Pyr Na' Lac
frcdnaned GIC \ 44

&,Am ¥1ag

e gomeem s s gl gy,
o i

;

: < ; JPT 4% ¥
J . Glo. Pentose | B

5 : '
§ co, Phosphate | Na |Lac ] ‘

> HibsP fq[.’ﬁ'ili'{gv;: ‘ \:i‘!/
Rul5P

o
H
d
Ao &

Gilyoadyvsis

fa=
Fﬁ;
Y
ol o
=
f%_
(4%
=

E. ﬁ::q

3 m)
=
a:l

- DHAD o GAP 3k E4P ]

WADHA] MDY N o

H
i

H

1

'

i

i

1

H

i

H

H

H

P

¥

}

: }
H

H

3

H

i

i HAD'-§  MADH~Y ¢

; TGP TI0GP
H N .

i

1

i 5

i oy
; =P
¥

H

4

§

i

y

t

13

i

H

§

1

3

i

H

ERV R
[ BN
%

Asp,G!u\é_/AspiC

[P,
I .
& A 3 r\ia ix
co. 2 o ¥ S
\ i3 :
Hopan \i ¥

!OFADH EAD
3 1
§ L0
AT
foopagaartey

‘ LY e ;
4 PN 12 st
’_«ﬂ*’_ “:"-1»“7,-1’;!13 L e AL R L T T 2
fiaty
# H " 4
i |
. ¥ >f
oy ! i

Citrate
{}'{"{LI . J——

u&“’-‘i""uwnaa-wwﬂ-un-nwr)-:»"«:.'-*‘

CHAPTER 10
f arv\gx\ D o G

3y oépm ession ofxc;nate sy

GD‘ . 0
I{ge ,Lg,xnuvate car A@

(ppe)}-citrate transporter ink: coli MA 9355

A

B

(zcd)/}nutant Qn;gth”eirgrowthnqgmd_orgamc ac1d

0= o
secretlon

N T e R ST A T AT s ke R T W KR W KR S R AR W SRE M RN M X R RN B v o o e e G A R DR S M e e A D R B e S



Chaptar J0: Esct of overaxpression of ciprate syntbase (v, plogphoand pyravaty
carboxylasa (o), cirate Cransportar fn K cold MAIG3S (Fa] mutant oo the growdh and

orspanis sctd secrelion.

10.1: Rationale of the present study.

Enhancing the anaplerotic pathway replenishing the TCA cycle intermediates has

shown to direct the cellular metabolism to improve citrate production in 4. niger (Legisa and

Mattey, 2007). Chapter 9 suggested that overexpression of cs gene (~1.8 fold) in E. coli

MA1935 icd mutant enhanced citrate accumulation by ~3.25 fold. On the other hand

overexpression of ppe gene (~3 fold) in E. coli MA1935 icd mutant (Chapter 8) directed

the cells towards anaplerotlc pathway with reduced citrate production. These results suggest
that CS act1v1ty mlght limit the flux towards TCA. Hence, the present study deals with

studym_g. the effects of overexpression of ppcand cs genes together in E. coli MA1935 icd

mutant on ephancing citrate accumulation.

10.2: WORK PLAN

10.2.1: Bacterial strains used for the present study.

DHS5a pJE3
DHS5a pVSppc

MA1935 pJE1:pVSDI
MA1935 pJE2: pVSD1

MA1935 pJE1:pJE3:pVSDI1

MA1935pJE2:pVSppc: pVSD1

. Py promoter, Tc, Ap Present study

ppc gene under Py, promoter in Sharma, 2008
pTTQ18, T, Ap'

Py, promoter, Chl’, Km', Ap' . Ch.9
gl ggne, citrate transporter. Chl’, Km', Ch.9
Ap'

Pue promoter, citrate transporter. Chl', Present study
Km', T¢", Ap*

gltd gene, ppc gene citrate transporter. Present study
ChI', Km', Tc', Ap"

Table 10.1: E. coli strains used for the present study. The details of the plasmids and the

concentrations of the antibiotics used are given in the table 2.2 and 2.3.
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argante Acid secrelin.

10.2.2: Incorporation of ppc gene carrying plasmid into E. coli MA1935 contammg

citrate transporter and glt4 carrying plasmids.

pJE3 and pVSppc plasmids were isolated from E. coli DH5a. and transformed in
E. coli MA1935 containing citrate transporter and pJE1 and pJE2 plasmids respectively. The
resultant triple transformants were selected on chloramphenicol, kanamycin, tetracycline and

ampicilin containing plates (concentration as mentioned in table 2.3).

10.2.3: Monitoring the growth and physiological parameters of E. coli BLZl(lDE3) icd

mutant expressing gltA and ppc genes.

E. coli MA1935 transformants were grown on M9 minimal medium With

" micronutrients and 50mM glucose and 100mM glycerol as carbon source. IPTG (0.1mM)

was used for induction. Samples were collected at regular interval for O.D. gponm, glucose

utilized and organic acid in the medium. The physiological parameters were calculated as

described in (section 2.5). Enzyme assays were performed as per protocol mentioned in
(section 2.6); ICDH, PPC, G-6-PDH, CS and ICL at stationary phase.

10.3: RESULTS

10.3.1: Monitoring the effect ppc and gl overexpression on the growth and
physiological parameters of E. coli BL21(?~.DE3) icd mutant in presence of citrate on

glucose and glycerol as carbon source.

The triple transformants were referred as E. coli MA1935 pJE1:pJE3:pVSDI
(control) and E. coli MA1935pJE2:pVSppc: pVSDI1 (test). Simultaneous overexpression bf
ppc and glt4 genes in E. coli BL21(ADE3) icd mutant on glucose increased growth rate, but
reduced glucose consumption rate and overall glucose consumed (Table 10.2) while on

glycerol it increased growth rate as well as consumption of glycerol (Table 10.3).

Engineering the central carbon metabolism of Escherichia cofi to enfance organic acid secretion,
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carborylase [fpre), citrata Cranspotar fa 4 cud MALISS (in) mutans on (he grows and

argants acid secrayion.

"MA1935 JE1:pJE3:pVSDI1 024£007 -5.18+0.17 33.0%4  0.08=0.01
MA1935pJE2:pVSppe: pVSD1 0394002 2074016 79+2  0.31+0.02

Kok kx| kokok Hokk

Table 10.2: Physiological variables and metabolic data from E. coli MA1935:pVSD1
overexpressing glt4 and ppc gene grown on M9 minimal medium. The results are expressed
as Mean +SD of 8-10 independent observations. Specific grthh rate (u(h)) and specific glucose consumption

rate (Qqi) and biomass (Yaew/gic) were determined from mid log phase of each experiment. Total glucése

utilized was determined at the end of growth curve, * p<0.05, ** p<0.01, ns=non-significant.

MA1935 JE1:pJE3:pVSDI1 0.13 £ 0.007 288 +3.25
MA1935pJE2:pVSppe: pVSD1 030 0.018 ##% 56,8 £ 8.5 *+*

Table 10.3: Physiological variables and metabolic data from E. coli MA1935:pVSD1
overexpressing gltd and ppc gene grown on M9 minimal medium with glycerol as

carbon source. The results are expressed as Mean +8D of 8-10 independent observations. Specific growth

rate (u(h™)) were determined from mid log phase of each experiment. Total glycerol utilized was determined

at the end of growth curve. * p<0.05, ** p<0.01, ns=non-significant.

Engineering the central carbon metabolism of Escherichia coli to enhance organic acid secretion.
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Chapter 10- Effect ofoverexpression ofcitrate synthase (gfcrfj, phosphoenoipyruvate
carboxylase f/pcj, citrate transporter in F cod'MA1&3S frcarf mutant on the growth and
organic acid secretion.

(i) (ii)

Time (h) Time (h)

(iii) (iv)

Fig 10.1: Growth characteristics of E. coli MA1935 overexpressing ppc and gltA genes

on M9 minimal medium with 50 niM glucose and 100mM glycerol, (i) & (ii) O.D,,((lin, and
pH on glucose, (iii) & (iv) O.D60nnm and pH on glycerol. All values plotted are represented as Mean + SD for

n= 4 to 7 observations.

10.2.2: Effect ofppc and gltA gene overexpression in E. coli BL21(A.DE3) led mutant in

presence of citrate transporter on various enzyme activities and organic acid secretion.

Overexpression of ppc and gltA in E. coli BL21("DE3) icd mutant demonstrated ~
2.5 fold increase in PPC activity while ~4 fold increase in CS activity. An increase in G-6-

PDH (~ 3 fold) and ICL (~ 4 fold) activities were observed in response to co-expression of

([Engineering tfe centralcar6on metabolism ofEscherichia coli to enhance organic acidsecretion.
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Chapter 10: Effect ofoverexpression ofcitrate synthase (pft/ij, phosphoenolpyruvate
cardoxj‘/ase f/ycj, citrate transporter in F cof MAJ,9,3f> (/coy mutant on the growth and

organic acid secretion.

ppc and gltA (Fig. 10.2 (i) and (ii)). Similar results were observed on glycerol but the

activities were low compared to that on glucose (Fig. 10.2 (iii) and (iv)).

%7

0
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B

G-6-PDH and PPC
activities (Units)
P
CS and ICL activities
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O E. coli MA1935pJEIl: pJE3:pVSDI m E. coli MA1935 pJE2:pVSppc : pVSDI

Fig. 10.2: Effect of ppc and gItA overexpression in E. coli BL21(A,DE3) icd mutant on
enzyme activities in presence and absence of citrate transporter on IVI9 minimal

medium with 50 mM glucose and 100mM glycerol, (i) and (ii) enzyme activities on glucose
(50mM) (iii) and (iv) enzyme activities on glycerol (I0OmM). Units for the specific activity are given as
gmoles/mg. protein/min for PPC and G-6-PDH for CS and ICI Units are. nmoles of OAA utilised/mg.
protein/min and nmoles/mg. protein/min respectively. All the values are represented as Mean + SD for n= 5-8

observations. Units- gmoles/mg. protein/min. *p<0.05, **p<0.01, ***p<0.001.
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MA1935 JE1:pJE3:pVSD1 3.12+043 0018+0.002 ND ND
MAI1935pJE2:;pVSppe: pVSD1  8.0422.04  0.19+0.01  26£2  0.009%0.002

sokok Hokk sk *k

2.1£0.9

MA1935 JE1:pJE3:pVSDI 1.8+ 0.07 ND ND

MA1935pJE2:pVSppc: pVSD1 7.8+ 1.4 384009 352  0.08+0.02

dkkk kdek kok ¥k kK

Table 10.4: Citrate accumulation in E. coli MA1935 expressing gltd gene and ppc

under P, promoter on glucose and glycerol. The table depicts the citrate (intracellular) and
{extracellular) in late stationary phase cultures of E. coli MA1935 transformants (plasmid control and test)
grown on M9 minimal media with 50 mM glucose and 100mM glycerol as carbon source. All the values are
represented as Mean & SD of n=4-8 observations. *** p<0.001, ND-not detected.

MA1935 JE1:pJE3:pVSD1 ND " ND
MA1935pJE2:pVSppc: pVSD1 8.2 £ 2¥H* 0.060 + 0.003

“MA1935 JE1:pJE3:pVSDI1 ND ND
MA1935pJE2:pVSppc: pVSDI 4.4+ 0,0%% 0.23 & 0.007%+*

Table 10.5: Acetate secretion in E. coli MA1935 expressing glt4 gene and ppc under

Puc promoter on glucose and glycerol. The table depicts the acetate secretion stationary phase
cultures of E. coli MA1935 transformants (plasmid control and test) grown on M9 minimal media with 50 mM
glucose and 100mM glycerol as carbon source. All the values are represented as Mean = SD of n=4-8
observations, *** p<0.001, ND-not detected.

Engineering the central carbon metabolism of Escherichia coli to enhance organic acid secretion.
174



Chappur 10 Bifocs of overexprassion of citrate synthase (pd), phosphoandl pyzuvate
cardoxylase (goe), clirats (ravsporter in A cad MALI3S () mutany o (ha growth aad
arganic actd secration.

Overexpression of ppc and cs in E. coli BL21(ADE3) icd mutant also increased
intracellular citrate by ~ 2.5 fold while ~26 fold increase was found in exctracellular levels
on glucose medium (Table 10.4). Similar results with respect to citrate accumulation were
observed on glycerol although the levels were comparatively higher ‘compared to that on
glucose (Tahle 10f4). Overexpression of ppc and gltd showed high acetate secretion on.

glucose and glycerol (Table 10.5).

10.4: DISCUSSION

Earlier work on ppe overexpression in E. coli BL21(ADE3) icd mutant (Chapter-8)
- demonstrated increased growth rate without any change in glucose consumption rate and
glucose utilization. On the other hand, cs overéxpression in E. coli BL21(ADE3) icd mutant
(Chapter 9) increased glucose consumption rate with low glucose utilization and unaltered
growth rate. Co-expression of ppc (~ 2.5 fold) and gltd (~1.5 fold) genes in E. coli
BL21(ADE3) icd mutant demonstrated high growth rate but reduced glucose consumption
rate and glucose utilization. Hence, ppc overexpre§sion improved growth rate while gltA

overexpression reduced glucose utilization (Table 10.6).

Overexpression of ppc and gltd in E. coli BL21(ADE3) icd mutant increasgd
intracellular citrafe levels (8.04 +2.04 )but less than that of E. coli BL21(ADE3) icd mutant
overexpressing gltA gene (10.14 & 1.5) (Chapter 9). Thus, ppc overe){pression alone
(Chapter 8) and in the presence of gltd overexpression apﬁear to direct the flux towartzis
anaplerotic reactions in E. coli BL21(ADE3) icd mutant. In addition, ppc overexpressién
helps in lowering acetate secretion, which is in agreement with earlier reports (Farmer ard
Liao, 1999), but higher than control. Overexpression of git4 in the icd mutant (Chapter é)
also demonstrated high acetate outflow compared to the control. Hence, present study of ppc

Engineering the central carbon metabolism of Escherichia coli to enfiance organic acid secretion.
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and gltd co-expression in an icd mutant demonstrated pyruvate flux towards acetate

secretion leading to decreased citrate production.

Growth rate High umaltered "~ High

' Glucose consumption rate Unaltered ~ 2 fold high ~ 2 fold decrease
‘Glucose consumed unaltered reduced ‘Reduced
G-6-PDH unaltered | unaltered ~ 3 fold increase
CsS . ~2 fold decrease.  ~2 fold increase  ~ 4 fold increase
PPC ~ 3 fold increase unaltered ~2.5 fold increase
ICL: ‘ © ~3increase unaltered % 4 fold increase ‘
Citraté (intra cellular) ~ 4 fold decrease  ~ 5 fold incréase ~ 2.5 fold increase
Acetate ND . ~4foldincrease  ~ 8 fold increase -

Table 10.6: Effect of ppc, glt4 gene overexpression in E. coli MA1935 icd mutant on

glucose. ND- siot detected.

The extracellular citrate levels were lower compare& to the high intracellular citrate

. accumulation aﬁd with that observed in case of E. coli BL21(?\D_E3) icd mutaflt
overexpressing cs gene demonstrating an inefficient citrate transport system. Overexpression
of ppc and gltd in E. coli MA1935 icd mutantAder.nonstrated ~3 fold increase in G-6-PDH
activity and ~4 fold increase in ICL activity on glucose. High G-6-PDH activity correlatefd
with the high growth rate x?hich was in agreement with earlier reports where higﬁ growéh
rate resulted in high G-6-PDH activity (Wolfe et al., 1979). Overexpression of ppc ais%o

demonstrated increased ICL activity but the result remains unexplained.
Similar results with respect to growth rate, citrate accumulation and secretion was

observed on glycerol. The levels of citrate (mM) were lower but the yields

Engineering the central carbon metabolism of Escherichia cofi to enhance organic acid secretion.
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(g.citrate/g.glycerol) were higher than that observed on glucose. This data is in agreement
with the high flux observed on glycerol (Holmes, 2001). But increase in glycerol utilization
in the triple transformants and the double transformant overexpressing glt4 gene remains

unclear.

Hence, the present study demonstrates that ppc overexpression (to meet the OAA
demands) increases the flux towards anaplerotic reactions while it supports that CS activity

plays a key role in citrate production.
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Chapter 10: Effect ofoverexpression ofcitrate synthase (gftffj, phosphoenoipyruvate
carboxylase f/yC, citrate O'ansporter in FF cod'MAIC3E fria® mutant on the growth and

organic acid secretion.

Citrate 26uM
Acetate *8mM

Glucose OM

24% glucose uptake low -

[loilg citrate transporter 1E|
IM

PP pathway

NADP

NADPH

Fig 10.3: Summarized effects of gltA and ppc overexpresssion on glucose catabolism in

E. coli MAI 935 led mutant. Numbers depicted along the arrows are the fold increase in response to ppc

and gltA overexpression on M9 minimal medium with 50mM glucose. The genes upregulated are depicted as

triangles. The metabolite concentrations are referred in pM and mM besides the arrows. Glucose utilized is

depicted as percent utilization.
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