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Today:

- 10:00-13:00 Djordje and Timmy - theoretical models in microbial ecology.
- 14:00 - 14:45 Invited Lecture —enzyme kinetics for microbial communities
- 15:00-18:00 Flux Balance Analysis: Timmy

Tomorrow:

- 9:00-11:30 Thermodynamics and computational practice
- 12:00-13:00 Invited lecture — Djordje. Dynamic metabolic models
- 14:00-18:00 Djordje — Dynamic FBA y Resource allocation.



The size of the problem we are going to study today

Global Bioethanol Production: 120-125 billion liters (2024)

Open Fermentation (Sugarcane, Brazil)

12000 Olympic swimming pools

Closed Fermentation (Corn, Wheat, etc.)



Bioethanolin Brazil is mainly produced in open fermentation
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Bioethanol production, using open fermentations, in a nutshell
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(a) Bioethanol production with yeast recycling

JStaggered fed-batch fermentation process
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Challenges of the open fermentations

(b) Sampling and sequencing
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The yeast populations are dynamic

(a) Site A-2018
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Number of bacteria and the acids produced by them negatively affect ethanol production
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* L. amylovorus and L. fermentum are the dominant bacteria.
* High-performing batches contained more L. amylovorus.
* Across all batches and mills, L. fermentum increases and L.

amylovorus decreases by the end of fermentation.
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The bacterium Lactobacillus amylovorus has a positive effect on the ethanol production

P = 0.009
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In open fermentations:

* Yeast populations are dynamic.
* Different bacteria are present and influence the ethanol production.
 Some bacteria have negative effects on the ethanol production, but some bacteria have a

positive effect.



Our goals:

- Concepts from enzyme kinetics useful to study microbial communities
- Stoichiometric analysis of metabolic networks (Timmy'’s lecture)

- Integrating enzyme kinetics, stoichiometric analysis and thermodynamics



Let’s start with a fundamental concept: saturation

- One bus station
- Passengers arriving to the station at different rates

- Passengers can be transported out of the station by bus or by taxi

Passengers’
inflow rate

Bus filling rate

Taxi filling rate

Which is the most effective way of transportation?

Bus transport
capacity

—

—>

Taxi transport
capacity



S : passengers waiting at the station

E : empty vehicles ready to be filled

ES : vehicles currently being filled with passengers
P : cumulative passengers already transported

k1 :rate at which passengers enter vehicles

k1r: rate at which passengers leave vehicles (before departure)
k2 : rate at which filled vehicles depart

f :external passengerinflux (new arrivals per minute)

taxis are easy to fill but small capacity
buses are harder to fill but large capacity

dS =f-k1*S*E +k1r*ES  # passengers at the station

dE =-k1*S*E + (k1r + k2)*ES # empty vehicles

dES =k1*S*E - (k1r + k2)*ES # filled vehicles

dP =k2*ES # passengers transported out of the station



occupancy (waiting passengers)

transport capacity (passengers/minute)
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Set:
- Taxis carry 3 passengers
- Buses carry 20 passengers

taxis (n=6), passengers arriving rate=10
buses (n=2), passengers arriving rate=10
taxis (n=6), passengers arriving rate=25
buses (n=2), passengers arriving rate=25

What are representing the dashed lines?
What happens with the transportation by taxi when the

passenger arriving rate is 25 passengers/minute?
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Maud Menten Leonor Michaelis

Michaelis, L., and Menten, M. (1913) Die kinetik der invertinwirkung, Biochemistry Zeitung 49, 333-369.

Sucrose hydrolisis by

invertase
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Happy coincidence! Sucrose is the most abundant sugar in the sugarcane juice



Michaelis and Menten also observed the phenomenon of saturation while studying the reaction catalyzed by the
invertase

reaction progress curves
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@ If there is one liter of a sucrose solution of 5 grams/liter, and we add 0.001 grams of invertase from yeast,

how long it takes to hydrolyze half of the sucrose?

What do we need to know to answer this question?



Goal: predict the product formation rate in an enzyme-catalyzed reaction

k1 K E: concentration of free enzyme
E + S E S 2 E+P S: concentration of sucrose
k1 r ES: concentration of the enzyme-substrate complex

They assumed that a rapid equilibrium between the species E, S and ES is established:

ki>>k; K1>>K;

They assumed that the rate-limiting step is the product formation:

In 1913, no experimental evidence of the
existence of ES.

product formation rate = k, x ES «



Rapid equilibrium model E + S

¢ =

K

ES

k1r

rate ES complex formation _— rate ES complex dissociation

ky *x E(t) *S(t) = ki * ES()
Difficult to measure

_E() *S(8)
ES(t)

E@) «S(t)  (Eqagea — ES(?)) = S(t)
Ks K

ES(t) = ES(t) =

Eqadea * S(t)

Ks + S(t)

ko * Egqaea * S(@E) VT % S(8)
Ks + S(t) Ky +S(0)

product formation rate =




If there is one liter of a sucrose solution of 5 grams/liter, and we add 0.001 grams of invertase from

yeast, how long it takes to hydrolyze half of the sucrose?

. kcat*E *S(t
Product formation rate = <cat*fadded*S(®)
Kpy+S(t)
We know So=5g/L, E_,.q=0.001 g/L. However,
- How can we determine the kinetic parameters k__, and K,,?

- Sischangingintime.

- Where is the variable time?



At the beginning of the
reaction, Sis nearly
constant

reaction progress curves

How can we determine the kinetic parameters k__,
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- Sischangingin time. When half of the sucrose has been consumed, we are far from the initial rate conditions

- Where is the variable time?

dpP dS  kear * E *S(t)

dt~ dt | Ky +S@®

cat*Eadded*So
+So

initial rate (I, product formation rate =

dS  keaqr * E *S(t)
dt Ky +S()

Integrated form of the
Michaelis-Menten equation

S() + KM*ln%)z kg *Ext+S, ——

S(t)
S(t) + Ky* Iln——= —So
- So

—kcar x E




S(t)+ Ky~ ln% — So
t =
_kcat *E
1
S0/2 + Ky * ln7 — So
In our particular case, S(t) = So/2 tos =

_kcat * E

For So=5 g’/L, E=0.001 g"/L, K,,= 25 mM and k_,, = 3600 s, t, . ® 6 minutes

*Mw_sucrose = 342.3 g/mol
*Mw_invertase = 52000 g/mol



The integrated form of the Michaelis-Menten equation can also be employed to find the values of k__,and K,

using reaction progress curves analysis

SE) + Ky *m L =k +Ext+S,

So

— .

_kcat*E*t+So
Between 1913 and 1997: )

Numerical integration
(Complicated) algebraic methods

Latin got talent!

Santiago Schnell Claudio Mendoza

https://doi.org/10.1006/jtbi.1997.0425
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transporters can also be represented with the Michaelis-Menten equation

Vmax*SO

initial transport rate =
Ky+So

transport rate vs initial substrate concentration

- —®
16 4
\/max % 14 4
Substrate (ex) transporter — Substrate (c) ‘é
KM § 12 1+
8_.
Extracellular space cytoplasm

0 250 500 750 1000 1250 1500 1750 2000
initial substrate concentration (mM)



(a) Competitive inhibition competitive inhibition
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(b) Uncompetitive inhibition
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(¢) Mixed inhibition
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Saccharomyces
cerevisae

\

Lactobacillus
fermentum strain B

Coming back to our original problem:

* Sucrose is hydrolyzed by invertase (produced by yeast) into glucose and fructose via

Michaelis—Menten kinetics.

* Glucose and fructose are taken up by both yeast and bacteria.

* Assuming: Yeast transporters for glucose and fructose are inhibited by a bacterial

toxin. The inhibition mechanism can be competitive or non-competitive.

Which inhibitory mechanism is more effective for the bacteria?
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Abundance Ratio

Energetic cost of the acids produced by bacteria
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Michaelis-Menten

kinetics
Sucrose hydrolisis by

invertase
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Glucose

. il Hexokinase 2 SUbStrates, 2 products
Houston, we have a problem: No one of the glycolytic ADP
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Fortunately, there are methods to deal with this problem

Analysis of metabolic network under metabolic Integrating enzyme kinetics and thermodynamics

steady-state (Timmy’s lecture) (second lecture)



* We reviewed some fundamental concepts of enzyme kinetics
* We learnt how some enzyme kinetics equations can help us to represent simple microbial interactions

* We saw that the actual representation of the metabolic processes can be very complex

To be continued....



