of Synechocystis. 
The model predicted that silencing 6-phosphogluconate dehydrogenase 
(gnd) could be coupled with ~ 9 0 % down-regulation of G6P-dehydrogenase, 
also limiting the metabolic flux via ED-P. Furthermore, our metabolic 
flux estimation implied that growth impairment linked to silenced EDA 
under mixotrophic conditions is not caused by diminished carbon flux 
via ED-P but rather by a missing mechanism related to the role of 
EDA in metabolism. We proposed two possible, mutually non-exclusive 
explanations: (i) Aeda leads to disrupted carbon catabolite repression, 
regulated by 2-keto3-deoxygluconate-6-phosphate (ED-P intermediate), and 
(ii) EDA catalyzes the interconversion between glyoxylate and 4-hydroxy-2-
oxoglutarate + pyruvate in the proximity of TCA cycle, possibly effecting the 
levels of 2-oxoglutarate under Aeda. We have also proposed a new pathway 
from EDA toward proline, which could explain the proline accumulation under 
Aeda. In addition, the presented in silico method provides an alternative to 
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1 3 C metabolic flux analysis for marginal metabolic pathways around/below 
the threshold of ultrasensitive LC-MS. Finally, our in silico analysis provided 
alternative explanations for the role of ED-P in Synechocystis while identifying 
some severe uncertainties. 

KEYWORDS 

Entner-Doudoroff pathway, kinetic model, metabolic regulation, glycolysis, 
cyanobacteria 

Introduction 
Synechocystis sp. P C C 6803 (Synechocystis) is a model 

cyanobacterial organism with complex carbon metabolism, 
reported to contain all known glycolytic routes found so 
far in cyanobacteria: (i) Embden-Meyerhof-Parnas pathway 
(EMP-P) , (ii) oxidative pentose phosphate pathway (OPP-P), 
(iii) lately characterized (Xiong et al., 2015) phosphoketolase 
pathway (PKET-P) and (iv) recently identified and quantified 
(Chen et al., 2016; Makowka et al., 2020) Entner-Doudoroff 
pathway (ED-P). These four glycolytic pathways, doing a 
similar job, could be seen as contra-productive, like having 
a substantial number of isozymes. Nevertheless, the cellular 
resources are not being wasted, as all these "redundancies" allow 
enhanced robustness of metabolism, including adaptability to 
the changing environment (Xiong et al., 2017) and reduction 
of total protein cost (Jablonsky et al., 2016). This metabolic 
plasticity found in Synechocystis is clearly an evolutionary 
advantage under turbulent environmental conditions but makes 
the understanding of metabolic regulation rather challenging. 

Entner-Doudoroff pathway (ED-P) is the shortest glycolytic 
route, consisting of only two reactions. The first one is 
catalyzed by 6-phosphogluconate dehydratase (EDD, slr0452, 
currently annotated as i lvD - dihydroxy-acid dehydratase), 
producing 2-keto3-deoxygluconate-6-phosphate (KDPG) . The 
second reaction is catalyzed by keto3-deoxygluconate-6-
phosphate aldolase (EDA, sll0107), producing pyruvate and 
glyceraldehyde 3-phosphate (Figure 1, blue). It should be noted 
that while only phosphorylated E D - P has been reported in 
Synechocystis (Chen et al., 2016), there are multiple branches of 
E D - P (namely phosphorylated, semi-phosphorylated, and non-
phosphorylated) that can co-exist in a single organism as shown 
for Sulfolobus solfataricus (Figueiredo et al., 2017). More details 
about the different branches of E D - P and the enzymes involved 
can be found in a recently published comprehensive review 
(Kopp et al., 2020). 

The protein cost of E D - P is 72% less while providing one less 
A T P (Flamholz et al., 2013) in comparison to E M P - P . Further, 
E D - P provides less N A D P H than OPP-P but is more carbon-
efficient (Asplund-Samuelsson and Hudson, 2021). Significant 
growth impairment was reported for E D A knockout (Aeda), 

both under autotrophic and mixotrophic conditions, up to 18% 
and 57% (Makowka et al., 2020), respectively. However, the 
exact factors behind observed growth impairment are somewhat 
unclear. The current lack of information on E D - P is partially due 
to unknown metabolic flux and the neglected possible signaling 
role of K D P G , identified in other organisms (Fuhrman et al., 
1998; K i m et al., 2009). Therefore, we aim to address the current 
issues related to E D - P with the help of in silico analysis. 

Materials and methods 
B i o i n f o r m a t i c analys is : S t andard and 
a l ternat ive c a l cu l a t i on 

To quantify the occurrence of each known glycolytic 
pathway, we chose four enzymes specific to those pathways 
based on their position and essentiality within the metabolic 
network: (i) 6-phosphogluconate dehydrogenase (GND) for 
O P P pathway, (ii) phosphoketolase (PKET) for P K E T pathway, 
(iii) keto3-deoxygluconate-6-phosphate aldolase (EDA) for E D 
pathway and (iv) phosphofructokinase (PFK) for upper E M P 
pathway. The raw data for the occurrence of the marker 
enzymes were collected from UniProt (Supplementary file l) 1 

and later on verified using N C B I 2 and K E G G 3 databases. The 
collected data were then curated by discarding repetitive and 
discontinued amino acid sequences. In the case of isoenzymes, 
only one of them was counted. Finally, the percentage of 
occurrence of each enzyme was calculated against the list of total 
species of cyanobacteria found to date (Supplementary file 1). 
Along with the standard approach, an alternative approach was 
also employed to remove the influence of the heterogeneity in 
the size of different genera and marker occurrence within a 
particular genus. The alternative approach for the occurrence of 
enzyme markers was calculated as the sum of the first positive 
hits from each genus, divided by the sum of the first positive 

1 https://www.uniprot.org 

2 https://www.ncbi.nlm.nih.gov/protein 

3 https://www.genome.jp/kegg 
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and first negative hits for each genus. A n example of alternative 
calculation: based on our database (Supplementary file 1), the 
genus Anabena has 11 species, 10 of them with PFK. Thus, the 
particular result for Anabena wi l l increase the numerator by one 
and the denominator by two in the alternative calculation for 
PFK among cyanobacteria. 

Sources of expe r imen ta l data for 
k inet ic pa rameters es t imat ion 

1 3 C labeling data for autotrophic growth (Hing et al., 2019). 
1 3 C labeling data for mixotrophic growth 

(Nakajima et al., 2014). 

Gene ra l i n f o rma t i on abou t the m o d e l 

The multi-level kinetic model for Synechocystis was 
developed and simulations were executed using the 
SimBiology, Optimization, Global optimization and Parallel 
computing toolboxes of M A T L A B (MathWorks, Inc., Natick, 
Massachusetts, United States of America). The routine for 
parameter estimation was a hybrid genetic algorithm. The 
model versions for tested growth conditions (Supplementary 
files 5, 6) are available in the S B M L format L2V4, compatible 
with M A T L A B 2010b-2014. 

The scope of the model includes the following parts 
of central carbon metabolism: Calvin-Benson cycle, 
photorespiration, all glycolytic pathways (Embden-Meyerhof-
Parnas pathway, Entner-Doudoroff pathway, phosphoketolase 
pathway and oxidative pentose phosphate) with simplified 
carbohydrate and biomass synthesis (weighted sum of sink 
reactions). These metabolic reactions were coupled with 
simplified light reactions, C i and glucose uptake as the primary 
input parameters. This model is an updated version of the 
previous model employed for the analysis of P K E T pathway 
(Bachhar and Jablonský, 2020). The current model consists 
of 60 reactions, 49 metabolites and 199 kinetic parameters. 
The enzymatic reactions were described by Michaelis-Menten 
kinetics with an exception for the light reactions, C i and glucose 
uptake (mass action kinetics). The list of all parameters within 
the model can be found in Supplementary file 2. 

Gene ra l i n f o rma t i on abou t the m o d e l 

The constraint of model parameters occurred in several 
steps. Firstly, the original model of Synechocystis without E D -
P (Jablonský et al., 2016) was fitted on available fluxomic 
data from cells grown autotrophically at high CO2. Then, we 
applied transcriptomic data as weight factors for each estimated 
Vmax in simulated shifts to autotrophic ambient CO2, followed 

by mixotrophic ambient CO2. Thus, we were searching for a 
single set of kinetic parameters describing all growth conditions. 
However, we are currently able to describe only autotrophic 
growth conditions (ambient and high CO2) with a single 
set of parameters; mixotrophic growth conditions are verified 
separately to respective fluxomic data. The justification and 
broader description of this part of our Methodology can be 
found in our previous work (Jablonsky et al., 2016). 

Next, we have implemented a simplified, single reaction 
version of E D - P within the highly constrained model and 
fitted the flux via E D - P to match the reported levels of growth 
impairment. Additional constraining of parameter space was 
achieved by matching reported growth changes for single 
and double mutants from all glycolytic pathways, including 
silenced eda (keto3-deoxygluconate-6-phosphate aldolase), 
which represented blocked ED-P . After a confirmation that the 
metabolic fluxes available via E D - P cannot explain the reported 
level of growth impairment under mixotrophic conditions, 
we have incorporated a full version of E D - P (EDA and EDD) 
and tested the impact of accumulation and possible excretion 
of K D P G (intermediate of ED-P) as well as other scenarios 
under autotrophic conditions. Since all these scenarios are 
based on carbon availability which plays a marginal role under 
mixotrophic conditions, we proposed that the missing link, 
allowing us to explain the experimental data, is the signaling 
role of K D P G (carbon catabolite repression). We did not 
perform any simulations based on the signaling role of K D P G 
as the growth impairment caused by Aeda provides a sufficient 
description only of its impact, but new experimental data are 
needed to determine the kinetics of the signaling process. The 
current version of the model assumes a very low level of K D P G 
for WT, based on reported undetectable levels (Will et al., 2019; 
Schulze et al., 2022). 

Results and discussion 

O c c u r r e n c e of g l y co l y t i c pa thways in 
c yanobac t e r i a : S tandard vs. a l ternat ive 
v i ew 

Cyanobacteria possess four glycolytic pathways, which play 
an essential role in metabolic adaptation and can even alternate 
with each other (Xiong et al., 2017). Previously, ED-P was 
concluded to be a widespread pathway in cyanobacteria, almost 
twice as common as upper E M P - P (Chen et al., 2016). However, 
our current bioinformatic analyses of all glycolytic pathways 
showed a very different result (Table 1). This discrepancy was 
probably caused by the influx of new species into the databases. 
Current data implies that the occurrence of E D D / i l v D (see 
the explanation below) in cyanobacteria is approximately 92% 
(Table 1) which is comparable to P K E T and G N D occurrences. 
Nevertheless, the occurrence of ED-P (based on EDA) drops 
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PK^T 
PKET 

FIGURE 1 
Schematic representation of the central carbon metabolism network implemented in the multi-level kinetic model of Synechocystis sp. PCC 
6803. The blue highlights the reactions of the Entner-Doudoroff pathway. Red indicates the proposed secondary role or EDA and related 
pathway to proline; annotated gene IDs are included for the convenience. The model includes the Calvin-Benson cycle, glycogen synthesis 
(sink from glucose-6-phosphate), photorespiratory pathways, phosphoketolase pathway, glycolysis, the oxidative pentose pathway, 
Entner-Doudoroff pathway, and sink reactions (representing the adjacent pathway and the calculation of biomass production, indicated by 
metabolites in rectangular shapes). The reversibility of a particular reaction is indicated by two small arrows. Gray indicates the involved 
enzymes: RuBisCO, ribulose-l,5-bisphosphate carboxylase oxygenase; PGK, phosphoglycerate kinase; GAP, glyceraldehyde-3-phosphate 
dehydrogenase; TPl, triose-phosphate isomerase; ALDO, aldolase; FBPase, fructose-1,6 bisphosphatase; PFK, phosphofructokinase; TKT, 
transketolase; SBPase, sedoheptulose-1,7 bisphosphatase; RPI, phosphopentose isomerase; PPE, phosphopentose epimerase; PRK, 
phosphoribulokinase; GPl, glucose-6-phosphate isomerase; G6PD, glucose-6-phosphate dehydrogenase; PGD, phosphogluconate 
dehydrogenase; PGPase, phosphoglycolate phosphatase; PKET, phosphoketolase; GOX, glycolate oxidase; SGAT, serineglyoxylate 
transaminase; HPR, hydroxypyruvate reductase; GLYK, glycerate kinase; AGT, alanineglyoxylate transaminase; TSS, tartronatesemialdehyde 
synthase; TSR, tartronatesemialdehyde reductase; SHMT, serine hydroxymethyltransferase; GLOX, glyoxylate oxidase; PSAT*, phosphoserine 
transaminase; PPC, phosphoenolpyruvate carboxylase; PGM, phosphoglycerate mutase; ENO, enolase; GND, 6-phosphogluconate 
dehydrogenase; ZWF, glucose-6-phosphate dehydrogenase; EDD, 6P-gluconate dehydratase; EDA, 2-keto-3-deoxygluconate-6- phosphate 
aldolase; aspC, L-erythro-4-hydroxyglutamate:2-oxoglutarate aminotransferase (activity of aspartate aminotransferase); putA, 
delta-l-pyrroline-5-carboxylate dehydrogenase; proC, pyrroline-5-carboxylate reductase. Names of metabolites in the suggested (red) 
pathway: 4-H-2-OG 4-hydroxy-2-oxoglutarate, E4-HGlu L-erythro-4-hydroxyglutamate, 1-PYRR L-l-pyrroline-5-carboxylate. The open book 
symbol indicates the involvement of the metabolite in other reaction(s). The scheme was created in SimBiology toolbox of MATLAB 2021b (The 
MathWorks, Inc., Natick, Massachusetts, United States of America), http://www.mathworks.com. 

to 46.9% (Table 1), which is only half of the previous value 
(Chen et al., 2016). W e note that the occurrence of E D A 
calculated in November 2015 (Chen et al., 2016) matches 
the occurrence for E D D / i l v D in 2021 (Table 1). Thus, E D -
P goes down from one of the most common (Chen et al., 
2016) to the rarest glycolytic pathway among cyanobacteria. 
Finally, going back to E D D , the previous (Chen et al., 
2016) and our calculation of its occurrence is based on an 
assumption of dual functionality of E D D and ilvD (dihydroxy-
acid dehydratase) in a single enzyme E D D / i l v D (Chen et al., 
2016) but the corresponding gene is annotated to express 

ilvD only. However, there is less than 50% similarity of i lvD 
(Synechocystis) toward E D D in E.coli (k 12) or Pseudomonas 
while i lvD from E. coli and Pseudomonas showed between 55 
and 65% similarity with i lvD from Synechocystis, respectively. 
Currently, there are only four cyanobacteria annotated with a 
native (single functioning) E D D (Supplementary file 4) . This 
fact may imply two origins of E D D among cyanobacteria, either 
associated with i lvD as assumed before (Chen et al., 2016) 
(4.2.1.9) or standalone enzyme (4.2.1.12), which would imply 
that E D - P is extremely rare (below 1% occurrence, Table 1) 
among cyanobacteria. 
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TABLE 1 Occur rence of marker enzymes among cyanobacteria [%]. 

Pathway upper EMP 

Enzyme 

C h e n e t al . , 2016 

2021 standard 

2021 alternative 

PFK 

52.0 

64.1 

70.3 

EDA 

N A 

46.9 

65.2 

ED 

EDD/ilvD 

92.0 

91.9 

80.1 

EDD 

N A 

0.7 

3.6 

PKET 

PKET 

N A 

81.6 

OPP 

GND 

The key enzymes were selected based on their position and role within a particular glycolytic pathway: upper Embden-Meyerhof-Parnas pathway - P F K , phosphoketolase pathway - PKET, 
oxidative pentose phosphate pathway - G N D and Entner-Doudoroff pathway - E D A . E D D is shown either as a native enzyme or as the dual function enzyme annotated as dihydroxy-acid 
dehydratase (ilvD), involved in the synthesis of valine and isoleucine (Chen et al., 2016). The percentages were calculated based on the total species of cyanobacteria identified in Uniprot 
and the number of cyanobacteria identified with the annotated enzyme. 

In the case of Synechocystis, there is no mention of gluconate 
as a substrate for i lvD in recent biochemical analysis (Zhang 
et al., 2020). Nevertheless, a product of E D D , K D P G , has been 
detected in a single study (Chen et al., 2016) while determined 
to be undetectable in others (Wil l et al., 2019; Schulze et al., 
2022). The situation is further complicated by an approximately 
30-fold difference in 6-phosphogluconate (a substrate of EDD) 
level under autotrophic vs. mixotrophic conditions (Yoshikawa 
et al., 2013), which might be the reason for the elusiveness of 
K D P G in metabolic profiling. However, K D P G was previously 
detected not only for W T but also for silenced zwf (glucose-
6-phosphate dehydrogenase) (Chen et al., 2016). At that time, 
it was suspected that Z W F was not the only source of 6-
phosphogluconate (Chen et al., 2016), but no evidence was 
found to support it. The possible remaining explanations 
for detected K D P G are rather questionable: (i) silencing zwf 
has either low efficiency or gets repaired fast; however, no 
accumulation of 6-phosphogluconate was reported for Azwf 
(Makowka et al., 2020) or (ii) E D A conducts reversible reaction 
and thus can produce a significant amount of K D P G from 
pyruvate and glyceraldehyde 3-phosphate without a functional 
E D D . A l l these questions and uncertainties show that more 
experiments are needed to verify the status of E D - P not only 
in Synechocystis but generally in cyanobacteria. For the sake of 
further analysis, we wil l operate with E D A as a marker enzyme 
for E D - P occurrence. 

Another point one should consider in any bioinformatic 
analysis is substantial heterogeneity in the number of species 
per genus as well as in the occurrence of marker enzymes 
within a particular genus, e.g., genus Prochlorococcus does not 
contain either P K E T or P F K (Supplementary file 1). Therefore, 
we also present an alternative bioinformatic analysis of the 
occurrence of glycolytic marker enzymes, which shifts the focus 
from occurrence among species toward occurrence among the 
genera (see Methodology). This alternative calculation showed 
an approximate 18% and 11% change in the occurrence of 
E D A and E D D , respectively, in comparison to the standard 
calculation (Table 1). A lower level of correction could also be 
observed for P F K and P K E T in contrast to minor change for 
G N D (Table 1). Interestingly, the alternative calculation did not 

change the ranking in the occurrence of glycolytic enzymes but 
lowered the occurrence of E D D / i l v D among cyanobacteria. This 
finding contradicts the known essentiality of i lvD for amino 
acid synthesis (Leyval et al., 2003; K i m and Lee, 2006). The 
cumulated bioinformatic data (Supplementary file 1) indicate 
that difference between the standard and alternative analysis is 
caused by a higher amount of negative occurrence of E D D / i l v D , 
primarily due to the single species genera (only one species 
identified in the genus). This problem could be due to the lack 
of experimental characterization and annotation of the enzyme-
specific genes for those species. Currently, we cannot say what 
the possible implications of this finding are, but E D - P remains 
to be one of the most overlooked pathways in cyanobacteria. 
Finally, E D - P is known to regulate organic carbon intake in 
other species such as Pseudomonas (Daddaoua et al., 2009), 
so one could speculate that E D - P is found mostly or only in 
mixotrophic cyanobacteria. However, this is not the case as E D A 
is missing in many mixotrophic species, e.g., genera Microcystis 
and Moorea, yet could be found in obligatory photoautotrophs, 
e.g., genus Prochlorococcus. The observed low occurrence of 
ED-P, as well as the missing l ink to any growth conditions, 
open a question regarding its evolutionary importance among 
cyanobacteria. The distribution of E D A , E D D / i l v D and E D D 
in cyanobacteria, as well as the other glycolytic markers, is 
provided in Supplementary file 1. 

Furthermore, the alternative approach grouped the upper 
E M P and E D pathways on one side (around 70%, Table 1) 
and O P P and P K E T pathways on the other side (around 90%, 
Table 1). To detect a possible correlation, we searched for the 
occurrence of combinations of any two glycolytic pathways 
among cyanobacteria. The highest positive correlation was 
found between O P P and P K E T pathways (84.8%, Table 2), 
further supporting our recent finding of the higher importance 
of P K E T pathway (Bachhar and Jablonsky, 2020). Surprisingly, 
the lowest correlation was found between upper E M P and E D -
P which also corresponds with single marker presence of E D A 
vs other markers (around 44%) (Table 2). Also, the number 
of cyanobacterial species without either of these pathways is, 
on average, three times higher than other combinations of 
glycolytic pathways. Approximately 40% of cyanobacteria is 
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"alternating" between upper E M P and E D - P (Table 2), e.g., 
Calothrix desertica P C C 7102 does not have any annotated 
pfk but has by two E D D / i l v D isozymes, DSM106972_077550 
and DSM106972_030530 (Supplementary file 3). Having two 
E D D isozymes could increase the flux via ED-P, which may 
compensate for the incomplete upper E M P (Wil l et al., 2019) 
(Figure 1). O n the other hand, genera Microcystis, Moorea and 
Symploca, known for their production of important secondary 
metabolites (Linington et al., 2008; Engene et al., 2012; Pimentel 
and Giani , 2014), do not have annotated E D - P (UniPathway) 
but contain more than one P F K isozyme (Uniprot). Finally, 
E D - P is the least preferred to supplement any other glycolytic 
pathways (Table 2). This result further questions the role and 
benefits of E D - P in cyanobacteria; hence we decided to run 
a comprehensive analysis based on mutants from all four 
glycolytic pathways for model cyanobacterium Synechocystis. 

G l y c o l y t i c mu tan t s and the i r i m p a c t o n 
g r o w t h 

The growth impact for all single and some of the double 
mutants of glycolytic pathways have been studied in recent years 
(Xiong et al., 2015; Chen et al., 2016; Bachhar and Jablonsky, 
2020; Makowka et al., 2020). Thus, our initial step was to 
mimic the reported growth impairments related to E D - P as 
well as for other glycolytic pathways and their combinations. 
The model was constrained not only by previously reported 
growth impairments found for different mutants but also 
by fluxomic data (WTs only). These constraints significantly 
limit the parameter space as the model was required to 
match all available data simultaneously. Finally, gathering data 
from all mutants of enzyme markers and their combinations 
provided a more accurate analysis rather than focusing only on 
the mutant of E D A . 

First, let us have a look at the results of single mutants under 
autotrophic (AC-auto) conditions. Simulated Aeda and double 
mutant of PFK1.2 (Apfk) followed the reported mean growth 
impacts (around -2%) (Makowka et al., 2020), see Table 3. 
Whereas for Apket (double mutant of PKET1 and PKET2) , no 
experimental data are available, but previously reported 11% 
growth impairment for Apketl (Xiong et al., 2015) is in line with 
the simulated 14% growth loss for Apket; this result is based 
on predicted supremacy of PKET1 (Bachhar and Jablonsky, 
2020). Additionally, in silico silencing of G N D (Agnd) leads to 
a massive 43% growth increase under AC-auto and a significant 
carbon flux redistribution within the central carbon metabolism 
(Figure 2, Agnd), which is in disagreement with previously 
reported statistically insignificant impact (around + 2%) in 
comparison to W T (Chen et al., 2016; Makowka et al., 2020). 
The predicted growth increase, triggered by Agnd, is mostly 
a consequence of reduced decarboxylation via OPP-P. Such 
discrepancy of the predicted vs. reported growth, not resolved by 

model parameters tuning, can be explained only by a conclusion 
that silencing gnd is coupled with other changes in metabolic 
regulation, so far not considered in the model. After testing 
various scenarios, the easiest and most reasonable way to negate 
this massive in silico growth increase is to couple silencing gnd 
with >90% down-regulation of G6P-dehydrogenase (zwf). We 
denoted this scenario as Agnd* (asterisk differentiates from 
simple in silico gnd mutant discussed above) and the flux 
values and growth impact for Agnd* are shown in Figure 2 
and Table 3, respectively. Very significant down-regulation 
of zwf as a consequence of Agnd was reported previously 
for Gluconobacter oxydans (Richhardt et al., 2012), which 
supports our model prediction related to the real impact of 
silencing gnd in Synechocystis. A n important consequence of 
zwf inhibition is a significant reduction in the production 
of 6-phosphogluconate, which is the key substrate for E D - P 
(Figure 1). When we accumulate all the effects of in silico Agnd*, 
i.e., Agnd, down-regulated zwf and limited E D D , the result is 
in agreement with the previous experimental value for what is 
believed to be simply Agnd (Makowka et al., 2020) (Table 3). 

Secondly, the double mutants under AC-auto implied some 
significant growth impairment which demands a closer look. 
The highest simulated negative growth impact was found 
for double mutant Agnd* Apket, i.e., 49.5% (Table 3). This 
prediction is not surprising based on the fact that G N D and 
P K E T were the only two tested glycolytic markers not missing 
together in any analyzed cyanobacteria (Table 2), emphasizing 
the essential role of P K E T - P and O P P - P under AC-auto. 
Moreover, this double mutant is close to the triple mutant 
(Agnd Apket Aeda) due to the above predicted and discussed the 
real impact of Agnd*, which was greatly l imiting the flux via E D -
P (Figure 2). Another significant predicted growth impairment 
was found for AedaApket (29.6%, Table 3), which is not a 
simple addition of respective single mutants as it surpasses 
the cumulative impact of both single mutants almost by 20%. 
This implies that blocking both glycolytic pathways protecting 
against decarboxylation via O P P - P and E M P - P might have an 
additional negative influence on the sustainability of the Calvin-
Benson cycle, at least in the model. 

Finally, the model failed to match the reported (~60%) 
growth impairment (Makowka et al., 2020) for AedaAgnd 
under autotrophic conditions (Table 3). If we consider our 
prediction of what the meaning of A g n d is, i.e., Agnd*, one may 
expect an accumulation of 6-phosphogluconate due to some 
degree still functioning Z W F . Inhibition of sugar-phosphate 
metabolism by 6-phosphogluconate was already emphasized 
for other species (Richhardt et al., 2012) and its accumulation 
was confirmed for AedaAgnd in Synechocystis (Makowka et al., 
2020). Other co-explanations of significant growth impairment 
could be i) partial accumulation of K D P G due to functioning 
E D D , although possibly inhibited by Aeda and ii) other 
metabolic functions of E D A , which are further discussed in 
the next section. However, an experimental verification for the 
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TABLE 2 Occur rence of marker enzyme couples among cyanobacter ia [%]. 

Occurrence PFK vs. EDA GND vs. PKET PFK vs. GND PFK vs. PKET PKET vs. EDA EDA vs. GND 

++ 39.7 84.79 67.72 65.86 47.31 49.72 

- 19.48 0 1.67 8.35 8.35 2.23 

+- 40.82 15.21 30.61 25.79 44.34 48.05 

"H—" denotes the presence of one of the markers within a particular couple, regardless of their order. "H—h" and " - " indicate both present and both absent, respectively (all data are 
available in Supplementary file 1). The percentages were calculated based on the total species of cyanobacteria found (UniProt, 2021) against the number of cyanobacteria with marker 
enzyme. E D pathway consists of only two enzymes, E D D and E D A , and thus the less occurring enzyme should be the marker. Due to extremely low occurrence of native E D D among 
cyanobacteria (around 100-fold difference vs. other markers) and the fact of ilvd functioning as E D D is the current opinion (Chen et al., 2016), we considered E D A (less common than 
ilvD) as the marker enzyme for E D - P in this analysis. 

TABLE 3 Simulated growth rate changes (%) caused by single and double mutants of marker glycolytic enzymes under autotrophic and 
mixotrophic condit ions. 

Apflc Keda Kgnd* Kpket 

Apfk -1.8-0.2 -11.2 3.2 -14.5 

Aeda -5.4 -1.3-11.0 0 -29.6 

Agnd* 2.9 5.4 5.9 1.7 -49.5 

Apket 1.5 -1.0 6.1 0.5 -14.0 

Roman font indicates autotrophic and bold shows mixotrophic results. Asterisk denotes Agnd, including the assumed inhibition of zwf. Apfk and Apket indicate double mutants of 
isozymes. The results were rounded to the first decimal place. The available experimental values are shown and discussed in the text. 

AC-auto 

EXPWT: 17.75 

S IM 

S IM 
Agnd-

Acnd* 

0 
0 

AC-auto - AC-mixo 

NA - NA 
S I M ^ : 1.19 - 1.46 
S I M F L 6 N D : 5.42 - 3.53 
S I M A I ; N D ' 0.1 - 0.14 

EXPWT: 

S I M ^ ; 

S IM 

SIM 
A g n d ' 

Agnd 

AC-auto 

32.78 
27.61 
20.90 
17.96 

- AC-mixo 

- 0.64b 

- 7.67b 

- 5.82 
- 3.96 

AC-auto - AC-mixo 

EXPWT= 3.06 - NA 
S I M ^ : 2.46a - 1.83 

2.53 - 1.61 
S I M A E N D ' : 2.94 - 1.86 

FIGURE 2 
Experimental and simulated flux distribution via glycolytic pathways under autotrophic and mixotrophic conditions. Brown color shows the flux 
via Entner-Doudoroff pathway, blue color shows the flux via phosphoketolase (PKET) pathway green color indicates the net flux via futile cycle 
of fructose-1,6 bisphosphatase (FBPas) and phosphofructokinase (PFK), red color shows the flux via 6-phosphogluconate dehydrogenase 
(GND). Index "a" denotes the cases of possible match between experiments and simulations if flux via ED-P is not considered in model; flux via 
ED-P was not considered in experimental-based calculations (Nakajima et al., 2014; Hing et al., 2019). Index "b" shows the case of simulated 
result being in the confidence interval of experimental value. All data were taken or simulated under ambient CO2 condition, (i) lower flux 
FBPase - PFK (green) under mixotrophic conditions is caused by redistribution of carbon flow, i.e., higher flux via EMP-P in expense of 
Calvin-Benson cycle (ii) flux values presented in this figure and Table 4 vary to some degree because they represent two independent and 
alternative calculations (two best fits). Units of metabolic fluxes: 1 0 " 2 mmol h " 1 gDW" 1 . 
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role of 6-phosphogluconate accumulation, level of K D P G and 
preferably also fluxomic data for these mutants are needed. 

Next, we focused on growth data for A C - m i x o . Due to 
the unavailability of experimental data for Apket and for most 
of the double mutants, it is difficult to discuss the results of 
simulations. However, the highest growth impairment caused by 
AedaApfk (5.4%, Table 3) can be justified easily as both E D A 
and P F K supports the flux via the dominant glycolytic route 
under A C - m i x o , E M P glycolysis (Nakajima et al., 2014). In the 
case of Agnd*, the simulated 5.9% growth increase (Table 3) 
is in agreement with the recently reported value (Makowka 
et al., 2020). The only serious discrepancy between experiments 
and simulations for single mutant was found for Aeda; the 
predicted growth impairment under A C - m i x o is around 1.3% 
(Table 3) which is in contrast to previously reported up to 
57% (Makowka et al., 2020) growth impairment. The possible 
explanation of growth impairment caused by Aeda is elaborated 
in the next section. 

Lastly, one can observe a relatively lower in silico flux 
via O P P - P (Figure 2) for W T compared to the experimental 
results (Figure 2). However, for Aeda, the model matches the 
reported flux via OPP-P (as well as via PKET-P) (WT) (Figure 2 
vs. Table 4). Since E D - P and O P P - P are closely connected 
(Figure 1) and E D - P was either not considered in the previous 
fluxomic analyses (Nakajima et al., 2014), or the flux via E D -
P was not detected and assumed too low (Schulze et al., 2022). 
Thus, our simulation offers both an alternative solution and a 
possible revision of the available fluxomic data. 

T w o c o m p o n e n t s of g r o w t h 
i m p a i r m e n t c a u s e d by A e d a 

Besides the reported mean growth impairment, there are 
also time-series data (Chen et al., 2016), (Makowka et al., 
2020) for Aeda, which can shed new light on the role of E D A . 
However, the model is able to mimic only the last day of the 
time-series experiment under both conditions (Figures 3A day 
5, 3B day 7). When we take a closer look at gaps between 
experimental and simulated results under AC-auto, the maximal 
difference is ~2 - fo ld (Figure 3B, day 4). Such difference could 
be eliminated by tuning parameters within the model, followed 
by a justifiable explanation of the physiological meaning behind 
an observed change in metabolic fluxes triggered by Aeda. 
O n the other hand, the maximal difference under A C - m i x o 
is ~50-fold (Figure 3A, day 2) and clearly diminishes by 
the end of the experiment (Makowka et al., 2020). Since the 
simulated growth impairment (1.3%) under A C - m i x o is the 
maximum possible value achievable by the model within given 
constraints (fluxomic and mutant growth data), an essential 
function of E D - P is missing in the model. By comparing 
experimental and simulated results, two classes of effects 
could be distinguished in the growth impairment, one class 

not reflected whereas the other one included in the model. 
Since the un-reflected class diminishes over time, we call it a 
"temporal component." The second class of effects is based only 
on metabolic flux differences between W T and Aeda, which 
could be stable unless the mutation is reversed; thus we call 
it a "permanent component." Our model predicted that the 
permanent component is negligible under A C - m i x o (Figure 3A) 
but is comparable with the impact of the temporal component 
under AC-auto (Figure 3B). Since the permanent component 
is related to metabolic flux via ED-P, its observed significant 
variation under AC-auto and A C - m i x o could be explained either 
by a major change in flux via E D - P in one of the growth 
conditions or by carbon scarcity (auto- vs. mixotrophic). 

The flux via E D - P has been so far unknown due to 
difficulties in measuring labeled metabolites produced by ED-P, 
i.e., pyruvate and glyceraldehyde-phosphate, as more prominent 
metabolic pathways (Calvin-Benson cycle and E M P glycolysis) 
produce them in higher quantities. By looking at metabolic 
fluxes estimated by our model, the flux via E D - P is slightly 
higher under mixotrophic conditions (Figure 2) and Aeda leads 
to an expected increase of flux via G N D (Table 4). Thus, E D - P 
is almost unaffected by the major flux redistribution trigged by 
autotrophic and mixotrophic conditions (Table 4). Hence, we 
could conclude that the key factor influencing the permanent 
component variability is carbon scarcity. A connection between 
E D - P and carbon scarcity is by Aeda enhanced decarboxylation 
(Figure 1) under AC-auto, which was hypothesized previously 
(Makowka et al., 2020). 

Now, the question remains is the origin behind the temporal 
component of growth impairment, which is not reflected in 
the model. If we start with AC-auto, we could assume that 
cultures used in growth experiments (Makowka et al., 2020) 
have started from a dormant state which explains zero growth 
impairment (Doello et al., 2018) on day 1 (Makowka et al., 
2020) (Figures 3A,B) . Thus, we hypothesize that both W T and 
Aeda initially utilized stored glycogen to restore the metabolism 
(Doello et al., 2018). It has been determined that the rate of 
glycogen depletion is several-fold slower for Aeda compared 
to W T under AC-auto (Makowka et al., 2020). So, we can 
speculate that glycogen lasted under Aeda till the end of day 
3 (Figure 3B). As glycogen is processed mainly via OPP-P and 
E D - P (Doello et al., 2018), silencing eda would increase the flux 
via OPP-P, further enhancing the decarboxylation for the first 
three days. Our simulations indicated that in silico addition of 
glycogen amplifies the growth impairment (Figure 3B, scenario 
2), but it is clear now that decarboxylation level based on the 
current activity of gnd ($110329) itself could not explain the 
sudden boost in growth impairment on day 4 (presumably 
the day of depleted glycogen). The required increase in G N D 
activity (~100% upregulation; Figure 3B, scenario 3) could be 
explained by posttranslational modification as predicted before 
for Synechococcus P C C 7942 (Jablonsky et al., 2016). The other 
potential explanation, besides the upregulation of gnd, is an 
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TABLE 4 Compar i son of experimental and simulated metabolic fluxes. 

Enzymatic reaction 

Mixotrophic Autotrophic 

Enzymatic reaction 

1 3 Cexp simulation 1 3 C exp simulation 

Enzymatic reaction tit WT tit WT Aeda 

ext.G6P -> G6P 9.12 8.97 0.00% 0 0 0 

K D P G -> PYR + G A P NA 1.50 -100% NA 1.33 -100% 

G6P -> 6PG 6.36 6.15 < ± 5% 17.75 16.15 < ± 5% 

6PG -> Ru5P 6.36 4.65 22.63% 17.75 14.82 9.74% 

3PGA » 2PGA 19.62 17.96 5.57% 1.27 1.11 < ± 5% 

2PGA PEP 19.62 17.96 5.57% 1.27 1.11 < ± 5% 

F6P » G6P -0.52 -0.92 < ± 5% 18.36 49.26 < ± 5% 

3PGA » BPGA 42.17 41.08 < ± 5% 83.76 84.74 < ± 5% 

BPGA » GAP 42.17 41.08 < ± 5% 83.76 84.74 < ± 5% 

GAP » D H A P 16.69 17.07 < ± 5% 39.78 38.68 < ± 5% 

F6P + G A P « E4P + Xu5P 8.95 9.36 < ± 5% 11.04 10.52 < ± 5% 

D H A P + E4P » SBP 16.01 9.14 < ± 5% 0.00 11.12 < ± 5% 

SBP « S7P 16.01 9.14 < ± 5% 6.98 11.12 < ± 5% 

S7P + G A P « Ri5P + Xu5P 8.26 9.14 < ± 5% 6.98 11.12 < ± 5% 

Ri5P » Ru5P 7.57 8.59 < ± 5% 6.76 10.39 -5.27% 

Xu5P » Ru5P 17.04 17.06 < ± 5% 11.04 19.71 -5.80% 

Ru5P RuBP 31.15 30.31 < ± 5% 42.77 44.93 < ± 5% 

F6P/Xu5P -> E4P/GAP + AceP NA 1.46 < ± 5% 3.06 2.55 16.94% 

Reaction catalyzed by E D A is in underlined. Simulated fluxes (WT and Aeda) correspond to day 5 for mixotrophic and day 7 for autotrophic growth experiments ( 1 3 C exp), respectively, 
for each particular end of experiments (Makowka et al., 2020). The bold font highlight the simulated values within the experimental lower and upper bounds, for mixotrophic (Nakajima 
et al., 2014) and autotrophic (Hing et al., 2019) conditions. We note that flux values presented in Figure 2 and this table vary to some degree because they represent two independent and 
alternative calculations (two best fits). Units of metabolic fluxes: 10~ 2 mmol h ~ 1 g D W ~ ] . 
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FIGURE 3 

Comparison of experimental and simulated growth impairment caused by Aeda under mixotrophic (A) and autotrophic (B) conditions. Original 
experimental growth data (Makowka et al., 2020) for WT and Aeda were normalized to illustrate the growth impairment. Dashed line designates 
the possible division between the temporal and permanent components of growth impairment. Part (A) shows results for mixotrophic 
conditions (experimental data point for day 1 is not visible as it equals 0). Part (B) shows results for autotrophic conditions and elaboration of 
tested scenarios: 1 - flux via ED-P estimated to fit experimental growth impairment, assumed higher decarboxylation and KDPG accumulation 
from the previous days; 2 - initial usage of intracellular glycogen; 3 - 100% up-regulation of gnd and 4 - increased accumulation followed by 
excretion of KDPG. 

accumulation of K D P G produced by E D D under Aeda. The 
flux via E D - P under AC-auto (WT) is less than 2% of flux via 
glyceraldehyde-3-phosphate dehydrogenase ( G A P in Figure 1 
and Table 4). Hence, the slow accumulation of K D P G , although 

enhanced by glycogen, may take several days to activate at 
least a partial biochemical inhibition of E D D . Also, K D P G has 
been reported to be bacteriostatic at higher concentrations in 
E.coli (Fuhrman et al., 1998), thus Synechocystis may need a 
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mechanism to prevent or limit its accumulation, possibly by 
excreting K D P G (Fuhrman et al., 1998). This prediction could 
explain the peak in growth impairment at day 4 (Figure 3B, 
scenario 3) caused by additional loss of carbon due to K D P G 
excretion, along with decarboxylation. Lastly, we can speculate 
that reaching the final level of reported growth impairment (day 
7) takes up to 2 days due to continuous metabolic adaptation in 
response to changes in intracellular concentration of K D P G and 
enhanced decarboxylation via OPP-P. 

In the case of mixotrophic conditions, none of the 
mechanisms within the model or from the tested scenarios 
could explain the temporal component - carbon loss due to 
decarboxylation and possible K D P G excretion under Aeda; 
these mechanisms do not have a significant impact on growth 
rate due to abundance of carbon, in contrast to AC-auto. 
Therefore, we propose that the substantial difference between 
the growth rate of W T and Aeda (Figure 3A) under A C -
mixo should be seen as a simple growth delay since the 
temporal component diminishes by the fifth day of the 
experiment (Makowka et al., 2020) where both samples growth 
autotrophically due to depleted glucose. A possible explanation 
for delayed growth could be the suppressed carbon catabolite 
repression mechanism (Deutscher, 2008), responsible for rapid 
sensing and utilization of organic carbon, which is under normal 
circumstances (WT) controlled by the metabolic level of K D P G . 
Thus, too low (temporal product-inhibition of E D D ) or too high 
(bacteriostatic) levels of K D P G caused by Aeda is slowing down 
the utilization of organic carbon in Synechocystis, explaining the 
temporal component of growth impairment under AC-mixo . 
The role of K D P G in carbon catabolite repression was reported 
in other organisms ( K i m et al., 2009; Campilongo et al., 2017). 
However, such role of K D P G in cyanobacteria needs to be 
experimentally verified. 

There is another possibility or rather a speculation on 
how to explain the temporal component under mixotrophic 
conditions and that is the other functionality of E D A , so far 
not analyzed in Synechocystis. Based on the current annotation 
(although experimental verification is still needed), E D A should 
catalyze the interconversion of 4-hydroxy-2-oxoglutarate and 
pyruvate from glyoxylate ( K E G G ) , see Figure 1 (red). O n 
the other hand, either glyoxylate or 4-hydroxy-2-oxoglutarate 
(+ L-erythro-4-hydroxyglutamate) could be converted into 
2-oxoglutarate. 2-oxoglutarate is known to have a signaling 
role in glucose metabolism in both prokaryotes (Daniel and 
Danchin, 1986) and eukaryotes (Dang et al., 2009) and is 
also a signaling molecule regulating the activity of T C A cycle 
in Synechocystis (Orthwein et al., 2021). Although the impact 
of Aeda on the metabolism of 2-oxoglutarate is unknown, it 
regulates the glucose uptake (Doucette et al., 2011) and has 
a very significant impact on surrounding compounds such 
as proline in Synechocystis (Lucius et al., 2021). In order to 
explain the buildup of proline, we propose a pathway, fully 
annotated for Synechocystis (Uniprot), from proline to pyruvate 

and glyoxylate, producing two molecules of N A P D H (Figure 1, 
red) which supports previously speculated l ink among proline, 
N A P D H and Aeda (Lucius et al., 2021). Furthermore, our 
assumptions related to Aeda leading to bacteriostasis linked to 
an accumulation of K D P G might be alternatively explained by 
an accumulation of 2-oxoglutarate which was reported to reduce 
the growth rate in E.coli (Bren et al., 2016). We did not simulate 
any of these options as we currently do not have experimental 
data needed and thus, such simulations would not be reliable. 

Finally, a new labeling experiment has been published 
recently. This study (Schulze et al., 2022) compared W T and 
Aeda, however, the authors could not detect any flux via E D -
P. The possible explanations are: i) a minor flux via ED-P, 
as suggested in our own flux estimation, ii) significant flux 
under certain conditions, such as fluctuating light (Schulze et al., 
2022), which may explain previously reported significant level of 
K D P G (Chen et al., 2016), otherwise undetectable (Will et al., 
2019; Schulze et al., 2022); we note that 10% fluctuations in 
light (i.e., A T P and N A D P H regeneration in the model) did 
not influence our flux estimations (data not shown) for Aeda, 
or iii) E D - P is missing in Synechocystis. Furthermore, Aeda 
was reported to deactivate O P P shunt (Schulze et al., 2022), 
which disagrees with our model prediction purely based on 
the metabolic flux via E D - P . Thus, Aeda mediated deactivation 
of O P P could support either of the presented hypotheses, i.e., 
role of K D P G in carbon catabolite repression or the other 
role of E D A in the proximity of T C A cycle might play a 
role in regulating O P P as neither of these scenarios are in 
the model. The complexity of the whole problem makes it 
very difficult to understand, from the multifunctionality of 
E D A , uncertainty related to i lvD functionality as E D D and 
K D P G metabolism, the unclear identity of metabolite(s) behind 
the temporal component of growth impairment under both 
discussed conditions, to metabolic plasticity of the central 
carbon metabolism of Synechocystis. Therefore, a thorough 
experimental and theoretical analysis is required to shed more 
light on the depths of Synechocystis metabolism. 
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General discussion 

4.1. General discussion 

There are var ious m o d e l l i n g app roaches u sed in b iochemis t ry , bu t t h e m o s t c o m m o n ones 
are: agent-based mode l l i ng , cel lu lar a u t o m a t a , s t ructura l mode l l i ng , s to i ch iomet r i c m o d e l l i n g 
and k inet ic mode l l i ng . If our k n o w l e d g e a b o u t t h e s y s t em is g o o d e n o u g h , i.e., o p p o s i t e t o 
"b lack box" , and the goal is t o desc r ibe t h e dynamics of t he s ys t em, the s tandard approach 
is t o c h o o s e e i ther t he k inet ic or s to i ch iomet r i c mode l l i ng . For t h e p u r p o s e of s tudy ing 
i sozymes , w e chose k inet ic m o d e l l i n g as t h e s to i ch iomet r i c m o d e l c anno t d i s t ingu ish the 
metabo l i c f lux via d i f ferent i so fo rms . K inet ic m o d e l s deve l oped for desc r ib ing b iochemica l 
pathways , are based on chosen k inet ics , m o s t c o m m o n ones are mass ac t i on law or Michael is-
M e n t e n , bu t even genera l m e t h o d s such as p o w e r law k inet ics (Vera, et al., 2 0 0 7 ) are a lso 
used . If it is no t sure wh i ch k inet ics is su i tab le fo r a g iven sys tem, there are cer ta in gu ide l ines . 
For instance, a c co rd ing to C le land c lass i f i ca t ion (Cle land, 1963) , enzymat i c reac t ions cou ld be 
d i s t i ngu i shed in four degrees : 1) s imp le one w i t h a m i n i m u m n u m b e r of parameters (usual ly 
mass ac t i on law), e.g., for desc r i p t i on of bas ic reac t ions such as i somer i za t i on or dehydra t i on ; 
we use th is approach a lso for more c o m p l e x react ions in t h e cases of unavai labi l i ty of su i tab le 
expe r imenta l da ta ; 2) more c o m p l e x reac t ions w i th regulatory mechan i sms , e.g., post-
t rans la t iona l mod i f i c a t i ons , bu t w i t h o u t a l loster ic p roper t i es , c o m m o n approach e m p l o y e d 
here is M ichae l i s-Menten k inet ics , 3) a l loster ic regu la t ion and role of e f fectors - typica l ly 
used fo r enzymes w i th subun i t s (o l igomer ic s t ructure ) , whe re the dynamics of t he reac t ion is 
f o l l ow ing s igmo ida l pa t te rn and thus Michae l i s-Menten k inet ics shou ld be rep laced by o ther 
concep ts , e.g., by M o n o d - W y m a n - C h a n g e u x equa t i on ( M o n o d , et al., 1965) , 4) enzymat i c 
react ion cata lysed by e n z y m e occur r ing in d i f ferent s ta tes , e.g., pH dependency , requi r ing 
mu l t ip le equa t i ons . 

In add i t i on , all k inet ic m o d e l s e m p l o y k inet ic parameters , wh i ch cou ld be ob t a i ned 
exper imenta l ly , usual ly f rom in vitro expe r imen t s , or cou ld be e s t ima ted based on mul t i-omics 
da ta . However, desp i t e t he s imp le or c o m p l e x desc r ip t i on of t he s ys t em, t h e f inal m o d e l 
is a lways a s imp l i f i ca t ion of t he real s ys tem, neg lec t i ng s o m e or many fea tures . C o m m o n 
issues w i t h k inet ic m o d e l s in b iochemis t r y are neg lec ted pa thways , a s s u m e d c o n s t a n t levels 
of cer ta in me tabo l i t e s , o ve r l ooked c o m p a r t m e n t s , d e p e n d e n c i e s of parameters on phys ica l 
p roper t i es (pH, t empera tu re , ...), s yn thes i s /deg rada t i on of enzymes , level(s) of regu la t ion 
(s ignal l ing pa thways , a l loster ic regu la t ion , ...) and many more . 

If w e k n o w all t h e se issues, t h e q u e s t i o n ar ises why d o n ' t w e make a "pe r f ec t " k inet ic m o d e l , 
cons ide r ing every th ing k n o w n acco rd ing to the s ta te of art. The reasons are usual ly t w o : 1) 
lack of expe r imenta l da ta for all s y s tem parameters due to l abour and f inancia l cons t ra in ts 
and 2) cons ide r i ng all fea tures of t he s tud i ed s y s t em w o u l d dramat ica l ly increase t h e n u m b e r 
of parameters n e e d e d in t h e m o d e l , wh i ch m i g h t decrease t h e accuracy and t ime ly manne r 
of p rov id ing t h e resul ts . Thus, w e m u s t make a c o m p r o m i s e and accep t s o m e s impl i f i ca t ions 
and make specu la t i ons , wh i ch s h o u l d have only min ima l impac t on t h e p h e n o m e n o n w e are 
s tudy ing . 

S ince my ta rget o rgan i sm is m o d e l c yanobac te r ium Synechocystis PCC 6 8 0 3 , I wi l l briefly 
d i scuss its fea tures re levant for m o d e l in tegra t ion . Synechocystis is p r e s u m e d to have all 
four k n o w n glyco lyt ic pa thways ex is t in nature : Embden-Meyerhof-Parnas pa thway (EMP-P), 
ox idat i ve p e n t o s e p h o s p h a t e pa thway (OPP-P), p h o s p h o k e t o l a s e pa thway (PKET-P) and 
Entner-Doudorof f pa thway (ED-P). The eff ic ient e n z y m e regu la t ion f o u n d w i th in the centra l 
ca rbon m e t a b o l i s m of Synechocystis p rov ides it w i t h rapid a d a p t a t i o n capabi l i t ies , wh i ch 
helps to survive unde r m o s t g r o w t h cond i t i ons . S ince the w h o l e g e n o m e sequenc i ng of 
Synechocystis (Kaneko et al., 1996) , mu l t ip l e e n z y m e s and i s o e n z y m e s have been pred i c ted 
w i th c o m p l e x func t iona l i t i e s . It is a l ready e s t ab l i shed tha t i s o e n z y m e s prov ide s igni f icant 
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pro tec t i on aga ins t env i ronmenta l s t ress . However, t h e ex ten t of e n z y m e func t i ons and the i r 
regulatory roles are yet t o be ful ly u n d e r s t o o d . Recent s tud ies s h o w e d tha t Synechocystis 
can survive w i t h o u t any s ign i f i cant g r o w t h loss if b o t h p h o s p h o f r u c t o k i n a s e i s oenzymes are 
s i lenced ( M a k o w k a et al., 2 0 2 0 ) . Even s i l enc ing a w h o l e g lyco ly t ic pathway, e.g. l ower E M P / 
ED pathway, does no t af fect t h e g r o w t h behav iour of Synechocystis s igni f icant ly (Chen et 
al., 2 0 1 6 ; M a k o w k a et al., 2 0 2 0 ) . The a ims of t h e current s tudy are to pred ic t i) t h e spec i f ic 
roles of i s o e n z y m e s under d i f ferent cond i t i ons , ii) t h e poss ib l e c o n n e c t i o n b e t w e e n g lyco lyt ic 
pa thway regu la t ion in t h e presence of d i f ferent ca rbon sources (organic vs inorganic ) . 

The init ial s tep of i s ozyme analys is is t o ident i fy t h e d i s t r i bu t i on of e n z y m e / i s o e n z y m e 
a m o n g t h e genera , f o l l o w e d by check ing if t he e n z y m e sequence is t ho rough l y conse r ved or 
p o s s e s s e s s ign i f i cant he te rogene i t y a m o n g spec ies to spec ies of cyanobac te r i a . The raw data 
sets are d o w n l o a d e d f rom Un ipro t (h t tps ://www.un iprot .org ) , KEGG (h t tps : / /www.genome . 
jp/kegg/) and NCBI (h t tps ://www.ncb i .n lm.n ih .gov/ ) . If t h e s ta tus of a po ten t i a l e n z y m e is 
con f i rmed , t he omics da ta is acqu i red e i ther f rom di f ferent research art ic les as wel l as f r om 
di f ferent da tabases ex. For a m i n o ac id and e n z y m e act iv i t ies con f i rma t i on : BRENDA enzyme 
da tabase (h t tps ://www.brenda-enzymes .org/ ) , Un iprot , NCBI, for gene expres ion data : 
or ig inia l research art ic les and Cyanoexpress (h t tp ://cyanoexpress .sysb io lab .eu/ ) da tabases 
are referred. The curated da ta is later i nco rpora ted into t he s imb io l ogy m o d e l (Fig. 4.1.) for 
fu r ther analys is . 

Model Sess ion - initial 
I A model K R W I e«iww a Sfn&otogy model, model vvbbto setww, the IB H B tnot YOU execute on trie model, ond tlx dsa ofctwwd fiom execvmg uw lav s 

Model Owiview [YtewOwrami p/wwHoddPetnlnl 

1 I * J » Count | 

Cos. p At c b*ti£ i -
S p * c i * i ( t o t a l ) SO 

S c r o l l * S p e c i * * 51 

* >( t « r h * l $p * c i * v 3 

b i c t i w i I I 

220 M o d * l , 1 K i n t t l c L A V 

f . l l i 11 4fl 

0 

Figure 4.1. Components of the model in the Simbiology toolbox under the Matlab platform for 
simulations. Stroma species consist of metabolites. External species: source of external carbon (ex. C02, 
glucose/fructose). 

However, t h e o p t i o n s of Ul on S imb io logy does no t a l low c o m p l e x analyses, such as cover ing 
var ious g rowth cond i t i ons or s i ng l e /doub l e e n z y m e mu tan t s in si l ico expe r imen t s In order 
to pred ic t t h e mechan i sm(s ) t ha t is p rov id ing t h e obse r ved p ro tec t i on aga ins t g rowth loss 
in Synechocystis, it was necessary t o wr i te scr ip ts in p r o g r a m m i n g language of Ma t l ab ; an 
examp le is s h o w n on Fig 4.2. 
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General discussion 

%% M U T A N T S 
i f cc==2 % %ED-P o f f 

X = sbioselect(model,'Name*,'V_EDglyc'); set (X,'Value',0); 
X = sbioselect(model,'Name','V_Sink_GtP'); 
Y = get (X,'Value'); s et {X,'Value',Y*l.05); 

end 

i f cc==3 %ED-P o f f + GND PTM t e s t 
X = s b i o s e l e c t ( m o d e l , 'Name', 'V_EDglyc'); set (X,'Value',0); 
X = sbioselect(model,'Name','V_Sink_G6P'); 
Y = get (X, 'Value'); s et {X, 'Value*,Y*l.05); 
X = sbioselect(model,'Name','V P P P 2 ' ) ; 

Y = get (X,'Value'); set (X,'Value',Y*2); 
end 

i f cc==4 %GND (OPP2) o f f 
X = sbioselect(model,'Name','V_PPP2'); set (X,'Value',0); 

X = sbioselect(model,'Name','VPPPl'); 
Y = get (X, 'Value'); set (X,'Value',Y*0 . 1 ) ; 
X = sb i o s e l e c t ( m o d e l , 1 Name','V_EDglyc 1); 
Y = get (X, 'Value'); set (X, 'Value',Y*0.01); 
X = sbioselect{model,'Name','V_Sink_Ri5P'); 
Y = get {X, 'Value'); set (X, 'Value',Y*0.11); 
X = sbioselect(model,'Name','V_Sink_G6P'); 
Y = get (X, ' V a l u e 1 ) ; s et ( X , ' V a l u e Y * 0 . 0 3 5 ) ; 

Figure 4.2. An example of code employed for the simulations analysing the isozymes functionalities in 
Simbiology Matlab. This part of code shows the inner portion of FOR loop cycle running on index cc. This 
index decides which mutant is currently run in the simulation, i.e., if cc = 7, only the wild-type simulation 
is executed, if cc = 7 and 2, the wild-type and mutant 7 (deactivated Entner-Doudoroff pathway) scenarios 
are simulated. That way, we can compare the results of wild type and various mutations altogether. 

4.2. General information about the model 

The s c o p e of the m o d e l of Synechocystis inc ludes t h e f o l l o w i n g par ts of centra l ca rbon 
m e t a b o l i s m : Calv in-Benson-Bassham cycle, pho to resp i r a t i on , all g lyco ly t ic pa thways (Embden-
Meyerhof-Parnas pathway, Entner-Doudorof f pathway, p h o s p h o k e t o l a s e pa thway and ox idat i ve 
p e n t o s e p h o s p h a t e pathway ) w i th s impl i f i ed ca rbohydra te and b i o m a s s syn thes i s (we igh ted 
s u m of s ink reac t ions ) . These me tabo l i c reac t ions were coup l ed w i t h s imp l i f i ed l ight react ions , 
inorganic ca rbon (Ci) and g lucose up take as the pr imary input parameters . The current m o d e l 
cons i s t s of 6 0 react ions , 4 9 me tabo l i t e s and 199 k inet ic parameters . The enzymat i c react ions 
were desc r i bed by Michae l i s-Menten k inet ics w i th an excep t i on for t h e l ight react ions , Ci 
and g lu cose up take (mass ac t i on k inet ics ) . The l ist of all parameters w i th in t he m o d e l for 
au to t roph i c cond i t i ons is s h o w n on Table 4 .1 . and t h e l ist o f init ial concen t r a t i ons is s h o w n 
on Table 4.2. 
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Table 4. 7. List of kinetic parameters employed for model of central carbon metabolism for Synechocystis 
PCC 6803 under autotrophic conditions. The parameters were fitted on fluxomics data from (Hing et 
al., 2019). The full extent of data could be found in Bachhar and Jablonsky (2020). (Abbreviations: 
3PGA - 3-phosphoglycerate, BPGA - bisphosphoglycerate, GAP - glyceraldehyde 3-phosphate, DHAP -
dihydroxyacetone phosphate, E4P - erythrose 4-phosphate, Xu5P - xylulose 5-phosphate, Ri5P - ribose 
5-phosphate, Ru5P - ribulose 5-phosphate, RuBP - ribulose bisphosphate, G6P - glucose 6-phosphate, 
F6P - fructose 6-phosphate, FBP - fructose 1,6-bisphosphate, S7P- sedoheptulose 7-phosphate, SBP -
sedoheptulose-1,7-bisphosphate, Pi - inorganic phosphate, 2PG - 2-phosphoglycolate, GCA - glycolate, 
GOA - glyoxylate, GLY - glycine, SER - serine, HPR - hydroxypyruvate, 2PGA - 2-phospohoglycerate, 
PEP - phosphoenolpyruvate, KDPG - 2-keto3-deoxygluconate-6-phosphate. M - Mol • litr- 7; kf - reaction 
rate constant; V - maximum velocity, KM - Michaelis-Menten constant; KE - equilibrium constant; Kl -
inhibition constant) 

*(Rest of the parameters with K as initials are Michaelis-Menten constant) 

reaction (mass action law kinetics) k f HC-auto k f AC-auto units 
A D P + Pi -» ATP 0.16 0.25 
NADPp -» NADPH 0.58 0.21 

e x t C 0 2 -» C 0 2 1.9 0.141 

reaction (Michaelis-Menten kinetics) Parameter name Parameter value units 

RuBP + C 0 2 -» 2*3PGA VI 0.952 m M • s 1 

RuB isCO K M 1 2 0.22 m M 

K i l l 0 .84 m M 

KI14 0.9 m M 

K M 1 3 0.02 m M 

KM11 0 .0115 m M 

KI13 0 .075 m M 

KI15 0 .07 m M 

KI12 0 .04 m M 

3PGA + ATP -» BPGA + ADP V2 1.724 m M - s 1 

phosphog l y ce ra t e k inase K M 2 _ B P G A 0 .107 

KE2 0 . 0 0 6 1 6 a 
K M 2 _ A T P 1.99 m M 

K M 2 _ P G A 1.21 m M 

K M 2 _ A D P 0.24 m M 

BPGA + NADPH <-»GAP + NADPp + Pi V3 0.423 m M - s 1 

glycera ldehyde 3-phosphate 
dehyd rogenase K M 3 2 0.1 m M 

KM31 0 . 0 0 4 m M 

GAP <-»DHAP V4 0.0784 mM -s"1 

t r iose p h o s p h a t e i somerase KE4 0 .598 • 
K M 4 _ G A P 0.37 m M 

GAP + DHAP <-»FBP V5 2.69 mM • s"1 

a ldo lase 1 KE5 

K M 5 _ 8 _ D H A P 

K M 5 _ 8 _ E 4 P 

K M 5 8 GAP 

0.12 

0.57 

1.79 

m M 

m M 

m M 
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GAP + DHAP <-»FBP 
a ldo lase 2 

a ldo lase 2 

K M 5 _ 8 _ S B P 
K M 5 _ 8 _ F B P 

V5b 
K M 5 _ 8 b _ S B P 
K M 5 _ 8 b _ G A P 
K M 5 _ 8 b _ F B P 
K M 5 _ 8 b _ E 4 P 

K M 5 _ 8 b _ D H A P 
KE5 

FBP -» F6P + Pi V6 1.72 mM -s 1 

f ruc tose-1 ,6-b isphosphatase KM61 m M 
KI61 m M 
KI62 m M 

F6P + GAP <-»E4P + Xu5P V7 1.75 mM -s"1 

t r anske to l ase KE7 0 .509 
K M 7 _ 1 0 _ R i 5 P 0.53 
K M 7 _ 1 0 _ S 7 P 2 m M 
K M 7 _ 1 0 _ F 6 P 1.23 m M 
K M 7 _ 1 0 _ E 4 P 1.36 m M 
K M 7 _ 1 0 _ G A P 1.05 m M 

K M 7 _ 1 0 _ X u 5 P 0 .068 m M 
DHAP + E4P <-»SBP V8 2.36 m M s 1 

a ldo lase 1 KE8 1.75 • 
K M 5 _ 8 _ D H A P 0.12 m M 
K M 5 _ 8 _ E 4 P 0.57 m M 
K M 5 _ 8 _ G A P 1.79 m M 
K M 5 _ 8 _ S B P 2.03 m M 
K M 5 8 FBP 1.38 m M 

DHAP + E4P <-»SBP V8b 0.972 m M s 1 

K M 5 _ 8 b _ S B P 
K M 5 _ 8 b _ G A P 
K M 5 _ 8 b _ F B P 
K M 5 _ 8 b _ E 4 P 

K M 5 _ 8 b _ D H A P 
KE8 

SBP -» S7P + Pi V9 1.81 mM -s"1 

sedoheptu lose-1 ,7 b i s p h o s p h a t a s e K M 9 _ F B P m M 
K M 9 _ S B P 0.11 m M 

S7P + GAP <-»Ri5P + Xu5P V10 0.55 m M s 1 

t r anske to l ase KE10 0 .576 • 
K M 7 _ 1 0 _ R i 5 P 0.53 m M 
K M 7 _ 1 0 _ S 7 P 2 m M 
K M 7 _ 1 0 _ F 6 P 1.23 m M 
K M 7 _ 1 0 _ E 4 P 1.36 m M 
K M 7 _ 1 0 _ G A P 1.05 m M 

K M 7 _ 1 0 _ X u 5 P 0 .068 m M 
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Ri5P <-»Ru5P VI I 0.96 mM -s"1 

p h o s p h o p e n t o s e i somerase KE11 2.4 [] 
K M 1 1 _ R i 5 P 0.1 m M 

K M 1 1 _ R u 5 P 

Xu5P<-»Ru5P V12 0.469 m M s 1 

p h o s p h o p e n t o s e ep imerase KE12 0 .477 

K M 1 2 _ R u 5 P 0 .439 m M 

K M 1 2 _ X u 5 P 0.6 m M 

Ru5P + ATP -» RuBP + ADP V13 0.425 m M s 1 

p h o s p h o r i b u l o k i n a s e K M 1 3 2 0 .05 

KM131 0 .05 m M 

KI135 0.4 m M 

KM 34 2.5 m M 

KI133 4 m M 

KI132 0.7 m M 

KI131 2 m M 

F6P -» FBP V_PFK 1.91 mM • s"1 

p h o s p h o f r u c t o k i n a s e 1 K M _ F 6 P _ P F K 11.84 m M 

K M _ A T P _ P F K 15.87 m M 

F6P -» FBP V_PFK_beta 0.196 mM • s"1 

p h o s p h o f r u c t o k i n a s e 2 K M _ A T P _ P F K _ b e t a 9.38 m M 

K M _ F 6 P _ P F K _ b e t a 6.43 m M 

GAP + NADPp + Pi <-»BPGA + NADPH Vgap_dehyd 1.077 m M s 1 

glycera ldehyde 3-phosphate 
dehyd rogenase Kpga 0 .357 -

Knadpp 2 m M 

Knadph 0 .927 m M 

Kgap 1 m M 

3PGA <-»2PGA Vf_PGM_alpha 0.268 mM • s"1 

phosphog l y ce ra t e m u t a s e 1 K m s _ P G M _ a l p h a 0 .189 

K m p _ P G M _ a l p h a 0 .74 

K e q _ P G M 0.71 [] 
3PGA <-»2PGA Vf_PGM_beta 0.55 mM -s"1 

phosphog l y ce ra t e m u t a s e 2 K m s _ P G M _ b e t a 0 .277 m M 

K m p _ P G M _ b e t a 0 .05 m M 

K e q _ P G M 

3PGA <-»2PGA Vf_PGM_gama 0.0115 mM • s"1 

phosphog l y ce ra t e m u t a s e 3 K m s _ P G M _ g a m a 2.58 m M 

K m p _ P G M _ g a m a 0.6 m M 

K e q _ P G M 0.71 • 
2PGA<-»PEP Vf_enol 0.826 m M s 1 

eno lase K e q _ e n o l 

K m s _ e n o l 

0 .866 

0 .525 m M 

K m p _ e n o l 0 .279 m M 
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RuBP + 02 2PG + 3PGA V_PP1 0.048 m M - s 1 

RuB isCO K M 1 2 0.22 m M 

K i n 0.84 m M 

KI14 0.9 m M 

K M 1 3 0.02 m M 

KM11 0 .0115 m M 

KI13 0 .075 m M 

KI15 0 .07 m M 

KI12 0 .04 m M 

2PG -» GCA V_PP2a 0.000588 m M - s 1 

phosphog l y co l a t e p h o s p h a t a s e 1 K m 1 1 2 a 3 m M 

KIT 122 2.55 m M 

9 4 m M 

2PG -» GCA V_PP2b 0.00039 mM • s"1 

phosphog l y co l a t e p h o s p h a t a s e 2 K m 1 1 2 b 0.1 m M 

KIT 122 2.55 m M 
K i i i 2 i 9 4 m M 

2PG -» GCA V PP2c 0.001 mM -s 1 

phosphog l y co l a t e p h o s p h a t a s e 3 

GCA -» GOA 

glyco la te ox idase 

GOA + SER <-»HPR + GLY 

ser ineg lyoxy la te t r ansaminase 

glycerate k inase 

2*GLY -» SER V_PP5 0.002 m M - s 1 

ser ine hydroxymethy l t rans fe rase K1 ( local parameter ) 6 m M 
HPR •* GCEA V_PP6 0.004 mM-s' 1 

hydroxy pyruvate reductase KI123 12 m M 

KE123 2 5 0 0 0 0 D 
Km1231 0 .09 m M 

GCEA + ATP -» 2PGA + ADP V_PP7 0.013 m M - s 1 

GOA -» OXA V_ 0XA1 0.096 mM • s"1 

glyoxy late ox idase K_ 0 X A 1 2 m M 

GOA -» TSA V. .TSA1 0.01 m M - s 1 

K _TSA1 0.1 m M 
TSA -» GCEA V. .TSA3 0.1 mM -s"1 

t a r t rona te semia ldehyde reduc tase K. _TSA3 
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3PGA -» SER 
s impl i f i ed p h o s p h o s e r i n e t r ansaminase 
GOA<-»GLY 
glyc ine t r ansaminase 
F6P<-»G6P 

G6P -» P6G 
glucose-6-phosphate dehyd rogenase 

P6G + NADPp •* Ru5P + NADPH 
p h o s p h o g l u c o n a t e dehyd rogenase 

P6G -» KDPG 
6-phosphog lucona te dehydra tase 

V_synth_SER 
K_syn th_SER 
V_GLY_syn 

K _ G O A 
V_SS1 
KE_SS1 

K M _ F 6 P _ S S 1 
K M _ G 6 P _ S S 1 

V_PP1 
K m p _ P P 1 
K m s _ P P 1 
V_PP2 

K m s _ p 6 g _ p p p 2 
K m s _ n a d p p _ p p p 2 

V_PKET1a 
K M _ P K E T 1 a _ X u 5 P 
K M _ P K E T 1 a _ G A P 
K M _ P K E T 1 a _ F 6 P 
K M _ P K E T 1 a _ E 4 P 

K M _ P K E T 1 a _ A c e P 
Keq_PKETa 
V_PKET1b 

K M _ P K E T 1 b _ E 4 P 
K M _ P K E T 1 b _ F 6 P 
K M _ P K E T 1 b _ G A P 

K M _ P K E T 1 b _ X u 5 P 
KM_PKET1 b_AceP 

Keq_PKETb 
V_PKET2a 

K M _ P K E T 2 a _ X u 5 P 
K M _ P K E T 2 a _ G A P 
K M _ P K E T 2 a _ F 6 P 
K M _ P K E T 2 a _ E 4 P 

K M _ P K E T 2 a _ A c e P 
Keq_PKETa 
V_PKET2b 

K M _ P K E T 2 b _ X u 5 P 
K M _ P K E T 2 b _ G A P 
K M _ P K E T 2 b _ F 6 P 
K M _ P K E T 2 b _ E 4 P 

K M _ P K E T 2 b _ A c e P 
Keq_PKETb 

V_edd 
K m _ e d d _ P 6 G 

Kl KDPG 

0.00024 
2 

0.1 

0.62 

m M s 1 

m M 
m M s 1 

m M 

m M s 1 

[] 

KDPG <-»GAP + PYR 
keto3-deoxygluconate-6-phosphate aldolase 

V_eda 
Km eda KDPG 

0.1 
1 

m M s 1 

m M 
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General discussion 

The me tabo l i c m o d e l was cons t ra ined in several s teps . The or ig ina l m o d e l of Synechocystis 
( Jablonsky et al., 2 0 1 6 ) was w i t h o u t PKET pa thway and ED-P. Af ter ver i f i cat ion of i nco rpora t i on 
of t he se t w o pathways , t h e m o d e l was f i t ted based on avai lable f l uxomic da ta f r om cells 
g rown au to t roph ica l l y at h igh C 0 2 . Then, t r ansc r ip tomic da ta was app l i ed as we igh t factors 
for each e s t ima ted Vmax . The m o d e l was s imu la t ed t o sh i f t f rom h ight C 0 2 t o a m b i e n t C 0 2 

auto t roph ic , f o l l owed by a m b i e n t C 0 2 m ixo t roph i c cond i t i ons . The goa l is t o ident i fy a s ingle 
set o f k inet ic parameters wh i ch cou ld exp la in/f i t all t he g rowth cond i t i ons . However, t he 
current set of parameters can only desc r ibe au to t roph i c g r o w t h cond i t i ons ( amb ien t and 
high C 0 2 ) . For ver i f i cat ion of da ta f rom m ixo t roph i c g r o w t h cond i t i ons , f l uxomic da ta for 
m ixo t rophy were used . 

Table 4.2. Initial concentrations of the metabolites within the model of Synechocystis for hight C02 
autotrophic conditions. 3PGA - 3-phosphoglycerate, BPGA - bisphosphogly cerate, GAP - glyceraldehyde 
3-phosphate, DHAP - dihydroxyacetone phosphate, E4P - erythrose 4-phosphate, Xu5P - xylulose 
5-phosphate, Ri5P - ribose 5-phosphate, Ru5P - ribulose 5-phosphate, RuBP - ribulose bisphosphate, 
G6P - glucose 6-phosphate, F6P - fructose 6-phosphate, FBP - fructose 1,6-bisphosphate, S7P-
sedoheptulose 7-phosphate, SBP - sedoheptulose-1,7-bisphosphate, Pi - inorganic phosphate, 2PG -
2-phosphoglycolate, GCA -glycolate, GOA - glyoxylate, GLY - glycine, SER - serine, HPR - hydroxypyruvate, 
2PGA - 2-phospohoglycerate, PEP - phosphoenolpyruvate, KDPG - 2-keto3-deoxygluconate-6-phosphate. 
(M: Mol/liter) 

Initial concentration Initial concentration 

mM mM 

3 PGA 2.310 Pi ( constant ) 5 .000 

BPGA 0 .003 2PG 0 .640 

GAP 0 .930 GCA 0 .019 

DHAP 0 .108 G O A 0 . 0 0 4 

E4P 0 .026 GLY 0 .830 

X u 5 P 0 .160 SER 0 .360 

Ri5P 0 .022 HPR 0 .003 

Ru5P 0 .046 2 PGA 1.530 

RuBP 0 .033 PEP 1.260 

G6P 0 .102 KDPG 0 . 0 0 0 

F6P 0 .130 NADPH 0 .196 

FBP 0 .320 NADP+ 0 .220 

S7P 0 .840 A D P 0 .270 

SBP 0.001 ATP 1.150 

A s ign i f i cant benef i t of us ing a b iochemica l /k ine t i c mode l-based approach is its p red i c t ion 
powe r wh i ch ex tends f r om ident i f y ing a po ten t i a l inh ib i tory me tabo l i c regu la t ion (Bachhar 
and Jablonsky, 2 0 2 0 ) t o ca lcu la t ing ex t r eme l ow flux (Bachhar and Jablonsky, 2 0 2 2 ) via 
a me t abo l i c pa thway tha t c anno t be ca lcu la ted w i th f luxomic-based expe r imen t s (Schulze et 
al., 2 0 2 2 ) or even to create and analyse d i f ferent g rowth scenar ios wh i ch is dif f icult to ach ieve 
w i th expe r imen t s . However, due to t h e unavai labi l i ty o f pre l iminary mul t i-omics da ta for all 
enzymes , t h e k inet ic mode l-based approaches are s o m e t i m e s f o u n d to be dif f icult t o create. 
Thus, an in tegra ted expe r imen t-mode l based approach cou ld easi ly o ve r come these issues 
and shou ld be a fu tu re s tandard . 
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4.3. Conclusion 

My doc to ra l research p rogram has g iven m e an o p p o r t u n i t y to s tudy t h e me tabo l i c prof i les 
and regu la t ions w i th in t h e m o d e l c yanobac te r ium Synechocystis PCC 6 8 0 3 f rom var ious 
perspec t i ves and g r o w t h cond i t i ons . I have ana lysed all four k n o w n glyco lyt ic pa thways in 
Synechocystis, name ly the f lux red i s t r ibu t ion for g lyco lyt ic m u t a n t s as we l l as for w i ld t ype 
under chang ing env i ronment . In part icular, I have f o c u s e d on neg lec ted p h o s p h o k e t o l a s e 
g lyco lyt ic pa thway and role of i s o e n z y m e s w i th in (Bachhar and Jablonsky, 2 0 2 0 ) . The f lux 
via PKET-P cou ld be above 2 5 0 % of the f lux via EMP glycolys is under au to t roph i c a m b i e n t 
C 0 2 cond i t i ons , w e p red i c ted tha t role of PKET-P unde r o the r g rowth cond i t i ons is rather 
negl ig ib le . In t h e case of PKET 1, w e e s t ima ted 1 7 % f lux r educ t ion via RuB i sCO for Apketl 
under a m b i e n t C 0 2 au to t roph i c cond i t i ons . In add i t i on , w e have p rov ided da ta s u p p o r t i n g the 
ex i s tence of puta t i ve PKET 2 i sozyme and s imu la t ed 1 1 . 2 - 1 4 . 3 % g rowth decrease for Apket2 
in t u rbu l en t env i ronment . 

Finally, t h e major impac t of my w o r k on research of cyanobac te r i a are our conc lus ions re lated 
to t h e Entner-Doudorof f pathway, its regu la t ion and enzymat i c mu l t i func t iona l i t i e s (Bachhar 
and Jablonsky, 2 0 2 2 ) . These resul ts have a po ten t i a l t o reshape our unde r s t and ing a b o u t 
ED-P and role of its e n z y m e in Synechocystis. The current b io in fo rma t i c analys is ind i ca ted 
a s ign i f icant rarity of ED-P d i s t r i bu t i on a m o n g cyanobac te r i a . W e a lso p rov ided a poss ib l e 
exp l ana t i on beh ind s ign i f i cant impac t of ED-P m u t a n t s of Synechocystis, e s t ima ted t h e f lux 
via ED-P, and ana lysed the impac t of s ingle and doub le-pathway g lyco lyt ic m u t a n t s and the i r 
impac t on me tabo l i c p las t ic i ty in Synechocystis. 

The current i ssue w i t h t h e expe r imenta l s tud ies is t o be ab le ( t ime, money, da ta reproducib i l i ty , 
man-power. . . ) to create a se t of da ta t ha t cons ide rs all t he me tabo l i c in te rac t ions and enzyme 
mul t i- funct iona l i t ies , f o l l o w e d by p rocess ing the da tase t s genera ted f rom t h e s e expe r imen ts . 
W i t h t h e aid of t he b iochemica l k inet ic m o d e l , t h e s e issues cou ld be part ia l ly answe red in 
fo rm of fas ter da ta in tegra t ions and pred i c t ions for ana lysed scenar ios . However, t h e ma in 
cons t ra in t w i th mode l-based s tud ies is t he avai labi l i ty of da ta t ha t cou ld be i nco rpora ted 
into the m o d e l . This i ssue of da ta cou ld be f ixed by des ign ing the pre l iminary expe r imen t s 
based on the m o d e l da ta requ i rement . It cou ld be h o p e d t h a t w i th fu ture exper iment-mode l-
based in tegra ted s tud ies , t he i ssues w i th b o t h m o d e l and expe r imen t s cou ld be s igni f icant ly 
m in im ized . 
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English summary 

Role of isoenzymes in metabolic regulation of cyanobacteria 

Anushree Bochhor 

M o d e l c yanobac te r ium Synechocystis PCC 6 8 0 3 is one of t h e m o s t s t ud i ed spec ies of 
cyanobacte r ia , hav ing a s ign i f i cant impac t in b io techno logy , wh i ch expla ins why it is a lso 
k n o w n as "green E. coli". Exper imenta l s tud ies cou ld prov ide in vitro charac te r iza t ion of 
i sozymes bu t c anno t prov ide accurate i n fo rma t ion a b o u t a par t icu lar i s ozyme desp i t e the 
s ing le/mu l t ip l e m u t a n t s tud ies . The reasons be h in d th is i ssues are: i) s ing le knock-out is l ikely 
to be c o m p e n s a t e d by rema in ing i sozyme(s ) , ii) deac t i va t ion of all i s ozymes does no t c o u n t 
for u n k n o w n mul t i func t iona l i t i e s or red i rec t ion towards a l ternat ive pa thways and me tabo l i c 
p last ic i ty of Synechocystis. I a imed to dec ipher s o m e of t h e regu la tory m e c h a n i s m s w i th in the 
m e t a b o l i s m of Synechocystis w i th t h e aid of k inet ic m o d e l , in tegra t ing f luxomic , me tabo l i c 
and t r ansc r ip tomic da ta f r om l i terature. 

In t h e f irst half of my PhD research, I have f o c u s e d on the impac t of t h e mos t l y ignored 
g lyco lyt ic p h o s p h o k e t o l a s e pa thway (PKET-P). In part icular, w e have s h o w n tha t ca rbon 
flux via PKET-P cou ld be above 2 5 0 % of t h e f lux via Embden-Meyerhof-Parnas glycolys is 
under au to t roph i c cond i t i ons a m b i e n t C 0 2 , t hus p lay ing a crucial role by m i t i ga t i ng the 
deca rboxy l a t i on , i.e., c a rbon loss, occur r ing in o ther g lyco lyt ic pa thways . W e p red i c ted tha t 
role of PKET-P under o the r l ight cond i t i ons is rather neg l ig ib le . In add i t i on , w e s u p p o r t e d the 
ex i s tence of puta t i ve PKET 2 i sozyme and quant i f i ed t h e f o l l o w i n g resul ts under au to t roph i c 
cond i t i ons a m b i e n t C 0 2 : 1) 1 7 % f lux r educ t ion via RuB i sCO for Apketl and 2) 1 1 . 2 - 1 4 . 3 % 
g rowth decrease for Apket2 in t u rbu l en t env i ronment . 

In the s e c o n d half of my research work , I have f o c u s e d on t h e recent ly con f i rmed g lyco lyt ic 
route in Synechocystis, t h e Entner-Doudorof f pa thway (ED-P). ED-P was prev ious ly c o n c l u d e d 
to be a very c o m m o n (~92%) pa thway a m o n g cyanobacte r ia , bu t my b io in fo rmat i c analys is 
dec lass i f ied its occur rence to be b e l o w 5 0 % a m o n g cyanobac te r i a (as per current anno ta t i on ) . 
Interestingly, w e have a lso ident i f i ed p laus ib le i sozymes w i th in ED-P for s o m e cyanobacte r ia . 
In t h e case of Synechocystis, w e prov ided t h e f irst e s t i m a t i o n of f lux via ED-P based on the 
g rowth impa i rmen t da ta wh i ch canno t be current ly de tec t ed by 13C labe l l ing expe r imen t s 
due to current de t e c t i on l imi ts of mass-spect rometry . Never the less , w e have ident i f i ed t o o 
many uncer ta in t i es ( enzyme mu l t i func t iona l i t i e s and ident i t y issues) t ha t it b e c o m e dif f icult 
t o anno t a t e or pred ic t t he ex ten t of poss ib l e me tabo l i c and regulatory func t i ons of ED-P in 
Synechocystis. 

Currently, I a m s tudy ing t h e roles of r ibose p h o s p h a t e i somerase i sozymes in Synechocystis. 
Finally, w e p lan to ex tend the m o d e l t owa rds TCA cycle f o l l owed by am ino ac id m e t a b o l i s m , 
but th is w o r k wi l l be a lready ou t s i de of my doc to ra l research. 
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Czech summary 

Czech summary 

Úloha izoenzymů v regulaci metabolismu sinic 

Anushree Bachhar 

Modelová s in ice Synechocystis PCC 6 8 0 3 je jedním z nejstudovanějších druhů sinic, která 
má významný vliv na b io techno log i e , což vysvětluje, proč je také známá jako „zelená E. coli". 
Experimentální s tud ie by moh l y p o s k y t n o u t in v i tro charakter izac i isoenzymů, ale n e m o h o u 
p o s k y t n o u t přesné in fo rmace o konkrétním izoenzymů, a to navzdory studiím s jedním či více 
mutanty . Důvody, které stojí za těmito problémy, j sou : i) jediný „knock-out" je pravděpodobně 
kompenzován zbývajícím i z o e n z y m e m ( izoenzymy) , ii) deakt i vace všech izoenzymů nepočítá 
s neznámou multifunkčností nebo přesměrováním na alternativní dráhy a m e t a b o l i c k o u 
p las t i c i tou Synechocystis. Mým cílem bylo rozluštit některé regulační mechan i smy v rámci 
m e t a b o l i s m u Synechocystis pomocí kinetického m o d e l u , integrujícího fluxomické, metabolické 
a transkriptomické údaje z l iteratury. 

V první polovině svého doktorského výzkumu j sem se zaměřila na vliv většinou opomíjené 
glykolytické fosfoketolázové dráhy (PKET-P). Zejména j sme ukázali, že tok uhlíku přes PKET-P 
může být vyšší než 2 5 0 % t o k u přes Embden-Meyerhof-Parnasovu glykolýzu za autotrofních 
podmínek a běžné úrovně C 0 2 , a hrát tak klíčovou roli t ím, že zmírňuje dekarboxy lac i , t j . ztráty 
uhlíku, ke kterým dochází v ostatních glykolytických drahách. Předpověděli j sme, že role PKET-P 
za jiných světelných podmínek je spíše zanedbatelná. Kromě t o h o j sme podpořili ex is tenc i 
předpokládaného izoenzymů PKET 2 a kvant i f ikoval i následující výsledky za autotrofních 
podmínek a běžné úrovně C 0 2 : 1) 1 7 % snížení t o k u prostřednictvím RuB i sCO pro Apketl a 2) 
1 1 , 2 - 1 4 , 3 % snížení růstu pro Apket2 v turbulentním prostředí. 

V druhé polovině své výzkumné práce j s em se zaměřila na nedávno p o t v r z e n o u g l yko ly t i ckou 
dráhu u Synechocystis, En tner-Doudorof fovu dráhu (ED-P). ED-P byla dříve považována 
za ve lmi běžnou ( ~ 9 2 % ) dráhu mez i s in i cemi , ale moje bioinformatická analýza dek lasova la 
její výskyt mez i s in icemi na méně než 5 0 % (pod le současné anotace ) . Zajímavé je, že j sme 
také ident i f ikova l i pravděpodobné i z o e n z y m y v rámci ED-P u některých sinic . V případě 
Synechocystis j sme posky t l i první o d h a d t o k u prostřednictvím ED-P na základě údajů o snížení 
růstu, k te rou v současné době ne lze zj ist i t pomocí experimentů se značeným 13C kvůli 
detekčním limitům hmotnostní spek t rome t r i e . Nicméně j sme zjisti l i příliš m n o h o nejasností 
(multifunkčnost a otázky ident i t y enzymů), takže je obtížné ano tova t nebo předpovědět 
rozsah možných metabolických a regulačních funkcí ED-P v Synechocystis. 

V současné době se zabývám s t u d i e m rolí izoenzymů ribózafosfát izomerázy v Synechocystis. 
V neposlední řadě plánujeme rozšíření m o d e l u směrem k citrátovému cyklu s následným 
m e t a b o l i s m e m aminokyse l i n , ale t a to práce b u d e již m i m o můj doktorský výzkum. 
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