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Appendix to Kinetic model setup
(a) Morphology of the CV

Size and morphology of the coccolith vesicle (CV) are estisddrom TEM images
taken from van der Wadt all (19834) and from SEM images madelby You 009).
Surface area and volume of a simplified shape (see Fig. SBBam®? and 3.2:m3,
respectively, when a diameter of 3:B is presumed for the coccolith, which is the
coccolith size we have the calcite amount for (Young & ZIv€000). The first de-
tectable stage of the CV is the so called proto-coccolithclegpCV, see Fig. 5 in
van der Wakt al. (1983a)), for whose shape an oblate spheroid with a largeisad
of 0.25um and a small radius of 0.98n was assumed (A = 0.5um?, V, oy =
0.02;:m?3). Surface area and volume of the CV do not change during titttcor-
mation in our model in order to keep the model simple. A repmégtive situation
for calcite precipitation was chosen instead. Assumingitiesporter density inside
the CV membrane remains unchanged during coccolith foonathe mean value be-
tween the pCV and the full size CV should constitute a medualrapproach. The
model runs are performed with the following values: &# for the surface area and
1.6um? for the volume of the CV. During coccolith formation, the fuivithin the
CV becomes actually more and more restricted to the thirr lbgeveen the growing
coccolith and the CV membrane. Therefore, performing meaeulations with the
whole volume of the CV (1.6m?) constitutes a conservative assumption.

(b) Carbonate chemistry and [Ca?*]

A summary of the conditions assumed for the cytosol and ésliconditions inside
the CV is given in Table[S1. While all chemical charactecsbf the cytosol (equili-
brated carbonate system) are kept constant throughoutdtlelmuns, the correspond-
ing values of the CV vary with time in response to the indiabwansported substrates
and reactions of the carbonate system. The cytosoli¢"[da set to 100 nmaL ,
the value measured by Brownlegal. (1995). The initial [C&"] within the CV is
assumed to be 0.5mmbl!, a value typical for the ER (Gussoeeall, [2006). The
cytosolic DIC as well as the initial DIC inside the CV equa tteawater value in our
model, i.e. 2mmolL . Sekino & Shiraiwal (1994) measured the bulk DICEothux-
leyi to be 13mmoL L. It is, however, very likely that DIC is not distributed ewn
inside the cell. A strong accumulation of DIC inside the sgtiowould probably lead
to a strong diffusive C@lost, further amplified by the low cytosolic pH value com-
pared to the one of seawater. A more effective location tamcdtate DIC are the
organelles, in which Cis assimilated, i.e. the chloroplast or the CV. Howevergsin
an accumulation of DIC inside the cytosol cannot be excluydedested the influence
of a high cytosolic DIC (55 mmalL ') on the carbonate chemistry inside the CV in a
basic model version where, @r calcite precipitation is supplied exclusively via €O




diffusion (model version Ib). The pH value of the cytosol dahd initial value of the
CV both are assumed to be seven as given by Anetradl (1996) (cytosol: 6.9 0.3;
CV: 7.1+ 0.3). The cytosolic salinity is presumed to be slightly lovilean the one
of seawater, because it is reduced by means of organic osadBisson & Kirst,
11979; Kirst & Bissoh| 1979). The salinity inside the CV is &ethe value of seawater,
because no data about compatible solutes inside the CV ailalde. Salinity and
temperature remain constant throughout the model runs.

The carbonate system inside the CV is described via thedolpequations:

CO, + H,0 % H* + HCO; (S1)

-1

CO, + OH™ = HCO; (S2)

K_4
K
CO™ + HT == HCO; (S3)
KHY
kOH*

HCOj + OH™ —= CO?™ + H,0 (S4)

OH™
k=5

H,0 % H* + OH- (S5)

The corresponding net reaction rates are denoted accaalthg numbers of the rate
constants and describe the reactidns| (S 1) 10 (S 5) from taghbft:

Ricv = —kt1[CO)ev + ko1 [HT|ev[HCOS Jov (S6)
Rycv = —kiua[OHT v [CO)cy + ko4 [HCO |y (S7)
R oy = =K [HT)ev[CO ey + k5 [HCOp Jov (S8)
R§cy = —kI5 [OH Jey[HCO Jov + k25 [COF Jov[HaOlay (S9)
Re,cv = —ki6 + k_g[H"]ov[OH oy (510)

Reaction rate constants are calculated via the equatives i Z Wolf-Gladr

), values are listed in TablB]S2.
DIC and total alkalinity (TA) are defined as follows:

DIC = [COyJcy + [HCO;]ev + [CO5 oy (S11)
TA = [HCO; ] +2[CO; Jov + [OH Jev — [H ey (512)
The contribution of borate and several minor componentsAaesTheglected for the

sake of simplicity. The concentrations of these compounaytosol and CV are not
well known and do most probably differ from typical valueseawater.



(c) Activetransport

The transport of molecules and ions across the CV membrdiuvemtes the corre-
sponding concentrations inside the modelled CV. The ratertiigh these concentra-
tions change is described by means of a Michaelis-Menteat&uou

RT — RN Vinax[X]
* VCV Kf/[ + [X]
where -y stands for the volume of the CV, x for the transported sutestkg,, .. for

the maximum transport rate, ahd; denotes the Michaelis-Menten constant, which
describes the affinity of the transporter towards x.

When C&* transport is concerne(ﬂ{,gaL2+ is multiplied by the following cut-off func-
tion f([C&"]).

(S13)

_ 2+
_ tanh(1000 2 100 [Ca2t)) +% (514

where the [C&] is given in mmolL~!. f([Ca&"]) defines the maximum [C&] ratio
over the CV membrane to be 3,Gvhich was calculated by Langet all (2006) to be
the maximum ratio that can be achieved by hydrolysis of ATP.

Each of the modelled transporters is dependent on the ctraten of one trans-
ported substrate only (e. g. €ainside the cytosol), which can be done, when the co-
transported or antitransported substrates (e. g+ Miside the CV, in case of Ga/2
H* exchangers) are assumed to be abundant. Besides infomneettithe maximum
transport capacity as it is the case in the classical Micsd@énten equation, the pa-
rameter V., contains further information on the kinetics of the cotgaorsed, respec-
tively antiported, substrate(s). During the first experntgart of model versions VI
and VII, protons are transported via proton-pumping ATBast the CV. We pre-
sumed, that neither ATP nor protons limit the transport aedclke modelled proton
import with a fixed rate here. A maximal proton concentratiatio of 10 across the
membrane was assumed, constituting a very steep gradigiai]dowing for a maximal
effect of the C&" import mechanism during the second model phase.

Our model does not integrate the membrane potential, beceaiking is known about
the ion composition around the CV membrane. Therefore, waldd to implement
substrate transporters that exchange ions electrogbniealtral. Consequently, the
stoichiometry assumed for €a/ H™ exchangers is 1 Ga: 2 H' as it can for instance
be found in the tonoplast deta vulgarigBlumwald & Poole, 1986). This stoichiom-
etry does not correspond to the one assumed for CAX-like Od*+ exchangers (1: 3,
Szeet all, 2000) nor to that assumed for €aATPases (1 : 1-1.57Hauser & Barth,
@). The latter transporter types do most probably eristaicifying cells ofE.
huxleyi(see Sectior??). In case of SERCA-type Ga-ATPases, stoichiometries of
Ca&* :H* vary with the underlying pH valueZHauser & Barth| 2007). The latter
transporter types do most probably exist in calcifying <@l E. huxleyi(see Sec-
tion 2.1 of main document). In case of SERCA-type’ GATPases, stoichiometries

f([Ca**])




of C&* :H* vary with the underlying pH valueZHauser & Barth| 2007). Proton-

pumping ATPases could further influence bulk stoichionestri We actually tested
the influence of stoichiometries between 1*Cal H™ and 1 C&": 3 H on a basic
model version, where Qs supplied passively via CQliffusion and C&" is imported
actively via a C&" /H* exchanger. While stoichiometries of 1 Ca<2 H* led to
pH values that were too low for calcite precipitation, thogd Ca&*:>2 H* led to
very high pH values and very high [GQ| inside the CV. A stoichiometry of 1 C&: 2
H*, in turn, led to reasonable results. Therefore, the latt@clsiometry which was
assumed for some model versions is meaningful.

(d) Diffusion

CO, diffuses across the CV membrane in all model versions. ftasion rateRe,,,
is described as follows:

A
Réo, = WCOQV—ZX - ([CO32les — [CO2)ev) (S15)

whereyco, is the permeability coefficient of CQyiven in Stiltemeyer & Rinast (1996)

for the plasma membrane @hlamydomonas reinhardtgrown at ambient air and a
pH of 7.8.Acv / Vv reflects the surface to volume ratio of the CV, and [zQ and
[CO,] v denote the [CE) inside the cytosol (CS) and the CV, respectively.

(e) Calcite precipitation
The model considers the following reaction to describeitafirecipitation:

CO%™ + Cat — CaCO; | (S 16)

The corresponding precipitation rate is described via dhlewing equations:

k(2 =1)» forQ>1
Rp_{ 0 forQ <1 (S17)
where the parameter n is given in Table 3 of Zuddas & Mucci 419935), and k

can be calculated from Figure 1 and Table 3 given in Zuddas &M(1994) and the
calculated CV morphology (3.080~° mol-L~!.s71).

(f) Model versions



The kinetic parameters used for all model runs are listeclrer$3.

Model version I: C&"* /2 H* antiport. The activity of carbonic anhydrase (CA) in
model version Ic was modelled via an acceleration factor®ffar R; cv (eq. [S86)).
This factor was taken from Thones all (2001) who used it to model the CA inside
the chloroplast.

The differential equations for model version | are conggddrom the reaction rates

given in equationg (S 6) to (SN0). (S13), ($15), and (S 17):

d[COq)/dtq) = Ricv + Racv + R002 (518)
d[HCO5]/dta) = _Rl oV — R4 cv — R5 ov + Regy (519)
d[CO37]/dt) = Riloy — REE ov —Rp (S20)
d[H*]/dt@ = —Riov + REGy — Reov — 2 Rier (S21)
d[OH"]/dt) = +Racv + R9ey cv — Recov (S22)
d[Ca*"]/dtqy = Réper — Re (S23)
d[PIC]/dtq) = Re (S24)

For the following model versions, we will only give the egoat that deviate from

equations[(S18) ta (SP4).

Model version Il: C&" /2 H* antiport with active CQ import. The only differential
eqguation that is changed compared to model version |, isriealescribing the change
of the [CO,]:

d[CO,)/dtan = Ricv + Racv + Réo, + Réo, (S 25)

Model version IlI: Import of C&" and HCQ;. As mentioned in Section 3.1 of the
main document, two different possibilities to import®€and HCQ into the CV are
concerned here. The only equation, in which the two moddieas (llla and 1l1b)
differ from equations[(S18) t6 (SP4), is the one describivggdhange ofHCO; |.

d[HCO3]/dt(my = —Riov — Racv — Ricy + ROE, + RHCO, (S 26)
d[HCO3 |/dtam,y = —Ri,cv — Raev — R5 cov + RSOEV + 2R, 2+ (827)
Since our model does not consider [Nand [CI], we neglect the export of these ion
species.
Model version IV: C&"/CO:~ symport. The modified differential equation for this

model version reads:

d[CO3 7] /dtayy = R5 ov — RSGy + R — Rp (S28)



Model version V: C&" and HCGQ, import and H™ export. Model version Va is
based on a transport mechanism consisting of two decourdadporters, namely a
Ca*/2H" antiporter and a HCQ/H™ symporter. The modified differential equa-
tions read:
d[HCO; |/dt(va) = ~Rucv = Raov = Riloy + RECy + Rijeo- (S29)
d[H*]/dt(va) = —Riov + Riey = Reov + Rieo- — 2Réee  (S30)

Model version Vb mimics a theoretical transporter geneepéi transport of one Ga
and one HCQ into the CV and one H out of the CV. The differential equations are:

d[HCO3]/dtvn) = —Riov — Rucv — Ricy + ROB, + Reaq (S31)
d[H"])/dtevny = —Riev + R ey — Recv — Riger (S32)

Model version VI: C&"/H* exchange after import of H For the first part of this
model version, by means of which the proton gradient actosxV membrane is
established, the following equations are used:

d[H"]/dtvr) = —Riov + R?,EV —Rgov + Rys (S33)
d[Ca**]/dtvr = —Rp (S 34)
d[PIC]/dt(VI) = Rp (S35)

The second model part, during which the established pratadignt is used to import
Ca&t, the equations given for model version | are considered.

Model version VII: C&* and HCQ; import and H- export after import of F. The
acidification part of this model is described via the equeigiven for model version
VI (egs.[S3B £535). For the second part in turn, the equatbnsodel version Vb

(egs. [[S31) {(S32)) are used.

Appendix to Results and Discussion

Figures EP to[S6 give the model outputs to all model versiexsgpt for model ver-
sion Ic which was shown already in the main document.

At Time =0 s, the preset initial conditions are given. Durihg presented time regime,
the modelled DIC, TA, pH, 2, and Ca" approach the steady state values listed in
Table 4 of the main manuscript.
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Table S 1:Values for [C&"], DIC, pH, salinity (S), and temperatur@) inside the
cytosol (CS) and the CV. The concentrations of carbonateispare calculated from
DIC and pH (equilibrium values). Values put in paranthesesthose for model ver-
sion Ib, which is based on 55 mrot! DIC in CS.

Parameter Value CS Value CV

[Ca®T] (mmol-L~!) 10010 ° (Brownleeet al,,[1995) 0.5 (Gussoneet all,[2006)

DIC (mmolL~1) 2 (55in Ib) 2

pH 7 (Dixon et all, 11989) 7 (Anning et al,,[1996)
S 30 35

6 (°C) 15 15

CQO, (umol-L™') 169 (4656 in Ib) 163

HCO; (umol-L~') 1820 (50000 in Ib) 1823

CO;™ (umol-L~')  12.9(355in Ib) 14.5




Table S 2:Reaction rate constants of the carbonate system. Sinceatimi\s of the
cytosol (CS) and the CV are assumed to differ (CS: 30, CV:itB&)ate constants are
listed separately.

Rate constant Value CS Value CV
kit (s™h) 14.210°3

k_; (L-mol~t.st) 129100 12410
kisy (L-mol~t.st) 28610° 2.8910°

kog (571 5.96107° 6.2310°°
kKl (L-mol~t.s!)  4.8910" 4.8710%
K1 (s7) 35.5 39.9

k4™ (L-mol-'.s™!) 5.8710° 5.851C
KO (s7h) 1.8510° 1.7910°

K.g(molL-l.s™') 143103 1.4410°3
k_g (L-mol~t.s7})  6.2710'° 5.7310"




Table S 3:Kinetic parameter values for all model versions.

Parameter Value Version
Yo, (M-s) 1.8107° (Silltemeyer & Rinast, 1996) all
Vmax(0a2+/2H+)(mO|-S_1) 0.5410° % (la)
Ko™ et ont) (Mol-L 1) 42:10°° (Blumwald & Poole| 1966)
Vmax(0a2+/2H+)(mO|-S_1) 2.610°"° (|b, |C)
K™ covmer(mokL ™) 42.10°° (Blumwald & Poolb| 1986)
Vmax(0a2+/2H+)(mO|-S_1) 2.610° " (I
KCa*" ¢t ey (Mol-L 1) 42-10°% (Blumwald & Poole| 1986)

V max(con (Mol-s71) 1.410°%

Kgoz(coz)(mOLL_l) 0.1.10°¢

V max(cé+znat) (MOIl-S 1) 2.610° 1 (Iha)
K" cetonaty (MolL™Y) 421076

Vmax(Hco;/cr)(mO|-S_1) 131018

KECO?:(Hco;/cr)(mol-L‘l) 0.1.10°3

VmaX(Ca2+/2HCO3T)(mO|'S_1) 2.610° 1 (11b)
KCa™" ¢t ey (Mol-L 1) 42:10°% (Blumwald & Poole| 1986)

V max(ce+icoz) (m0|-S_1) 2.610°1 (|V)
K" catcoz-y(mol-L=1)  42.10°°

V paxca+reit (mol-s~t) 2.610°1 (Va)
KCa™ ¢t oty (Mol-L 1) 42:10°% (Blumwald & Poole| 1986)
VmaX(HCO§/H+)(mOI'S_1) 6.5210° %8

K 9 geopmsy (MolL~1)  0.1:1073

V max(ca+mco; m+) (mol-s—l) 2.610° " (Vb)
Kgla2+(Ca2+/HCO§/H+)(mOI'L_l) 421076

Vs (mol-L—T.s71) 0.0210°° (V1)
Vmax(0a2+/2H+)(m0|~S_1) 1.010° 1

K™ ety (moOkL ™) 42:10°° (Blumwald & Poole| 19d6)
V(H+)(m0|-L_1-S_1) 0.0210°° (V”)

Vmax(0a2+/Hco;/H+) (m0|-S_1)
24 —
Kgla ce*mco; mt) (Mol-L 1)

3.210°15
42-10°% (Blumwald & Poole| 1986)
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Figure S 6:Results to model version VII. €3 HCO; and H" actively cross the CV
membrane, after the establishment of a proton gradientssctbe CV membrane by
means of an ATPase. Gdiffuses across the membrane in both stages. The plots on
the left hand side present the whole model run, while on et thand side, the time
slot, during which the ATPase activity is stopped and th&'CalCO; /H* exchanger
starts its activity, is shown in more detail.



