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What's special about plants?

1.Photosynthesis

2.Can't run away!

:> Experts in chemical warfare!

Estimated > 200,000 secondary metabolites!



Resource allocation in plants

Light reactions

CO

CBC

Triose-P

9
A\S
@%

Xy / Carbon

&/ partitioning

Starch degradation

>
NIGHT

Sucrose

Main challenge:
Light is only available during the day

Consequence:
Reserves need to be stored for the night

» Downstream Metabolism

DAY&NIGHT



Starch content

The diurnal turnover of starch

- [enmrotoseres
[ |
|
[ |
|
[ |
|
n
L
" *. Short nights:
*, starch break-
down Is fast
Short days: a high %
of assimilated C
Is partitioned
into starch
Long days: a low
“% of assimlilated C is
partitioned into starch
0 4 8 12 16 20 24

Time (h)



Open questions

How does the clock 'tell’
expected length of day/night?

What measures the

e How is the correct
StarCh Content'? +*" *, Sherinights:

".‘ st:rch b're:ah:-! b rea kd own rate
'calculated'?

[
Short days: a high %

of assimilated C
Is partitioned
Into starch

bd »
Long days: a low Long nlghls:.O. .
% of assimligted C Is starch break- '.‘ ®
partitioned intq starch %

down s slow %, 4
Y

e

How is carbon partitioning controlled?

Starch content




Why starch?

Semcrystalline
growth nng

Density: 1.54 g/mi

The structure of starch allows for an extremely high energy storage density



Alternatives

energy content (kJ/Q)
Carbohydrates 17
Lipids 38
Proteins 17
Alcohol 30

Possible advantages of starch

* low osmolarity
 large size
* high density

We (animals and fungi)
predominantly use glycogen

o P

big molecule (up to 10 MDa)

still small compared to starch

——  3-10"Dal!l



Alternatives

energy content (kJ/Q)
We (animals and fungi)
Carbohydrates 17 predominantly use glycogen
Lipids 38 ; \Kf &
Proteins 17 , ?;-
Alcohol 30 .

Possible advantages of starch

* low osmolarity
 large size
* high density

'_
trade-off between storage density \‘\\ "
and rapid mobilization

big molecule (up to 10 MDa)

still small compared to starch

/. 310"Dall!

optimised for storage density,
slower deployment




The starch breakdown pathway

Cytosol

Zeeman et al, 2007



The starch breakdown pathway

ATP

GWD
(PWD) AMP, 2 Pi

SEX4 /

BAM|——> G2 MEX G2

| A

DPE2 SHG Pi

DPE1 t G5 v
G —{ pGlcT > G

ATP —_ cPho

(AMY3)

cellular metabolism «m?
sucrose <=



Conceptual challenges

Two challenges for modellers:
1) granule-bound
enzymatic reactions

2) enzymes acting on many
substrates of different lengths

ATP

AMP, 2 Pi

starch

G2 MEX G2

(AMY3) ] ‘ DPE2 HG Pi
G5
dc= ]
G — pGlcT > G
are— | ([ePno] >
HXK

cellular metabolism «m? ’
sucrose =™



Starch degradation - disproportionation

malto-oligos

DPE1

maltose @@ \\ v (D-enzyme)

: &

- - maltotriose @
B-amylase

maltose

transporter
glucose

CHLOROPLAST transporter



Disproportionating enzymes (D-enzymes)

DPE1 catalyses 2maltotriose < » maltopentaose + glucose
EC:2.4.1.25 G3+G3 < »G5+Gl1
but not only!
G = - -
L
- . . ot . DPE1 produces a
Ga @ . L -
set of glucans of
G5 » B ) :
8 . different length in
' in vitro assays.
-— 0 o ]
M - 4 + + +

G2 G3 G4 G5

(Takaha et al., JBC 1993)



Disproportionating enzymes (D-enzymes)

DPE1 catalyses 2maltotriose < » maltopentaose + glucose
EC:2.4.1.25 G3+G3 <« »G5+G1
but not only!
G
T 99
&3
& . DPE1 produces a
5; - set of glucans of
a different length in
in vitro assays.
Equilibrium
| distribution
v + 1- - depends on
e - ~ . [initial
e G4 G5 conditions!

(Takaha et al., JBC 1993)
K 77?7
€q



Positional Isomers

N
00

-3 2 -1

D-Enzyme Subsite

Different binding modes of the donor substrate exists

~ 1, 2 or 3 glucose residues can be transferred

~ The general reaction equationis G,+G,< ~G, .+G,

with g=1,2,3



Positional Isomers

D-Enzyme Subsite

Different binding modes of the donor substrate exists

~ 1, 2 or 3 glucose residues can be transferred

~ The general reaction equationis G,+G,~ ~G, .+G,

For such a reaction, what is the meaning of K 7?7

with g=1,2,3



Disproportionating enzymes (D-enzymes)

DPE1
EC:2.4.1.25

Disproportionating Enzyme
randomises DPs

all possible selected
transfer reactions transfer reactions

]

transfers glucosyl residues from one glucan to another: G,+G,~ >~ G, +G, .,

reaction must proceed towards a smaller Gibbs free energy: AG=AH-TAS<0

energy neutral (enthalpy of a-1,4-bond hydrolysis independent on position): A H=0
(Goldberg et al, 1992)

~ DPE1 maximises the entropy of the polydisperse reactant mixture



The thermodynamic picture

« Different DPs are interpreted as different energy states (energy of formation)

 Enzymes mediate transitions between these states

Degree of polymerization (as energy state)
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Polydisperse mixtures as statistical ensembles

X; :molar fraction of glucans with length J
corresponds to occupation number of state j

The distribution [xl-] fully characterises the polydisperse reactant mixture

The entropy of the statistical ensemble is §=— Z X, Inx,

Equilibrium is determined by maximal entropy:

Maximum entropy principle
S=— Z X In X, — max! under constraint that #bonds
and #molecules is conserved!

conservation of #molecules: Z X, =1
determined by
conservation of #bonds: > k-x,=b <« initially applied
mixture of
maltodextrins



Entropic approach

Solution using Lagrangian multipliers: Necessary conditions are given by

oL Zxk—1)+B > kex,— )

—=0 with L(x,; «,B) Zxkln (x,)+
0x,

< In(x,)+1+ax+kB=0 forall k



Entropic approach

Solution using Lagrangian multipliers: Necessary conditions are given by

oL Zxk—1)+B > kex,— )

—=0 with L(x,; «,B) Zxkln (x,)+
0x,

< In(x,)+1+ax+kB=0 forall k
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Entropic approach

Solution using Lagrangian multipliers: Necessary conditions are given by

oL Zxk—1)+B S kex,— )

—=0 with L(x,; «,B) Zxkln (x,)+
0x,

< In(x,)+1+ax+kp=0 forall k

—> ka%ekB with Z:Z e P
%

1
ky T

Analogy to statistical physics! |There,f =




Entropic approach

Solution using Lagrangian multipliers: Necessary conditions are given by

oL Zxk—l)—l—B > kex,— )

—=0 with L(x,; «,B) Zxkln (x,)+
0x,

< In(x,)+1+ax+kp=0 forall k
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1
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Entropic approach

Solution using Lagrangian multipliers: Necessary conditions are given by

oL Zxk—l)—l—B > kex,— )

—=0 with L(x,; «,B) Zxkln (x,)+
0x,

< In(x,)+1+ax+kp=0 forall k

- ka%ekB with Z:Z e P
k

1
ky T

Analogy to statistical physics! |There,f =

. 1 0Z b+1
Calculation of B 7 3¢ =b e B =Ih——

Maximal entropy in equilibrium: S, = (b+1)In(b+1)—blnb



Entropic approach

conservation of #molecules: ) x,=1

conservation of #bonds: Z k-x,=DP,.—1

SZ—Z x,Inx, —» max!

Molar fraction xpp (%)

100

o))
o

initial state attime t=0
entropy S=0

Gn+ Gm = Gnq+ Gmug

1 2 3 4 5 6 7 8 9 10
Degree of polymerization

implies
N 1 BE DPinl
o lx=—=e ", pP=In——
L~ ! Z ﬁ DPini_l
ﬂpredicts
40 1 equilibrium state at time t —
DPE1 action S=41n4 - 3:In3 =2.25
>
20 ¢

xpp=1/3-6"N(43)DP

withg =1,2,3

1 2 3 4 5 6 7 8 9 10
Degree of polymerization

An instance of the
2" law of TD!



DPE1 is entropy driven

Experiments with Martin Steup, University of Potsdam

method: capillary electrophoresis

Q

molar fraction (%)

molar fraction (%)

40

30 ¢

20 |

10

100

b 40
t=1tgq
DP, =3 100 t=0
50
0 20
2 4 6 8

10 ¢

123 456 7 8 9101112
degree of polymerization DP

coefficient

1 6 11 16
degree of polymerization DP

30 t

0.

0.5

0

average initial degree of polymerization DP,;

t=t

DF;,

€q
4 100 t=0

12 3 456 7 8 9101112
degree of polymerization DP

25 |

theory

3

‘ IC>
i}
4 5

C 40
t=teq 1
a0 | DP, =5 00 r t=0
50 ¢
20 0o L———"
2 4 6 8
10

123 456 7 8 9101112
degree of polymerization DP

equilibrium entropy Sy, (k) =h

1 2 3 4 5 6 7 8
average initial degree of polymerization DP,;

[ 1s a generalisation of the equilibrium constant for polydisperse mixtures

(Kartal et al, 2011, Mol Syst Biol

)



The dynamics of DPE1

100

< 75

IS maltose is
S 5o formed late
©

O

= 25

10° 102 107 10Y 10’ 10°
Time (h)
Two time scales!



The dynamics of DPE1

100
g@ 75
S maltose is
*g 50 formed late
©
O
= o5 @—0O0—O @
0 -3 -2 -1 T +2 43
| 0-3 . 0-2 . 0-1 . 00 1 01 1 02 D-Enzyme $ubsite
Time (h) subsite +1 repellent
Two time scales! (binding of G2 unlikely)

The simulations used 3 parameters:

* maximal turnover
« affinity for positional isomer 1 L
- affinities for positional isomers 2 and 3 ratio 1:300



Molar fraction (%)

Entropy S (R)

100

75

50 r

25

This system allows to follow

| the entropy experimentally!

“true” equilibrium

(calculated as previously)

“‘quasi” equilibrium

(calculated with the same
approach but omitting
maltose from the statistical
ensemble)



Molar fraction (%)

Entropy S (R)

100

75

50 r

25

2.0

1.5

1.0

0.5

"

geq

We understand equilibrium
(maximum entropy)
But which principle guides
the evolution of the out-of-
equilibrium states?

10° 102 10" 10"  10° 10°

Time (h)

This system allows to follow
| the entropy experimentally!

“true” equilibrium

(calculated as previously)

“‘quasi” equilibrium

(calculated with the same
approach but omitting
maltose from the statistical
ensemble)



Theory is also confirmed by DPE?2

DPE2 vs DPE1

o transfers single glucosyl residues
* G2 only used as donor
* G3 only used as acceptor

Generic reaction catalysed:

Gn—l_Gl Gn—l+G2 -9
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Reaction step

Acceptor reactions

suol10Ba. Jouo(



Theory is also confirmed by DPE?2

DPE2 vs DPE1

o transfers single glucosyl residues
* G2 only used as donor
* G3 only used as acceptor

Generic reaction catalysed:
Gn+G1 Gn—1+G2

Entropic principle:

SZ—Z x,Inx, — max
k

with one additional side constraint
X,+ X,=m=const. (andz xkzl;z k-kab)




Theory is also confirmed by DPE?2

DPE2 vs DPE1

o transfers single glucosyl residues
« G2 only used as donor S=—> x,Inx, —max
* G3 only used as acceptor k

Entropic principle:

G _ . tal q with one additional side constraint
eneric reaction catalysed:
Y X,+ X,=m=const. (andz xkzl;z k-kab)
G +G, ~ "G, ,+G,

= x.:le_BE" for i=3 wherepfulfils b—2(1—m)=m-

A 1+e




Theory is also confirmed by DPE?2

DPE2 vs DPE1

o transfers single glucosyl residues
* G2 only used as donor
* G3 only used as acceptor

Generic reaction catalysed:
G +G, ~ G, +G,

1

= x==e """ for i=3 whereffulfils

" Z

Entropic principle:

SZ—Z x,Inx, — max
k

with one additional side constraint
X,+ X,=m=const. (andz xkzl;z k~xk=b)

o -B

b—2(1-m)=m- s+(1—m):

1+e

== EXxperiment
—=— Theory

t=1days 1

molar fraction of degree of polymerization (%)

1 3 656 7 9 11 13 15 17 19

t=15days

1 3 5 7 9 11 13 15 17 19 1 3 5§ 7 9 11 13 15 17 19
degree of polymerization




Theory is also confirmed by DPE?2

DPE2 vs DPE1

o transfers single glucosyl residues
* G2 only used as donor
* G3 only used as acceptor

Generic reaction catalysed:
G +G, ~ "G, ,+G,

1

= x=—c¢e """ for i=3 where§ fulfils

" Z

Entropic principle:

SZ—Z x,Inx, — max
k

with one additional side constraint
X,+ X,=m=const. (andz xkzl;z k~xk=b)

b—2(1-m)=m-

t=0days 1
== EXxperiment

—=— Theory

transition to equilibrium

t=soays 1

molar fraction of degree of polymerization (%)

1 3 656 7 9 11 13 15 17 19

30 takes very long!

days

t=15days

1 3 5 7 9 11 13 15 17 19 1 3 5§ 7 9 11 13 15 17 19
degree of polymerization




Generalisation to non-zero enthalpy changes
Phosphorylase (cPho):

P+G, - GIP+G, , A 1,4-0-glucosidic linkage B 100 P —
\»’ = prediction
Ny ¢ =
@ [ ] @ § s0f
AH=0! phosphoester bond D D D Ij g 7
N \_/ \/ \\4 o |

Q—. Q 1 2 3 4 5 6 7 8 9 1‘0
. . . . . Degree of polymerization
Generalisation by including energetic

and entropic contributions: C D
G = G'-T-S__—min!

DPj,i=4 e

DPjyi=7

Molar fraction (%)

10 3t
Gibbs energy of formation
mixing entropy:
0 0.3 & ‘ T ‘ T T ‘ T ‘
SmiXZ—RZ X, Inx, 1 38 5 7 9 11 13 15 17 1 3 5 7 9 11 13 15 17

Degree of polymerization Degree of polymerization

Prediction: Similar pattern as for DPE2

Experimentally confirmed.

(Kartal et al, Supp to MSB 2011; Ebenhoh et al, Proc 5" ESCEC 2013)



The role of DPE1 in starch synthesis

During the day: no BAM activity, but GIUEX is active

I AG°

 Glucose residues are extracted
from reaction mixture
e Bonds remain

DPE




The role of DPE1 in starch synthesis

During the day: no BAM activity, but GIUEX is active

DPE

AG°

 Glucose residues are extracted
from reaction mixture
e Bonds remain

Theoretical prediction:

equilibrium distribution is
shifted to longer DPs!
Stronger effect for larger
energy differences.




The role of DPE1 in starch synthesis

During the day: no BAM activity, but GIUEX is active

DPE

AG°

 Glucose residues are extracted
from reaction mixture
e Bonds remain

Theoretical prediction:

equilibrium distribution is
shifted to longer DPs!
Stronger effect for larger
energy differences.

In vitro experiment: DPE1 + HXK
HXK: ATP+G, = = ADP+G6P

Variation of [ATP] allows to control A G’
ATP:a; ADP:a, G6P:u, G;:x,



The role of DPE1 in starch synthesis

During the day: no BAM activity, b

ut GIUEX is active

DPE

AG°

In vitro experiment: DPE1 + HXK
HXK: ATP+G, <— ADP+G6P

Variation of [ATP] allows to control A G’

ATP:a; ADP:a, G6P:u, G;:x,

 Glucose residues are extracted
from reaction mixture
e Bonds remain

Theoretical prediction:

equilibrium distribution is
shifted to longer DPs!
Stronger effect for larger
energy differences.

Entropic principle:
G=u-A g—RT(azlna2-|—a3ln a3+ulnu—|—z x, In xk) — min!

with 4 constraints:
1) #molecules: a,+a,+u+), x,=1
2) #bonds: D k-x,=b
3) #adenine: a,+ta;=A
4)ADP/G6P: a,—u=B




Experimental results

0,5 T T T T T T T T T
0.375 |
en R
=
)
S 025
©
)
o
0.125
O 1 1 I . 1

0 0.25 0.5 0.75 1
initial ratio [ATP] / [glucan]

Hypothesis: DPE1 plays a role in
starch synthesis. Entropic forces are
exploited to provide 'primer' glucans.
Hint: Chlamydomonas mutants
deficient in DPE1 are starchless!

Theoretical prediction
confirmed:

equilibrium
distribution is
shifted to
longer DPs!




An entropy-driven buffer

Two entropic enzymes,
cPho and DPEZ2, integrate

ATP input from may chloroplasts

GWD

(PWD) AMP, 2 Pi

SEX4| 7

BAM|—> G2 MEX G2

ISA

(AMY3)

cellular metabolism «m?

DPE1 t G5
G — pGlecT

sucrose ==



What is the role of the SHG pool?

(omeoropuast)

i Two 'entropic’' enzymes mediate the
turnover of a polydisperse pool

G2 P

DPE2 SHG Pho

G1 -~ G1P
Voo | $
// ~G6P What is the advantage over other
/ \ hypothetical systems?
/ ATP  Adp .
4

sucrose synthesis glycolysis



What is the role of the SHG pool?

Comparison with two alternatives

i No buffer Monodisperse buffer
G2 P G2 P B G2 P
DPE2 SHG  Pho MPho \/ MPho
v BG2
G1 — G1P G1 G1P G1 G1P
Voo 3
v ~G6P
/ N
/ ATP -
R ADP "

sucrose synthesis glycolysis



Polydisperse SHG pools increases robustness in vivo

Noisy maltose input

E

B

SHG buffer

DPE2
Gn+ Gy —— G4+ Gmyq

G,+P G,_1+G1P

\ Pho )

Y

No buffer

MPho
G2+ P

G1+G1P

N\

J

Glycolysis

Metabolism / Growth

@Gips) D
(6)]
S

250 |

Glycolysis activity

no SHG buffer (MPho)
SHG buffer (DPE2 + Pho)

W

N
|

|
Wy IdJ WYY mw

5000

@)

400

7000 9000
Time (s)

200 r

Glycolysis activity (G1P/s)

no SHG buffer e
SHG buffer e

1: Attenuation of fluctuation
amplitude (low-pass filter)

. 2. Transient support of activity

after drop of maltose influx

3. Buffering large variations in

| influx to provide robust output

activity

200
Maltose influx (G,/s)

400




A

Comparison to monodisperse buffer

M

Noi ltose input A
OISY ma OSE'IFIPU __,/

—

= 3

-

.

G,+P

SHG buffer

DPE2

Pho

G+ G =—= G4+ Gy

GI‘I-I + G1P

|/

mono-disperse
buffer

G, + Bu

G+ P G, + G1P

GBu
MPho

. W

Glycolysis

w
M

Glycolisis activity (G1P/s)

Metabolism / Growth

400

M

200

7000
Time (s)

14000

Glycolisis activity (G1P/s)

m

Relative number of bonds

300 300
150 11000
0 L I
5000 7000 9000 11000
Time (s)
8 1
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e
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Glycolisis activity (G1P/s}

-

Glycolisis activity (G1P/s)

400

200 -

400 |

0
0 200 400
Maltose influx (Gy/s)
400
400
200 ‘
0
‘ 0 400
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Comparison to monodisperse buffer

A (" Noi i ) B C
oisy maltose input
L y maltose P ) 300 . 300 400 100
.‘-'-"_-'__‘-_F HH_"“-&L o m
4 N N 2 a
SHG buffer mono-disperse % 5
buffer e 2 0
DPE2 'S 2 . . 0 . 400 |
G, +G,~— G,_1+G .4 G, + Bu GBu % 150 11000 2 200 . . . Sa e Cepaiinz, *
MPho o
G+ P - G, +GIP G, +P G+ GIP 2 %’
o —
\ VAN |/ 8 g
& ]
Glycolysis 0 -
0 . - 0 200 400
( Metabolism / Growth ) 5000 7000 9000 11000 Maltose influx (Gy/s)
~ - Time (s)
D 400 E 8 1 F 400
400
— o —
T E o
& z s &
2 = 3 2 '
£ 200 € 4 {05 8 £ 200 ‘
© = ©
RO c a 8 ‘ 9
wm o o wm
~—] _E c ——]
g £ A 5 8 ‘ ‘ ‘ 0 400
z f = & ' | I ‘ ‘ Maltose influx (Gy/s)
0 . 0 L 0 0 . Mgttt Lo ot a i
0 7000 14000 0 7000 14000 5000 7000 9000 11000
Time (s) [ime (s) Time (s)

auto-adaptation of buffer size!




Replacing DPE2 by MalQ

MalQ does the same as DPE2, but does not use SHG

@_OROPL@ G,+G,* *G, ,+G,

G2 P G2 P
xZ Pho > MalQ G, Pho
w.
G1 —G1P G1 G1P
\ /
v 6P
/ N
/ ATP h
, ADP "

sucrose synthesis glycolysis



Moderate growth phenotype

dpe MalQ9 dpe2 CBM20-MalQl8

dpe2 MalQ11 dpe2 CEM20-MalQ10

(Julia Smirnova, PhD thesis; Ruzanski et al, JBC 2013)

complemented plants grow OK!



Maltose turnover

dpe2 CBEM20-MalQg

y
4 . . 5
A

“- _...': -\
; : M yo-o—o—.—o—.—o&o—a—.—o—.—o
2 4 6 8 10 12 14 16 18 20 22 24~ WL 0 2 4 6 & 10 12 14 16 18 20 22 24CAlClCEIl

time (h) time {h)




Where else do find entropic enzymes?

100

...for example A | DP2
DP2
Maltosyltransferases in Streptomyces . OF DP6 ppgDP10ppDP14
S ISR N S e
- I
=
= B DP3
“Acceptor specificity”
can be explained by < 3 ops
: AP = = DP7.DP9 DP11 DP13 DP15
entropic principles z O g ot
A g °
wop E o
7 solfl orazs e[ gro o 2 c DP4
E 50 ﬁ
‘E ol : 2 4 6 B E % .
2 DT1DDT‘3DP14DP15
1 2 3 4 5 6 7 & 8101112 = :
Degree of polymerization [
c = p |DP5
3|:| P 100 | 1=0 B Syson et al, 2011,
s I DP9 J Biol Chem

‘ o i | PRi'pp13

2 4 6 8 | s - 4 m\{
10 F =
0 0 1,000 2,000 3,000

1 2 3 4 5 6 7 8B 8101112
m/z

Degrae of polymernization



Food for thoughts

It appears that metabolism is organised as an
interplay of 'entropic' and 'energetic' enzymes

 Why?
 Are there principles behind this organisation?

» How is this connected to resource allocation?
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