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1 Model definition

Using the same model variables at the macro- and microscopic scale considered in this

approach requires a conversion function, which provides a link between rates on the macroscopic
scale (rmam , mmol/min/L referring to the working volume of the shaker) and the corresponding
rates at the microscopic scale i (mmol/min/L referring to the volume of cells). Where V. is cell-

specific volume (L/cell, Equation (9)) and X is the viable cell concentration (cells/mL, Equation

(6)). In order to convert the viable cell volume per mL to the viable cell volume per L, a conversion

factor (Vw , 10_3) was used.

L (1)
macro i V

w

The cell-specific enzyme activities were expressed per cell (V, , mmol/cell/min), and because the

average cell volume changes during cultivation, the maximum volumetric enzyme activities

change as well (Equation (2)).

K max _ e [f)vel (2)

Where K™ denotes the maximum volumetric enzyme activities (mmol/L/min) and are
dependent on their related cell-specific enzyme activity (V,, mmol/cell/min), the enzyme level

(L, constant) and the cell-specific volume (¥, L/cell). The enzyme level (f,,) is a term that

was previously proposed for MDCK cells [1] and corresponds to the experiment-specific relative

enzyme level of the cell population, which indicates that total enzyme content varies between

Page 2 of 16



Jodo R. C. Ramos, Thomas Bissinger, Yvonne Genzel, Udo Reichl, Impact of influenza A virus infection on
growth and metabolism of suspension MDCK cells using a dynamic model

experiments. Here, since the experiments were conducted using the same pre-culture, the enzyme

level was set to one for both cultivations.

1.1 Segregated cell growth and infection model

The segregated cell growth model approaches allow the consideration of several classes of
cells. Similar to previous approaches [2,3], five classes (N =5 ) were used to describe changes in
the mean cell diameter of MDCK cells. Because a segregated cell growth model enables the
estimation of the mean cell diameter, it also allows the estimation of the total viable cell volume.
Estimating the cell volume was critical for determining the cell-specific volume, which impacts
the maximum volumetric enzyme activities (Equation (2)).

The model describes the cell transition between each cell class using a transition rate (7, ,
Equation (3), main manuscript), starting with the class (X, ) which contains the smallest cells and
ending with the class (X ) containing the largest cells. The latter divide and produce two cells of

the first class (Equations (3)—(5)). Further analyses and discussions regarding the choice of cell
classes can be found in section 1 in S6 File and additional aspects regarding the choice of classes

have been also discussed elsewhere [1-4].

dX
_1:rtram'(2X5_X1f)_kdX1’ (3)

dX
: :]/;rans(le_XZ)_kdXZ’ (4)

dt
%:rf"ans(‘}(i_l_Xi)_kdXi’for i:3""’NC' (5)
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Given the different cell classes introduced (Equations (3)—(5)), the viable cell concentration (X))

was calculated as the sum of cells in each class (Equation (6)).
NC
X, =2 X, (©)
i=

The mean cell diameter (3) was estimated using Equation (7), in which the number of cells of
each class (X, ) and their respective diameters is taken into account. Here, the diameter of cells in
each class are equidistant ranging from a minimum value (d,, , for the smallest cells found in the
first class X, ) to a critical diameter value (d. , for the largest cells found in class X . ). Note that

both d_ and d, were manually adjusted for each experiment.

- & d —d X,
d=>|d, +——=2(i-1) | = 7
;(m]W40 ﬂX ™

Using the mean diameter (3 ), the viable cell volume (7, #L ) and the cell-specific volume (V"

L/cell) were calculated using Equations (8) and (9), respectively.

—3

re=zLx 10 (8)
6 \4
Ve :)V( 10°° )

v

Substrates and dynamics of released metabolic by-products are also part of the macroscopic model.
These include extracellular glucose, glutamine, glutamate, lactate and ammonium. The glucose
dynamics was described using cell growth-related and maintenance terms. The remaining
extracellular metabolites were described using a Michaelis-Menten-like kinetic or more complex

equations in accordance with previous studies describing their transport through the cell membrane
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[2,5-10]. In particular, these metabolites were produced and/or consumed independently from the
cell growth rate and cell growth occurs even after depletion in some cases. The spontaneous
degradation of extracellular glutamine to ammonium was also taken into account, as reported in
[11]. Equations (10)—(15) introduce the ODEs associated with the extracellular metabolites and
the transport kinetics in these ODEs, chosen based on previous literature [1-4,12], were provided

later in section 2 below.

d[(a;,—iCX] = e T T (10

AG]__ VA, (12)
dt oy

d[NTI;MX] =T~ rNH4‘fmm Vslc/j(V ()

d [Lacx} Vex

y v SV u (14)
t AC,rans

d[Pyr’] _
d PV e (15)

1.2 Structured model of the central carbon metabolism

1.2.1 Glycolysis

Glycolysis and pentose phosphate pathway were described using the ODEs in Equations

(16)—(25) in accordance with the structure and basic assumptions for modeling MDCK cells [1]
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and other animal cell lines [2]. For each intracellular metabolite (C ), the consumption or

production by individual enzymes was considered. The enzyme and transport kinetics in these

ODEs, chosen based on previous literature [1-4,12], were provided later in section 2 below.

Additionally, the transport of glucose (7, Equation (47)), pyruvate (ryrxr_ ~, Equation (46))

and lactate (7,

aClV‘aHS

, Equation (45)) were considered, linking the extra- and intracellular forms of

these metabolites. The dilution of each intracellular metabolite due to changes in the cell volume

caused by cell growth was taken into account by using the term x/[C].

d[ZIC] = oot —hx —HS1Glc]

A = = =1y ~ TG 6P]

d [Fdfp e oy =g + Foangren — 1/ TFGP]

% =1 —Fuce —ays — M [UDPGIc]

% =Tppx —Vyp — M S[F16P]

d[3d IZG] =27~ Fovo +F Founeape — L T3PG]

A o =i ~Tigpex — 1 TPEP)

=t = o+ 1 =T 7y (VV—X)— Faan ~H TP

(16)

(17

(18)

(19)

(20)

1)

(22)

(23)

(24)
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[Lac]
dt

=Torr " ac,,, —uf [Lac] (25)

1.2.2 Citric acid cycle, glutaminolysis and transamination

Following the structure and basic assumptions from previous work [2], Equations (26)—
(37) were used to describe citric acid cycle (TCA), glutaminolysis and transamination. For each

ODE, the individual enzyme and transport kinetics, chosen based on previous literature [1-4,12],

were provided later in section 2 below. Additionally, the transport of glutamine (7, . , Equation

trans

(41)), glutamate (75, , Equation (43)) and ammonium (7, , Equation (44)) were considered,

HY, s
linking the extra- and intracellular forms of these metabolites. The dilution of each intracellular
metabolite due to changes in the cell volume caused by cell growth was taken into account by

using the term £/ [C].

% = Fopy — 15 — 11/ [ AcCoA] (26)
% =g — Ty — Ty — 1S [Cit] (27)
% = Fico —Tacor — S [eAc] (28)
% =7yc00 — Vepy — Mf [Isocit] (29)
@ S (VV—X) 41— f1Gln] (30)
% = Tor0,,, T Vamase T ter —Tos ~Toron + Vagpra — MS[Glu] G
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% =N TUHO) e+ e+ Toron = Tans =Tos = I INH 4] (32)
] o =i * i =iy = TKet0 e
] =1 — 5 G4
%:FSDH—FFMA—ﬂf[Fum] (35)
d[lc\;al] = Faaa ~ Vo — Ve — 4/ [Mal] (36)
O o # g+ 1+ i = o =~ /OAA] (37)

1.2.3 Energy metabolism

Following the structure and basic assumptions from previous work [2], the ODE in
Equation (38) was used to describe ATP dynamics. ATP production was lumped into one rate
(7eepr ), where 2.5 ATP are produced from NADH and 1.5 ATP from FADH2 as reported in [13,14].
ATP usage was lumped into a degradation term ( 7,,,, ), which contains the terms for the estimated

consumption for cell growth and maintenance. It was assumed that energy precursors do not
accumulate but are used directly in the oxidative phosphorylation (electron transport) pathway.
Furthermore, due to the lack of experimental data, the impact of cofactors on enzyme regulation

and homeostasis was not taken into account. Further details for both reactions (7., and 7,,,,)

were provided later in section 2.2.3 below.
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d[ATP]
dt

= eew —Vaurp — M TATP] (38)

2 Equations for the rates used in the segregated cell growth model and structured model of
the intracellular metabolism

2.1 Rates of the segregated cell growth model

x/Glc (Xf+ZX} x/Glc* (39)

m/Glc = m V ®|:GIC :I (40)
[Gin”] ¢
rGl”erans - leanmn: 3 4 (41)
1+£[Gl”]J +[GIn']
Gin*
rdGlnX dGl Y[Gln ] (42)

2
([Glu*]] G
kGlux [Glu ' ]ké;]“xtr‘am Vc

rGlux[m”S :leux/m”S 2 2 (43)
14| [Glu'] +([Glu]]
kGlu" kGlu
2
([NH4"]J [1_ [NHA4] J
k. [NH4 1k
— NI—I4 NI—I4 trans VC (44)

h NH4T VNH4, ® 2 ; 2
1] [G1u'] +([Gu]}
kNH4" kNH4
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[Lacx] 3
B [Lac] [[Lac]Jr[Lacx]}

kZZcfmm. kLaC kLac“
rLac’* = vLacX, ) 4 VC (45 )
[Lac] [Lacx]
I+ —+—
kLaC kLac‘t
rx
.o Lz o
Pyr yans Pyr yans 1+[ Pyl"x]+ k’”r)C
2.2 Rates of the structured model of the intracellular metabolism
2.2.1 Rates from glycolysis
%
Torur :(rX/GI T /Gl ) p (47)
C m C VSCXV
I [Glc][A TP] (48)
T [Gle [ ATPY+ kyy [Glel+ Ky, [Glel+ K, Ky
[F 6P]
[G6P]- -
max kGPI
Yopr = Kgpr [F6P] (49)
kb, +[GOP]+——
ke
- [G6P]
Ysspon = Keepon [G6P] T h (50)
G6PFH
[G6P]
r — max k-1 5 1
ur ur [G6P]+k{7T NAD ( )
'DPGI
7 _ Kmax [U G C] (52)

c¢cUGLC ~— “*cUGLC [UDPGZC]+kZ'lUGLC
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_ g LF6P] ( Kir j

14 =
e e A FOP\ ki +[ATP]

[R5P] —L%P]

max kr;
Yrarxrep = Krarkrep [F6P] i TATREer
+hprep + [RSP]

ki
TATKF6P

[R5P] _Bra]

k!
TATK3PG

+ kY’:;TK:%PG + [RSP]

_Kmax
rTATKSPG — IMTATK3PG [3PG]

k!
TATK3PG

me _ [RSP]
7 =
dR5P dR5P [RSP] + k:;esp

.  |UDPGIc]
7, =
s S TUDPGIC)+ k2 v

[3PG] [1 [PEP] J

I% _ Kmax k3PG B [3PG]kZ‘;IVO
ENO — ENO
14 [3PG] N [PEP]
kSPG kPEP
[F16P] (1 [3PG] j
. krgr \ [F16P]KS,

Pap = Kip
1+[F16P]+[3PG]+[3PG][ATP] AP K (1)

kFlGP k3PGALD k3PGALD kA TPup ATP,;

[PEP] [Pyr]

yoo= KM kPEPPK kPWPK
PK — PK
T [PEP]_[Pyr]
kPEPPK Pyrpg

(53)

(34)

(35)

(56)

(57)

(58)

(59)

(60)
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[L ac ]
3
[Pyr]|,  [Pyr] |[ [Pyr] | [Lac]
p— o +
k Pyr kLDH Pyripn Lacypy

_ max
ly LDH — K LDH

4 4
P . Gl
o |1k (2] 1+k., (G}
{ [ Pyl"] N [ Lac] J N VILpH chyr wi |

1+[Pyr]' 1+[Glu]'

Glu; py

Pyripy Lac,py

2.2.2 Rates from glycolysis, TCA and other pathways.

” _ max [OAA]
PEPCK PEPCK [ 04 A] K NAD
o = Kppy [ny’] [4TF] byip
[Pyr] [ATP]+ kK, . [Pyr]+ k':TPpDH [Pyr]+ k’:TPpDH kl’,"erDH

Pyry,

max

i Pyr|[ATP]
=K [ ] byap

7 =
" [Pyr][ATPY+ kp, [Pyrl+ K, [Pyrl+K, kb,

Pyrp,

max [ Mal]
7. =
ME ME ) [ATP]
Feype | 14+ +[Mal]
kATPME
4
e [P7] [Giu]
v =
A e [Py ]\ Ky, +[Glu]
e [NH4] [arP] Y
}" =
N e [ NH4] ki +[ATP]
2.2.3 Rates from TCA

(61)

(62)

(63)

(64)

(65)

(66)

(67)
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o [OAA][ACCOA] (68)
Ve =
<SS g [044]+ k), [AcCoA]+[ AcCoA][0AA]
cAc
Faco = Kaco [[Cn] [keq ]j (69)
ACO
max Isocit
Yycor = Kyco [[CAC] [keq—]J (70)
ACO2
Cit|[ATP
T = K& p [ : ][ p ] m m (l_bNAD) (71)
[Czt] ATP)+k;, [Pyr]+kATP(,L[Pyr]+kATP ke,
[Keto]
[Isoczt]
Vicon = KJ?B(H ICD[H l‘O] byup (72)
Ky +[Isocit]+=——
ICDH
L [Glu][ATP] (73)
@ P [G][ATPI+ky, [Glul+K',, [Glul+K'), ki,
L g [Gln] (74)
Glnase — “*Glnase . [ G h/l]
[Gln] + k Glnase
ATPGlna.s'e
[Glu] - [gf"ﬂ
— Kmax GLDH 75
Torpr = Brpu ) [Keto] [Glu] (75)
kGLDH [Gh/l] + keq + i
GLDH Glugypy
[Keto]  [0A44][Glu]
kk 1 qupTA qupTA
— max eto SP1Ap44 SP1AGr, 76
rASpTA AspTA km [OAA][GIL[] [Keto] NAD ( )
Agp TA K ZZp TAo4 K Z(fp TAg, kkL eto
max Keto
Faser = K igex [1 %j byap (77)
AAex
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max [Keto]
Vory = —_
Kot P [ Keto]+ kL,
i [Suc]
Yo = Kipn
. [044]
[Suc] +kgy + -
OAASD[I
([F um] — qual]
r — Kmax kFMA
FMA FMA . [Mal]
kv +[Fum]+ el
FMA
me [Mal]
Vo, = _
MDH MDH [Mal]_l_k;;DH

2.2.3 Rates from energy production
Voweotysis — Trx T 27p — Tux — Terk

Trea = 2-SrNADH + 157y

Teerr = Yoweotysis T Trca —Tas —Tew —Tee
Voarp = K oyrp Ml ATP]

Butzp =V ko[ ATP]

e um

ATPase — "V ATPase [ATP]+k;nTPaY€

Taarp = Vearp T luaze TV azpase

et =2 up e Hieor Hioer 2 e Hene oo —Tiow

Yeuprr = Vo T 2¥ e

(78)

(79)

(80)

81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)
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],.02 — 60 rNADH + rFADH ch‘1012 (91)
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