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SUMMARY

1 SUMMARY

Most metabolic processes are pH dependent. If we want to understand the influence
of ocean pH and carbonate chemistry on coccolithophores, it is necessary to gain a
better understanding of their physiological properties and metabolic processes. Here
Emiliania huxleyi and Coccolithus pelagicus were chosen to characterise some
mechanisms involved in pH homeostasis and ion transport.

Effects of changes in seawater carbon chemistry on intracellular pH (pH;) were
measured by 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)
fluorescence. Out of equilibrium (OOE) solutions were used to differentiate between
membrane permeation pathways for H*, CO, and HCOs". The ionophore nigericin
was used to calibrate the dimension of changes in pH; measured by BCECF.

pH; acutely followed the pH of seawater (pHe) in a linear fashion between pHe 6.5 and
9.

No pH; change could be detected when seawater [CO;], [CO3]e, was increased at
constant pH. and extracellular [HCO3], [HCOj3le. An increase in [HCOj3]e resulted in
a slight intracellular acidification.

In the presence of 4,4'-Diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) pH; in E.
huxleyi acidified and the effect was not reversible. In addition, DIDS reduced the
effect of pHe on pH; slightly.

The data for the first time show the occurrence of a direct proton permeation pathway
in E. huxleyi plasma membrane, a direct acidifying impact of increased [HCOj3]e on
pHi and no detectable influence of increased [CO,]. on pH;. pH homeostasis involves
a DIDS sensitive mechanism. The data suggest the involvement of ion transport
mechanisms which link ocean seawater pH and metabolic processes in E. huxleyi.
To further characterise these mechanisms the impact of manipulated extracellular ion
concentrations on pH; was investigated. The data on increased external [K'], [K']e ,
and decreased external [CI], [Cl]e, i. e. the effect of decreased gradients on pH; ,
showed more complex relationships. Both led to a first rapid but transient acidification
of pHi and a second slower, also transient acidification upon return to control
conditions. The two pH reactions showed different kinetics. The results indicate
coupling of H* transport to ion gradients.

Different methods to isolate pure protoplasts and perform electrophysiological

measurements on E. huxleyi were applied. E. huxleyi protoplasts showed a clean cell
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SUMMARY

membrane by different methods; however the cells did not form gigaseals. In C.
pelagicus protoplast isolation and sealing were achieved, however, only in limited
numbers of cells.

A revision of E. huxleyi membrane anatomy by confocal microscopy in collaboration
with M. Gutowska and N. Fischer gave first evidence for a dual protoplast outer
membrane, which might explain the difficulties in dye loading and patch sealing.

In summary the collected data are a first step in characterising physiological
properties of coccolithophores with respect to carbon transport pathways, and pH

homeostasis on a cellular level.
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2 ZUSAMMENFASSUNG

Metabolische Prozesse sind in der Regel pH abhangig. Um zu verstehen, wie sich
Ozeanversauerung und veranderte Carbonatchemie auf Coccolithophoriden
auswirken, mussen wir daher zuerst ihre physiologischen Eigenschaften und
metabolischen Prozesse verstehen,

Fur die vorliegende Arbeit wurden Emiliania huxleyi und Coccolithus pelagicus
ausgewahlt, um grundlegende Mechanismen bzgl. pH Homoostase und
lonentransport in Coccolithophoriden zu charakterisieren.

Die Auswirkungen von modifiziertem Seewasser auf den intrazellularen pH (pH;)
wurden mithilfe von 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)
Fluoreszenz gemessen.

Out of equilibrium (OOE) Lésungen, d.h. Losungen deren Karbonatchemie temporar
nicht aquilibriert war, wurden verwendet, um zwischen Membranpermeabilitaten von
H*, CO, und HCOj; unterscheiden zu konnen. Der Porenbildner Nigericin wurde
eingesetzt, um das Verhéltnis zwischen intrazellularen pH Anderungen und den
tatsachlich gemessenen Anderungen in der BCECF Fluoreszenz zu kalibrieren. In
dem Bereich zwischen pHe 6.5 and 9 folgte der pH; dem pH des Seewassers direkt
und linear.

Wenn wir die [CO;] bei gleichbleibendem pHe und konstanter [HCOs] erhdhten,
anderte sich der pH; nicht signifikant. Eine Erhéhung der extrazellularen [HCO3]
hingegen fuhrte zu einer leichten intrazellularen Ansauerung.

In Gegenwart von 4,4'-Diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) sank der
pH; von E. huxleyi irreversibel. Daruber hinaus reduzierte DIDS die Ansauerung des
pH; durch einen saureren externen pH leicht.

Wir konnten zum ersten Mal eine direkte Protonenpermeabilitat in der E. huxleyi
Plasmamembran, einen direkten, ansauernden Effekt durch eine erhdhte
extrazellulare [HCO3] und das Fehlen eines messbaren Effektes einer erhdhten
extrazellularen [CO;] auf den pH; nachweisen.

Die Daten deuten darauf hin, dass lonentransportmechanismen in E. huxleyi eine
Verbindung zwischen metabolischen Prozessen und der Veranderung des Ozean
pHs, der sogenannten Ozeanversauerung, darstellen.

Um diese Mechanismen weitergehend zu charakterisieren, untersuchten wir den

Einfluss veranderter lonenkonzentrationen in den Seewasser Experimentalldsungen
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auf den pH;. Die Daten mit erhohter [K'] bzw. verringerter [CI] im Seewasser, d.h. der
Einfluss verringerter Gradienten Uber die Membran auf den pH;, zeigten komplexere
Zusammenhange. Beide Manipulationen fuhrten zuerst zu einer schnellen aber
vorubergehenden Ansauerung der Zellen, und nach Ruckkehr zu den
Kontrollbedingungen, zu einer zweiten, ebenfalls transienten Ansauerung, wobei die
erste und zweite Ansauerung jeweils unterschiedliche Kinetiken besallen. Die
Ergebnisse weisen auf eine Kopplung des H" Transportes an lonengradienten hin.
Wir verwendeten verschiedene Methoden, um E. huxleyi Protoplasten fur
elektrophysiologische Experimente zu isolieren. Verschiedene Ansatze flhrten zu
Protoplasten mit optisch sauberer Zellmembran, jedoch formten die Zellen kein
Gigaseal. Im Gegensatz dazu waren Protoplastenisolierung und Gigasealformierung
in C. pelagicus maoglich, wenn auch nur in einer begrenzten Anzahl von Zellen.

Unter Zuhilfenahme eines konfokalen Laserrastermikroskops wurde eine erneute
Begutachtung der Membrananatomie bei E. huxleyi durchgefuhrt. Diese
Kollaboration mit M. Gutowska und N. Fischer ergab erste Hinweise auf eine
doppelte auldere Protoplastenplasmamembran, und damit eine mogliche Erklarung
fur die beobachteten Schwierigkeiten, sowohl bei der Beladung mit Farbstoffen, als
auch bei der Gigasealbildung.

Zusammengefasst lasst sich sagen, dass die gesammelten Daten ein erster Schritt
sind, um den physiologischen Eigenschaften der Coccolithophoriden in Hinsicht auf
Kohlenstoff Transportwege uber die Membran und in Hinsicht auf pH Homdostase

auf der zellularen Ebene auf die Spur zu kommen.
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3 Introduction

3.1 The marine carbonate system and natural variability

Organisms depend on the uptake of many different elements for maintenance and
propagation. Among these elements carbon (C) is of major importance. On the one
hand it can form a lot of different (inorganic and organic) chemical compounds. On
the other hand it is the main structural component due to its ability to form a huge
variety of complex molecules, which are at the fundament of life. Thus, in biology
carbon is, together with oxygen and hydrogen, the most abundant and important

element.

Carbon, on a global scale, is present in different compounds, in different reservoirs
and exchanged between them in variable rates on a wide spectrum of timescales
(e.g. rectifying channels like TRP family, Siegenthaler & Sarmiento). The largest of
these reservoirs is the lithosphere, containing about 60 million Pg of C (1 Peta gram
equals 1 giga ton, Gt, or 10" g). The second largest reservoir is the ocean,
containing about 39,000 Pg C in the form of dissolved inorganic carbon (DIC), some
700 Pg of dissolved organic carbon (DOC) and approximately 3 Pg of particulate
organic carbon (POC). In comparison, today’s atmosphere only contains around 750
Pg C, mainly in the form of CO,, the well known greenhouse gas, which corresponds
to a partial pressure (pCO,) of approximately 380 patm (patm are essentially

equivalent to ppm).

3.1.1 The marine carbonate system

For this study | will focus on the aspects of biological interaction with the carbonate

system in the surface ocean, the habitat of the model organisms used.

Autotrophic marine organisms like coccolithophores can take up C in the form of
either inorganic ions (HCOs, COs%) or in gaseous form (CO.), summarised as
dissolved inorganic carbon (DIC), or as organic compounds, e.g. in the form of

dissolved organic carbon (DOC) such as carbohydrates.

The carbonate system in seawater depends on physicochemical (temperature, depth)

and biological (e.g. photosynthesis, respiration, and calcification) parameters (Fig. 1).
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The equilibrium relationships between -2
CO,, HCO3, and CO3% in the marine

carbonate system are illustrated in the

N
3}

'
w
T

so called Bjerrum diagram (Fig. 1). It
shows examples for the carbon

speciation at different temperatures,

\
EN

Log [concentration [mol kg™')]
5}

salinities, and pressure, plotted is

against pH. Our conditions are best
described by the solid line (T = 25°C,

S = 35) in the grey area. The other
Fig. 1 Bjerrum diagram.

lines depict the influence of T, S and P The grey area depicts the typical range of pH in the
L surface ocean, between 7.9 and 8.25, mean 8.1;
on carbonate speciation and pH. pK1 =5.84; pK2 = 8.93 at S = 35, T = 25°C, (adapted
from Zeebe & Wolf-Gladrow, 2001)
Typical carbon concentrations in the

surface ocean at a pH of ~8.1 are ~15 pmol kg™’ CO,*, ~2000 pmol kg™’ HCOs', and
~200 pmol kg COs*. CO,* denotes the combination of gaseous dissolved CO,
COy(aq), and carbonic acid (H>,COs3), ~600 times less abundant in seawater than
COy(aq). The chemical and physical context of carbonate chemistry will be explained
in more detail in the next passages with a short view on changing climatic conditions

as the wider background of this study.
Gases aim to equilibrate between atmosphere and surface ocean.

i) An increase of [CO;] in the atmosphere leads to dissolution of more CO; in the
water, and drives the equilibrium between [CO,], [HCOs], and [CO5*] towards more
HCO5 and CO, and less CO3* according to Eq. 1. This results in an increased [H'] in
the water (see also 3.1.2). In this situation water of the surface ocean is a sink for

atmospheric CO,.

i) On the other hand an increase of [CO,] in the surface waters due to respiration
leads principally to the same shifts in the equilibrium. Due to an out gassing of CO; to
the atmosphere the system in this case can re equilibrate, turning the ocean into a

source of CO; for the atmosphere.

CO, +CO,” + H,0 < 2HCO," Eq. 1
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In both cases, an increase of [CO,] will affect the CaCO3; solubility product (K*Sp, Eq.
2) and its saturation state in seawater (Q, Eq. 3), as they are a function of [CO3*]

and, consequently, of [COg].

Ky =[ca® |, -|co,” | Eq. 2

sat

o Lo,

If Q is larger than 1, seawater is supersaturated with respect to CaCOs3;, and CaCOs;
formation and conservation is possible. If [CO5%] in the surface ocean decreases due
to CO, uptake, the saturation state will shift towards undersaturation (Q<1). This
leads to dissolution of CaCOs. Q is generally taken as a proxy for the calcification
ability of organisms, even though it is rather the concentration of certain ions that the

organisms detect. However, if COs% is among them is unclear.

It is widely accepted nowadays that the ocean has been a relatively stable system on
long timescales (~ 7.5 Myr), with respect to pH and the carbonate system (e.g.
Spivack et al., 1993). This is of importance, as there might have been no need for

marine organisms to evolve - and keep - an adaptive potential.

On the other hand surface ocean carbonate chemistry is regularly changing, e.g.
under bloom conditions (high population densities). [CO;] in seawater then becomes
a function of biological activity (respiration, photosynthesis, and calcification), on a

spatially and temporally limited scale.

Hence, it is important to answer the question, to what extent organisms are directly
dependent on the ambient carbonate chemistry. Long term as well as short term
adaptive potentials have to be taken into consideration. In fact, acid-base-metabolism
of calcifying organisms might be challenged in a changing ocean; on the other hand

they might be preadapted due to undulating [CO2] and [H™] conditions.

3.1.2 The change in carbonate system due to anthropogenic CO,

emissions

Since the beginning of the industrial revolution the amount of CO. in the atmosphere,
[CO2]am, has been continuously increasing due to anthropogenic fossil fuel burning
(Fig. 2). As already laid out in 3.1.1 if for example [CO;] in the tropic ocean (Fig. 1,
solid line, T = 25°C, S = 35) increases by invasion from the atmosphere (red arrow)

pH will decrease accordingly and the carbonate speciation will react by an increase in
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[HCO31] and a decrease in [CO3?], according to Eq. 1. In relation to their absolute
concentrations the increase in [HCO37] is minor and the decrease in [CO5*] larger. On
the long run this brings forth a decrease in the buffering capacity of the marine
carbonate system, and also a change in environmental conditions of marine

organisms, concerning e.g. pH and Q.

This might affect especially unicellular calcifying organisms like coccolithophores, as
they are directly facing the “extracellular fluid” seawater, without the protection of an
‘own’ extracellular fluid, which is buffered and regulated by specialised tissues. If
seawater becomes more acidic and Q decreases, this might hamper calcification,

even if it takes place intracellularly like in coccolithophores (3.5).

Future experiments thus have to show in how far these organisms can cope with an
ocean, in which conditions, e.g. carbonate chemistry and temperature are changing

at an increasing speed (Solomon et al., 2007).

Atmospheric CO, at Mauna Loa Observatory RECENT MONTHLY MEAN CO, AT MAUNA LOA
' ' ' ' ' ' 395

Scripps Institution of Oceanography
3go NOAA Earth System Research Laboratory

390

360 [
385 .

PARTS PER MILLION
PARTS PER MILLION

3801

320

N
June 2010
Jure 2010

f 1 " | f 375
1960 1970 1980 1980 2000 2010 2006 2007 2008 2009 2010 201
YEAR YEAR

Fig. 2 Long term and recent development of CO, concentration in the atmosphere.

Long term (left) of atmospheric monthly mean [CO,] from the 1960s until today. Recent
monthly mean is shown at a higher resolution (right). Shown are the annual mean and the
seasonal fluctuations, respectively.

Source: Dr. Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends)
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3.2 Transport across membranes

Carbon is of major importance for organisms. It can be a growth rate limiting factor
for some algae, e.g. diatoms (Riebesell et al., 1993). An increase in C thus can
fertilise algal growth under certain conditions. On the other hand an increase in C in
the form of CO, in the marine environment can also be threatening, as it leads to a

decrease in pH and thus might impede calcification (see 3.1).

To gain a better understanding of the predominant effect of an increasing [CO>] in the
oceans on single celled calcifying algae it is therefore necessary to understand the

essential processes of C handling on a cellular level.

All cells are surrounded by a plasma membrane consistent of a lipid bilayer in which
different structural and functional proteins are embedded. This membrane acts as a
boundary against the environment, and all elements essential for the formation and

maintenance of cells have to overcome this protecting layer.

Membrane permeability for substrates depends on size and charge of the species to
be transported, the lipid composition, and, in addition, on the expression of functional

membrane proteins like ion channels, transporters, and pumps.

3.2.1 Diffusion

Lipophilic substances, e.g. gases like CO;, or lipids, can freely diffuse across a
membrane. The diffusion flux is dependent on the concentration gradient and on

membrane permeability:

j--p2® Eq. 4
AX

diffusion flux in [(amount of substance) Iength’s]
diffusion coefficient in [length™ time™]

concentration in [(amount of substance) length time™]

X g O «

length

Diffusion is considered the principal transport process for gases in small organisms,

and it is also the principle for gas exchange, e.g. CO; vs. O..

Membrane permeation of charged substances or larger molecules requires facilitation

by membrane proteins.
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3.2.2 Facilitated transport via proteins

3.2.2.1 Facilitated diffusion (ion channels)

Diffusion can be facilitated by integration of a functional protein, such as a channel,
into the membrane. Channel proteins are forming selective pores and allow the flux
of highly hydrophilic, charged substrates, e.g. ions. Transport can only take place
following a given gradient, however the transport capacity is high compared to
transporters or pumps and can reach up to several million ions per second (Aidley &
Stanfield, 1996). Also CO, diffusion can be facilitated, e.g. by aquaporins (Endeward
et al., 2006; Nakhoul et al., 1998).

3.2.2.2 Primary active transport

If gradients are to be build up or substances have to be transported against their
(electrochemical) gradient, energy consuming but very effective primary active
transport can be used. For this ‘uphill’ transport ATPases, ‘ion pumps’, are used, e.g.
the ubiquitously distributed Na*K*-ATPase. This protein, by transporting 3 Na® ions
outside and 2 K" ions inside during one cycle, generates an electrical as well as a
chemical gradient (in more detail see 3.3), which can then be further used for

secondary active transport.

3.2.2.3 Secondary active transport

Transport of substances against a given gradient needs energy. Alternatively to
primary pump activity an existing gradient of another substrate can be used as the
driver. This concept of secondary active transport is found in many cotransporters

and exchangers.

3.2.2.3.1 Transporters

In contrast to pumps, transporters use the gradient built up for a certain ion to
transport other ions or substrates against their gradient. This can be either in the
same (cotransporter) or in the opposing direction (antiporter), and for one ion
different principles can be used.

+

Especially the steep gradients for the ions Na*, K*, and CI" are thereby most
efficiently used to shuttle other substances across the plasma membrane (see also

3.4 for more detail).
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Unfortunately, composition of membrane lipids, membrane proteins, and electrical
properties are hardly characterised in E. huxleyi, and only slightly better in C.

pelagicus (Taylor & Brownlee, 2003).
3.3 Electrophysiological properties of plasma membranes

The plasma membrane as a lipid bilayer is nearly impermeable for ions, and acts as
a capacitor with high electrical resistance. In electrophysiology ions are the charge
carriers, and if a chemical gradient is built up and combined with a selective ion
conductance (e.g. an ion channel) an electric voltage across the plasma membrane
is generated. For a single ion species X this voltage is the Nernst equilibrium voltage

(Ex) which can be calculated if internal and external concentrations for an ion are

known.
E, = —ﬂlnM Eq. 5
F - [Xx],
R universal (ideal) gas constant (8.314472 J K™ mol™)

absolute temperature in K (OK =-273 °C)
valence

Faraday constant (9.64853399 - 10* C mol™")
permeability coefficient for the respective ion

extracellular concentration of ion x

@

X X T m N H

intracellular concentration of ion x

For example we can calculate Ex+ and Ec,. for a marine single celled organism with
assumed intracellular concentrations for [K*]; of 100 mmol I" and [CI]; of 10 mmol I,
living in seawater at [K*]s of 10 mmol I'" and [CI]. of 546 mmol I"". At a temperature of
17°C (290.16 K) Ek+is -58 mV and Eg. is -100 mV.

If several ion channel types are present in the membrane the potential is dependent
on the type and permeability of all channels, as defined in the Goldman-Hodgkin-
Katz voltage equation (here for N monovalent cationic (C) and M monovalent anionic

(A) species):
£, =L 2 Fer e:] +Z'Jw P [Ai_]i
Z.N F)ci+ [Ci+ ]i + z':/l PA]_, [AJ_L

" Z.F
This formula can be simplified for the most important monovalent ions:

(mV) Eq. 6
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Em __ R-T |n[ PK[K+]i + PNa[Na+]i + PCI[CI—]GJ (mv) Eq. 7
z-F PK[K+]e + PNa[Na+]e + I:)CI[C:I ]i

universal (ideal) gas constant (8.314472 J K" mol™)
absolute temperature in K (0 K=-273 °C)

valence

Faraday constant (9.64853399 - 10* C mol™")

permeability coefficient for the respective ion

® U MmN o 3

extracellular

intracellular

If permeabilities are translated into conductances and expressed as a fraction of the
whole cell conductance, membrane voltage can be calculated by a further simplified
and more intuitive version of the Goldman-Hodgkin-Katz equation. It also includes

divalent ion species and is based on:

E.=f.-E.+f .-E . +f -E__+..+f -E (mV) Eq. 8

m K K* Na* Na* Cl- Cl- n

f :g” with > f =1 (nS) Eq. 9

G, conductance of the respective ion channel population

Gn conductance of the entire membrane

Generally the resting Vp, is between -60 to -100 mV inside cells, and mostly defined
by Ek+ and / or Eg., based on the Nernst potential for the respective ions (Ex) and the
ion’s fractional conductivity (f). Additional opening of e.g. Na* or Ca®* channels, as
they possess positive Nernst equilibrium potentials, will therefore depolarise the
plasma membrane, additional opening of K" and CI" channels will stabilise or even
hyperpolarise the plasma membrane. Virtually all cells possess Na'K*-ATPases and
build up a strong gradient for both Na* and K* ions (see 3.2.2.2). In mammalian cells
the activity of the Na*K*-ATPase is an electrogenic process (3 positive charges out, 2
in) and therefore contributes to V,, by around -5 mV. The main effect of Na'K’-
ATPases, however, is the establishment and maintenance of (more or less steep) ion

gradients.
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Membrane voltage and fractional ion conductances are experimentally accessible by
the patch clamp technique. It allows electric measurements of a cell after formation of
a tight connection (gigaseal) of a glass electrode with the plasma membrane (for
details see 4.6.1). For this, clean protoplasts, cells without remnants of a cell wall, are
needed. In the case of unicellular algae with a tight surrounding of unknown
composition, and presumably two cell membranes, this becomes a considerable
challenge. Nevertheless, since electrogenic processes are most likely involved in H*

handling we aimed to establish electric measurements in E. huxleyi.
3.4 Acid Base homeostasis on a cellular level

A constant pH; is important for organisms, as metabolic processes to a great extent
are pH dependent. Function of enzymes, folding of proteins, and function of
channels, which again influence the V., are some of the main processes directly
dependent on the pH, to name only a few. The challenge is, that cells are exposed to
pH fluctuations, as they continuously produce H® and also the pH in their
environment can be subject to change. To maintain a constant pH;, or better, to

minimise pH fluctuations, cells have to overcome these challenges.

i) Cells need a sufficient buffer capacity, a combined buffer system. This has the
advantage that different buffer pairs contribute by their pK at different pH values. As
buffering powers are additive, the pH range and the order of magnitude that can be
buffered are extended. For example an open buffer system as the carbonate buffer
(buffering between 6.2 - 8.6) is often combined with the buffering capacity of proteins.
Proteins as huge amphoteric molecules buffer by their amino acids with several
-COOH, -NH;, and imidazole side chains and form a significant part of the

intracellular buffer.

The pH in a buffered solution can be calculated according to Henderson-
Hasselbalch:
[A]

[ protein™]
H=pK+log— eg. pH=pK+log—————
P Pe+ g[HA] g- P PR+ g[H+ protein]

Eq. 10

ii) cells need the ability for pH sensing, and the respective signal transduction
pathways. It is not completely clear how this functions, but it is well known that
certain membrane proteins are involved in pH homeostasis. pH sensitive ion

channels (Boron, 2004) are directly functioning as pH sensors and translate the
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signal into changes of V. Also some H" transporters can sense (intracellular) pH,
and directly translate pH into H* transport. In addition, there are also presumably

sensors for increased extracellular CO2 or HCO3™ (Boron, 2004).

iii) cells need acid base transport, or in other words ‘acid extruders and loaders’.

They can either

i) try to prevent H* from entering the cells, by becoming less permeable,
ii) transport the protons out, or

iif) buffer them inside the cell.

The use of ATP-driven pumps, to either extrude H* alone or in exchange for e.g. K,
is the most expensive way to control pH homeostasis (in terms of cell energy
metabolism), however, this is highly efficient and allows large H* gradients. Other
acid extruding systems are ion coupled cotransporters or antiporters, such as the Na*
/H" exchanger, the Na* driven CI'/THCOj3 exchanger or the Na*/HCOj3™ cotransporter,
which use the existent Na* gradients to either extrude H* or take up HCO3™- to buffer
H*. This buffering effect can be increased by carbonic anhydrase (CA) which

enhances the following reaction:

CO, + H,04 HCO, +H" Eq. 11

The direction of the reaction depends on the different concentrations and could be
used to produce CO,, which is then again either metabolically used (e.g. in
photosynthesis) or diffuses out of the cell again, as the carbonate buffer is an open
system. The localisation of a CA plays a crucial role for their function in pH
homeostasis. There are extracellular and intracellular CA isoforms and some are
expressed in the direct proximity to other transporters which themselves remove then
one reaction partner (transport metabolon).

Acid base homeostasis on a cellular level is relatively well understood in mammalian

tissues.

Fig. 3 shows transporters most important in pH homeostasis. Cells express different
combinations of these transporters and pumps in a purpose or organ specific
manner. Of course, this is only an excerpt, in nature there are many more, and most

likely there are numerous unknown system to be unravelled.
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Fig. 3 Compilation of a) ion pumps and b) transporters used in cellular pH homeostasis.
e external; i internal

As an example of how pH homeostasis and high transport rates can be combined

and controlled in a concerted interplay of different transporters Fig. 4 shows the cell

model of a type A intercalated cell in the collecting duct of a nephron.

The task of these cells is H" secretion to the lumen and HCO3™ recovery to the blood.

CO;, passively diffuses into the cell from the basolateral side. There, accelerated by
CAll, it reacts with H,O, to form HCO3™ and H* (according to Eq. 11). A Na'/HCO3’

cotransporter (NBC3) is used for additional uptake of HCO3™ from the lumen. Protons

are then extruded to the lumen by H*- and H*/K"* -ATPases, and HCOs' is transported
towards the blood by use of CI/HCO3" exchangers (AE1).

There are a number of general principles involved in pH regulation and its adaptation.

H* homeostasis is assured on a short term basis by

pH dependent open
permeability and transport
rates of membrane proteins
themselves,

modification on the level of
protein expression by
defining the type and
number of transporters by

membrane trafficking

Lumen | Blood
H,0 A

H* H+
H* -ATPase @ OH + CO PR R

HY/K* ATPase Cl-
ATP AE1
+» HCO; > IHcos-

NBC3 .
Na*

Fig. 4 Cell model of an acid secreting type A
intercalated cell.

This cell type is found in the collecting duct of a
nephron (redrawn after M. Bleich).
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i) phosphorylation or dephosphorylation of proteins, impacting their functional
state.

iv) modification of V., impacting directly the electric driving force of H*
transport or the structure of voltage sensitive transport proteins.

Slower mechanisms include adaptive processes of cells by

V) regulation of transcription and translation.

All these mechanisms are designed to keep pH; in a narrow range to protect the cell.
However, cells can be subject to severe disturbances in either intracellular or
extracellular pH. Actually, this might be the normal situation rather than the
exception, as cells produce H* in several metabolic processes. Coccolithophores can
produce H* in significant amounts during calcification. The Ca?* concentrations
needed for calcite precipitation were calculated to be between 100 pmol I (at an
intra-coccolith vesicle pH, pHcy, of 8.0) and 10 mmol I"" (pHcy of 7.0, respectively),
dependent on the pHcy (Anning et al., 1996). As protons are produced in a 1:1
stoichiometry with the Ca** used during calcification (see Eq. 12), this results in high

fluxes of H" which the cells have to cope with.

Ca* +HCO, «> CaCO, +H"
or

Ca* +2HCO, <> CaCO, +CO, +H,0
CO,+H,0 & H,CO;, &> H, + HCO,"

Eq. 12

It is an arising question in this regard, whether there is a difference for the cells
depending on whether pH, or pH; is affected by H" challenges: If pH. decreases, the
gradient for H" extrusion is decreased, resulting in decreased driving forces. One of
the basic questions | wanted to investigate in my studies is whether this causes

problems for H* extrusion.
3.5 Coccolithophores Emiliania huxleyi and Coccolithus pelagicus

3.5.1 Coccolithophores

Both model organisms used in our experiments, E. huxleyi as well as C. pelagicus,
are small calcifying marine nanoplankton, and belong to the phylum Haptophyceae,
subclass Prymnesiophycidae (Guiry & Guiry, 2010). The species of the orders

Isochrysidales (E. huxleyi) and Coccolithales (C. pelagicus) are also referred to as
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reticular
body

coccosphere

mitochondrion

golgi apparatus
ER

cell membrane

single chloroplast

coccolith

Fig. 5 Schematic drawings of a coccosphere (left) and a section through an E. huxleyi cell
(right).
Section redrawn after Westbroek, http://www.noc.soton.ac.uk/soes/staff/tt/eh/cell.html.

coccolithophores (see Table 1). They are calcite producing flagellates and build
polysaccharide scales and in addition calcite plates, so called coccoliths. These
coccoliths are composed of calcium carbonate on an organic template matrix in a

species specific manner, and are surrounding the cells as a so called coccosphere
(Fig. 5).

The coccosphere can be built of holo or hetero coccoliths. Holo coccoliths are usually
biomineralised from idiomorph calcite crystals outside the cell, whereas formation of
hetero coccoliths occurs intracellularly in so called coccolith (forming) vesicles (CV,
Fig. 5), derived from the golgi apparatus. Both species can form hetero coccoliths,
which show an elaborate radial disc-like structure, unique for the respective species.

The completed coccolith is finally extruded to the coccosphere by exocytosis.

Table 1 Classification of E. huxleyi and C. pelagicus according

to Guiry & Guiry (2010)

Classification: Emiliania huxleyi Coccolithus pelagicus
Empire Eukaryota Eukaryota

Kingdom Chromista Chromista
Subkingdom  Chromobiota Chromobiota
Infrakingdom  Haptista Haptista

Phylum Haptophyta Haptophyta

Class Prymnesiophyceae Prymnesiophyceae
Subclass Prymnesiophycidae Prymnesiophycidae
Order Isochrysidales Coccaolithales
Family Noélaerhabdaceae Coccolithaceae
Genus Emiliania Coccolithus
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3.5.2 Emiliania huxleyi & Coccolithus pelagicus

Emiliania huxleyi is the most abundant and cosmopolitan calcifying phytoplankton on
earth (Paasche, 2002). It is known to be existent in at least three different cell forms:
The coccolith forming immotile C-, the naked immotile N-, and the scaly S-cell form,
possessing two flagella. The C morphotype is the generally reported one in the field,
with a diameter of 4-5 uym, and found throughout the euphotic zone from cold
temperate to tropical waters (Westbroek et al., 1993). It is known to form extensive
monospecific blooms covering up to 250,000 km? (Balch et al., 2010; Holligan et al.,
1983) or annually up to 1.4 million km? in total (Brown & Yoder, 1994). It was
calculated to be responsible for the production of ca. 50% of calcite on earth
(Broecker & Clark, 2009; Westbroek et al., 1989).

C. pelagicus is an always immotile, flagella free species, with a considerably larger
mean diameter of ~10 ym. The larger size is one of the reasons making it a typical

laboratory coccolithophore used in many studies - especially in electrophysiology.

3.5.3 Current knowledge on physiology

In the following passages the current knowledge about physiology of these two
coccolithophores is summarised. Some findings are general for coccolithophores;
others are specific for the respective species. All together, relatively little is known

about these organisms’ physiology on a cellular level.

3.5.3.1 Internal ion concentrations

Intracellular and especially cytosolic ion concentrations are essential for the

calculation of ion gradients and modelling of transport mechanisms.

For E. huxleyi published data are summarised in Table 2. The paper by Ho et al
(2003) also gives elemental quotas (not shown), however not for key players of Vp,
and coupled transport like CI" or Na® (see 3.2). Cell homogenate data differ
significantly from cytosolic concentrations since they include particulate and

compartmentalised matter.

3.5.3.2 DIC uptake and fixation in coccolithophores

Calcification as one of the two main metabolic processes is related to photosynthesis,
acid-base metabolism, and the supply of DIC (Paasche, 2002). The same applies for

photosynthesis.
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Table 2 lon concentrations of E. huxleyi compared to typical algal ion concentrations

a) Cell homogenate (Ho et al., 2003) and cytoplasm concentrations in comparison to
cytoplasmic algal ion concentrations (Stewart, 1974).
b) Cell homogenate concentrations (Ho et al., 2003) continued

a E. huxleyi Alga E. huxleyi b E. huxleyi
cell[*1] cytoplasm [*2] cytoplasm cell [*1]
mmol I mmol kg™ H,0 mmol " ref mmol [’

K* 110 up to >400 100-200 [*9] C 31000

261-322 [*6] 10000 #

Mg® 18 6 N 1200

ca?* 19000 10*-10° 10 [*5] P 130

Na up to 60 30 [*9] S 100

H* 107°-107° 10770 57,81 Sr 44

cr 80-150 [*3] 130 [*9] Fe 0.46

HCO3 10 0.3-05 [*5] Mn 0.94

Vi [MV] -60 [*4,5] Zn 0.05

Cu 0.0089

Co 0.039
""Ho T-Y etal 2003, cell homogenate SBrownlee et al, 1994 Cd 0.048
"2Stewart WDP, 1974 "8Sikes & Wilbur, 1982 Mo 0.0029

3Gorham & Wyn Jones, 1983
Robinson & Downton, 1985
“Nimer & Merrett, 1991

7 Anning et al, 1995
"®Dixon et al, 1988
“*Brownlee et al, 1995

#Data from HCI
treated samples

DIC uptake

A lot of the research has focussed on which inorganic carbon species is used as a
substrate for calcification and photosynthesis in E. huxleyi (Paasche, 2002). While
there is good evidence of existing interactions between the two processes
(Buitenhuis et al., 1999; Paasche, 1968a) and while it is generally accepted that
HCO3; can be used as a substrate for calcification, the C species taken up for
photosynthesis remains a subject of discussion (Brownlee & Taylor, 2004; Paasche,
2002). In the currently most accepted model HCO3™ can be used as a C source for
photosynthesis as well as CO; (Buitenhuis et al., 1999; Sikes & Wilbur, 1982). The
involvement of calcification in photosynthetic carbon acquisition has been discussed
controversially (e.g. Paasche, 2002; Rost & Riebesell, 2004; Young, 1994).

Calcification is handled as an alternative to a classical CCM (carbon concentrating
mechanism) for photosynthesis by shifting the equilibrium towards CO, (Anning et al.,
1996). Nevertheless, more recent results come to the conclusion that calcification
and photosynthesis are not closely coupled (Balch et al., 1996; Herfort et al., 2002;
Herfort et al., 2004; Leonardos et al., 2009; Rost et al., 2002; Trimborn et al., 2007)

as was already postulated by Paasche (1968a).
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Results from isotope disequilibrium experiments and the MIMS (Membrane Inlet
Mass Spectrometry) approach led to the view of E. huxleyi mainly being a HCO3
user (Rost et al., 2007; Trimborn et al., 2007). It is relatively well-established that
HCO3 is the major source of carbon for both photosynthesis (e.g. Paasche, 1964;
Nimer & Merrett, 1992; Buitenhuis et al., 1999) and calcification in E. huxleyi
(Buitenhuis et al., 1999; Paasche E., 1964; Sikes et al., 1980); however the precise
mechanisms of uptake remains unidentified (Herfort et al., 2002). Brownlee & Taylor
(2004) thus state that there might be significant plasticity with respect to carbon

acquisition mechanisms.

It is an ongoing discussion and for a more detailed discussion the interested reader is

referred to recent reviews (Brownlee & Taylor, 2004; Paasche, 2002).

Carbon fixation in photosynthesis

As in other algae the primary carbon fixation process in E. huxleyi is CO, dependent
since it is mediated by the enzyme RubisCO (ribulose-1,5-bisphosphate
carboxylase/oxygenase) in the Calvin-Benson Cycle, producing C3; compounds. An
active anaplerotic B - carboxylation reaction producing C4 compounds was also found

to be concomitantly operating in E. huxleyi (Tsuiji et al., 2009).

E. huxleyi were found to have a comparatively low affinity for CO, (Nimer & Merrett,
1992). At the low [CO;] in today’s ocean they are thus believed to be carbon-limited
(Riebesell, 2004). The organism was also found to have a relatively inefficient
photosynthesis. It was proposed that this could be partly explained by a high leakage
for COg2, as up to two thirds of the DIC taken up are lost again by CO, diffusion (Rost
et al., 2006).

Carbonic Anhydrase

E. huxleyi was shown to possess a chloroplast CA (Nimer et al., 1994b; Quiroga &
Gonzalez, 1993) and evidence was presented indicating that transcripts of these
isozymes are differentially expressed during cell cycle and growth phases (Quinn et
al., 2006; Soto et al., 2006).

Only low external CA activities have been observed in E. huxleyi under various
conditions (Rost et al., 2003; Rost et al.,, 2006), and results on extracellular CA

remain contradictory (Elzenga et al., 2000; Nimer et al., 1994b). This might be
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caused by strain specific differences (Elzenga et al., 2000) or by CA dependence on
low CO; and HCOg3 concentrations (Herfort et al., 2004; Miao & Wu, 2002).

3.5.3.3 Membrane permeability & transport proteins

It is of special interest for pH homeostasis by which mechanisms the cell provides

and regulates cell membrane permeability to CO,, HCO3; and H™.

As mentioned above membrane permeability for a substrate depends on the lipid
composition and in addition on the functional expression of membrane proteins like
ion channels, transporters, and pumps. Unfortunately, composition of membrane
lipids, membrane proteins, and electrical properties are hardly characterised in E.

huxleyi or C. pelagicus likewise.

In E. huxleyi CO, permeability (Nimer et al., 1992; Rost et al., 2006) and a HCOg’

transport pathway have been suggested.

Concerning HCO3™ transport there are two controversial studies on the role of CI
/HCO3;  exchange using pharmacological tools. Nimer et al. (1996) did not find a
DIDS (4,4'-Diisothiocyanatostilbene-2,2'-disulfonic acid) sensitive HCO3™ transport in
exponentially growing cells. Results by Herfort et al. (2002) suggest the existence of
a HCOj3; exchanger sensitive to DIDS and the related substance SITS (4-Acetamido-
4'-isothiocyanato-stilbene-2,2'-disulfonic acid). Altogether, transport of HCO3™ remains
a controversial discussion (Brownlee & Taylor, 2004; Herfort et al., 2002; Nimer et al.,
1996; Paasche, 1968b; Paasche, 2002).

For C. pelagicus an attractive hypothesis on Ca®* handling for calcification has been
generated. In this model the limited space between plasma membrane and the
closely attached endoplasmic reticulum is used to shuttle Ca?* through the cytosol

without threatening the normally very low cytosolic Ca?* activities (Berry et al., 2002).

In the meantime the E. huxleyi genome has been sequenced (http://genome.jgi-
psf.org/Emihu1/Emihu1.home.html) and thus gene expression analysis (Soto et al.,
2006; von Dassow et al., 2009) allows data mining for several genes which could
code for candidate proteins involved in membrane permeability for CO,, HCO3;™ and
H*. Amongst those are aquaporins (Endeward et al., 2006), a variety of HCO3 - or H*
coupled transporters (Boron et al., 2009; Scheel et al., 2005), Ca** dependent H*

transporters and H" channels (Mackinder et al., 2010).
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3.5.3.4 Membrane potential & H* gradient

There are no direct electrophysiological measurements of the membrane potential in

E. huxleyi.

Calculations were done according to Nernst (for details see 3.3) based on either
assumptions of pH; (Dixon et al., 1989) or the distribution of membrane potential
probe [*H]TPP* (tetraphenylphosphonium) between cells and medium at a pH. of 8.0
(Nimer & Merrett, 1992), however in a non-calcifying strain. These approaches

resulted in a V, of -60 mV.

Sikes & Wilbur (1982) estimated V,, with two different methods. Using the dye dis-
C3-5 (3,3' - Dipropylthiadicarbocyanine iodide) after treatment with valinomycin Vp,
resulted in -81 mV. Calculations based on intracellular (derived from extracted
cellular water) and extracellular [K'] resulted in a V., of -145 mV. All these
approaches have different problems: They are either based on relatively vague
internal concentrations. Or they are interfering with the Vy, itself, directly. Or they
interfere indirectly with V, by influencing e.g. ATP concentration in the cytoplasm,
also resulting in changes of the V. (Johnstone et al., 1982; Ritchie, 1984; Ritchie,
1999).

Membrane potential in C. pelagicus was shown to be between -30 and -60 mV by

direct patch clamp measurements. (Taylor & Brownlee, 2003)

The proton electrochemical gradient at a membrane voltage of -60 mV has been

calculated to be -19 mV for E. huxleyi (Nimer et al., 1994a) according to:

APH* =E,_ +58 (pH, — pH,) =(-60)+58 (8—7.3) =-19mV  Eq. 13
This means a relatively small driving force for H* into the cell. Of course these values
are variable and depend on the overall activity of all electrogenic transport systems
within the cell membrane, which are mainly unknown. Membrane properties and ionic
conductances in C. pelagicus were investigated by Taylor & Brownlee (2003). A
voltage dependent and DIDS inhibitable CI" current was shown. Also a voltage
activated H'-conductance is discussed in C. pelagicus (Alison R. Taylor, pers.

comm.).

3.5.3.5 pHiin E. huxleyi

Concerning pH there are three datasets on the measurement of pH in E. huxleyi,

reporting a pH integrated for the whole cell between 6.77 + 0.31 for a low calcifying
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strain and 7.29 £ 0.11 for a high calcifying strain (Dixon et al., 1989; Nimer et al.,
1994a). In other studies pH for the cytosol was reported to be around 7.0 (Anning et
al., 1996; Dixon et al., 1989), pH of the chloroplast 8.0 (Anning et al., 1996), and pH
of the coccolith vesicle was measured to be 7.1 £ 0.3. At a seawater pH of ~8.1 the
respective H® gradient across the plasma membrane is about one order of
magnitude. This might reflect either high cytosolic H* production at a limited export

capacity, or H" uptake mechanisms driven by ion gradients or membrane voltage.
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3.6 Thesis outline

The experimental studies described in this thesis have been conducted at the
Institute of Physiology, CAU Kiel in collaboration with the Leibniz Institute of Marine
Sciences (IFM-GEOMAR) in Kiel. The studies were done within the framework of the

excellence cluster ‘Future Ocean’, funded by the DFG.

The overarching theme of the excellence cluster is to improve the restricted
knowledge about the current state of the ocean and to gain more knowledge about
potential changes in marine systems, and the impact of these changes on physical

and biological parameters and variables.

One interest subsidiary to this overarching theme is the investigation of the effect of
ocean acidification on marine organisms. It is known by now that the conditions,
especially in the surface ocean, and especially in the polar regions, are changing at a
fast pace. However, it is known to a much lesser extent, in how far certain organisms

might be affected by these changes.

Thereby the effect of changing pH and carbonate chemistry on the organisms can
only be projected well if the basic properties like ion transport and pH homeostasis,

as well as the adaptive potential are known.

The aim of this thesis therefore was to elucidate some basic properties of ion
transport and pH homeostasis in the calcifying unicellular alga E. huxleyi. For this,
already existing techniques in the physiological department of the medical faculty of
the CAU, Kiel were adapted and extended to study marine unicellular photosynthetic

organisms.

Here, the experimental studies focussed mainly on pH homeostasis investigated by

microfluorimetric measurements.

Results are structured into methodological achievements and achieved
measurements. They are presented for microfluorimetric pH; measurements in E.

huxleyi, and electrophysiological measurements in C. pelagicus.

In the first part of the discussion (6.1) general aspects are discussed. Secondly |
discuss different techniques which were tested and applied in order to investigate

basic principles in the model organisms (6.2). The techniques involve culture
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conditions, microfluorimetry, scanning electron microscopy, the out of equilibrium

method and electrophysiology.

In the third part | present effects of manipulated external ion gradients and
pharmacological inhibitors on membrane permeabilities of E. huxleyi, indicated by

changes in pH; (6.3).
In the fourth part results from electrophysiology in C. pelagicus are discussed (6.4).

Finally | synthesise the results and putative transport systems involved in pH
homeostasis and present an outlook on further use of the methods established
during this thesis (6.5).

Part of the data has been formed into a manuscript and is currently undergoing the
review process. In this manuscript | present the new perspective on permeabilities of
H*, CO,, and HCO3 and their impact on intracellular pH. This is a first step in
understanding mechanistic links between ocean acidification and metabolism in E.

huxleyi.

The general hypothesis of this thesis was that coccolithophores as calcifying
organisms should control their pH; relatively thoroughly, as the calcification processes
are strongly pH dependent. However, little is known about physiological processes in

these organisms on a cellular level.

My contribution to these burning questions is some first insight into cellular pH
regulation and possibly adaptive mechanisms in E. huxleyi. These first results might
help in answering the question in how far and to what extent this unicellular calcifying

organism might be affected by changes in the marine carbonate system.
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4 MATERIALS AND METHODS

4.1 Solutions

4.1.1 Artificial seawater solutions (1-3)

Artificial seawater (ASW) solutions were designed after (Zeebe & Wolf-Gladrow,
2001), giving typical concentrations of the major components in seawater. The
carbonate system was chosen according to concentrations at typical conditions (see
3.1). Osmolality and salinity were chosen according to measurements of natural
seawater (NSW). All experimental solutions (Table 3) were adjusted to an osmolality
of 1070 + 10 mosm kg™, either at the expense of NaCl or by addition of Na-
Gluconate. Osmolality was measured with an automatic cryoscopic osmometer
(Osmomat 030, Gonotec GmbH, Berlin, Germany). pH, if not indicated otherwise,

was 8.08 + 0.05. Calculations for the carbonate system were performed using

Table 3 Artificial seawater solutions (1-3)

ASW solutions were designed according to values of pH, osmolality and salinity measured in
North Sea water. Standard seawater composition was modified after Zeebe & Wolf-Gladrow
(2001). All solutions were allowed to equilibrate and, if necessary, adjusted to the exact pH at
20°C (NaOH or HCI).

1 2 3

[mmol kg'] Seawater ASW e ASW ASW 4o
Na' 469 491 491 435
K* 10 10 10 10
Mg** 53 52 52 49
ca”* 10 10 10 0
Sr2+ 0.09 0.09 0 0
cr 546 530 531 541
S0,% 28 27 27 0
Br- 0.84 0.80 0 0
F- 0.07 0.07 0 0
H;BO, 0.42 0.41 0 0
HCO3 2.3 2.3 1.9
HEPES 0 0 0
Gluconate --- 37 37 0
EGTA 0 0 24

calculated values (CO2SYS)
HCO3 2.03 214 + 0.01 1.80
COy” 0.25 0.19 + 0.02 0.19
CO, 0.01 0.02 + 0.0 0.01
pCO, [patm] 400 592+ 60 363
pH 8.1 8.08 + 0.03
Osmolality 1070 1070 £ 10
Salinity 35 35+ 1
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CO2SYS (Lewis & D.W.R.Wallace, 1998), based on pH measurements and total
carbon. Dissociation constants (K1 K;) for carbonic acid were taken from Roy et al.
(1993), Kso, from Dickson (1990). pH was measured and calculations are given on
the NBS scale.

All chemicals were purchased at highest grade of purity from Merck and Sigma,
Germany. DIDS was dissolved in Dimethyl sulfoxide (DMSO) at a stock concentration
of 0.1 mol I'" and added at a final concentration of 0.1 mmol "' to the respective
experimental solutions, unless indicated otherwise. DMSO did not exceed a
concentration of 0.1%. DIDS auto fluorescence did not interfere with BCECF

fluorescence at the selected wavelengths.

4.1.2 Modified ASW solutions (4-8)

Modified artificial seawater solutions (Table 4) were designed to change
concentrations of single ions, thereby keeping typical concentrations of the other
major components in seawater as close as possible. The osmolality was adjusted to
be 1070 + 10 on the expense of Na* and/or by addition of gluconate or N-Methyl-D-
glucamine (NMDG).

The carbonate system was added in the form of HCO3™ and the solution was allowed
to equilibrate with CO, under stirring conditions and assumed to be in the standard

equilibrium state thereafter:

Table 4 Modified ASW solutions (4-8)

Solutions were designed to mimic NSW osmolality and pH (if not indicated otherwise). Single
ion concentrations were decreased or increased to change physical driving forces over the
plasma membrane.

4 5 6 7 8
ASW 0 ASW ASW ASW ASW,y

HCO; 100K" 90CI ONa'

[mmol kg'1]

Na 475 460.2 4988 0.0 436.8
K* 10 97.4 9.6 9.6 97.4
Mg** 52 519 519 519 519
ca* 10 10.1 9.7 101 9.7
Cr 554 5273 87.7 5619 5315
S0,* 27 273 273 2713 273
HEPES 4.9 00 00 00 4.9
Gluconate 0.0 974 4871 0.0 714
NMDG 0.0 0.0 0.0 4852 0.0
HCO4 0.0 2.3 2.3 2.3 0.0
pH (as ind.) 8.00+0.1 (asind.)
Osmolality 10 1070 + 10
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pH was measured and, if not indicated otherwise, was 8.0 = 0.1. No calculations for
the carbonate system were performed in solutions 4-8 as the relations between
normally conservative ions were not kept constant and thus assumptions in the
program were not fulfilled. Nevertheless, the assumption was made that the

carbonate system was close to natural conditions in solutions 5-7.

4.1.3 Out of equilibrium solutions (9-10)

OOEs were designed to investigate the effects of either comparatively high [CO5] and
low [HCO37], or high [HCO37] and very low [CO,] in an isolated manner at a typical
surface ocean pH of 8.0 = 0.1. The enzymatically catalysed equilibration of
experimental solutions directly at the extracellular surface of the cells was neglected
since low external CA activity has been reported (see 3.5.3). No CA inhibitors were
applied to avoid dampening of cytosolic reactions in pH homeostasis.

A chemical model of the carbonate system, including all important reactions in
seawater together with HEPES (N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic
acid) buffer kinetics was implemented by Kai Schulz according to Schulz et al.
(2006).

The resulting seven differential equations, were integrated numerically with the
Table 5 Out-of-equilibrium (OOE) solutions (9-10).

OOE solutions a and b were adjusted or aerated to the measured pH value at 20°C. Solutions
were generated acutely before application within the experiment.

9a 9b 9 10a 10b 10

[mmol kg™"] High CO, (a+b) OOE High HCO3” (a+b) OOE
Na* 484 415 450 563 361 462
K* 10 10 10 10 10 10
Mg?* 52 52 52 0 103 52
Ca?* 10 10 10 0 19 10
cr 563 494 528 530 508 519
S0,% 27 27 27 0 55 27
HEPES 0 63 31.7 0 63 31.7
HCOy 0 0 0 43 0 21
CO, (%) 5 0 2.4 0 0 0
calculated values
HCOy 0.1 0 0.05 10.6 0 20
COz%* 0 0 0 33.4 0 2
CO, 1.72 0 0.86 0 0 0

(%) 5.0 0 2.5 0 0 0
pH 4.90 8.07 8.08 9.24 7.69 8.07
Osmolality 1070£10
Salinity 35+1
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matlab 'ode15s' solver for 'stiff' problems (Shampine & Reichelt, 1997), and used to
calculate the reaction kinetics in carbonate chemistry speciation upon mixing of two
different artificial seawater solutions.

Furthermore, the model also allows estimating the degree of disequilibrium at any

given point in time and deriving the actual concentrations of [H*], [CO,] and [HCOz37].

4.1.4 Intracellular solutions (11-13)

Intracellular solutions (IS) were designed to adapt presumed cytosolic concentrations

of ions and mimic pH; (Table 6a). Different compositions were tested.

4.1.5 Enzymatic stripping solution (14)

An enzymatic cocktail (EL, sol.14, Table 6) was tested to produce clean protoplasts.
The enzymatic cocktail modified after Lemtiri-Chlieh (2003) was only used with cells
prepared for electrophysiological measurements.

10 mU chitinase per 200pl highly dense E. huxleyi suspension was tested in addition
(Chitinase from Trichoderma viride, Sigma C8241-25UN).

Table 6 Intracellular solutions (11-13) and enzymatic solution (14)
Solutions were used for electrophysiology (a) and preparation of protoplasts for
electrophysiology (b).Solution 14 adapted after Lemtiri-Chlieh et al, 2003.

a 11 12 13 b 14
[mmol kg1] ISks IS |Sspec EL

Na* 9.9 9.7 0.0 % (WN)  [mmol I
K* 97.4 97.4 194.9 Cellulase 25

Mg** 4.9 49 4.9 Pectinase (S) 2.0

ca® 0.7 0.0 0.0 Pectolyase 0.026

cr 11.2 9.7 9.7 BSA 0.26

S0~ 4.9 0.0 0.0 CaCl2 1
HEPES 0.0 4.9 97.4 Na-Ascorbat (S) 10
Gluconate 97.4 107.2 194.9 pH 6.5+ 0.05
Sorbitol 818.4 812.5 535.9 Osmolality 1070 + 10
EGTA 1.0 49 49

ATP 1.0 1.0 0.0

HCOg 0.2 0.0 0.0

pH 7.00 £ 0.2

Osmolality 1070 + 10
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4.2 Cell culture

The E. huxleyi strain was previously _ 1807
isolated in 2005 during the PeECE lll g 140

mesocosm study in the Raune Fjord

pmol photons

(Norway) and kindly provided by M.
N. Miiller (Riebesell et al., 2007). C. o
pelagicus (PLY 182G, Plymouth 46 8 10 1214 16 18 20 22 24 2

time (h)
Culture Collection) was kindly

Fig. 6 Scheme of simulated diurnal cycle in the

provided by Alison R. Taylor. growth chamber.

. Mean PAR was 100 umol photons m? s’ during
The E. huxleyi cultures were grown the illumination period of 12 h.
in artificial seawater (ASW.uitre,
Table 3) modified from Kester et al. (1967), with an initial pH of 8.05 + 0.05, and
enriched with nutrients according to f/20-Si, modified after Guillard (1975). C.
pelagicus cultures were grown under the same conditions with higher nutrient
concentrations according to /2.
Nutrients were measured on one occasion at the IFM-GEOMAR with the help of P.
Fritsche. PO,>, NO3", and NO, were analysed after Hansen & Koroleff (1999) on one
occasion to verify nutrient limitation in the sampling time frame.
[DIC] was analysed with a [COzJital analyser (Corning 965, Ciba Corning Diagnostics
Ltd, GB) on different occasions to the verify state of the carbonate system, especially
in the OOE solutions (Data not shown).
Cells were exposed to daylight (Osram Lumilux L 18W/950 Color Proof Daylight G13)
in a simulated diurnal cycle (Fig. 6) with a maximum photosynthetically active
radiation (PAR, 400-700 nm; QSL-2101, Biospherical Instruments) of 170 pmol
photons m? s™ for 6 h, framed by a 6h increment and a 6h decrement in 3 steps,
respectively.
The mean PAR during the illumination phase was 100 pymol photons m? s™. Cells
were kept at 17 °C in a growth chamber (KBWF 240, Binder) in 50 ml PE culture
flasks (Sarstedt).
Cell density was monitored by cell counting in a counting chamber (Neubauer

improved) according to:

. n
cell density =—— Eq. 14
y AD q
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n number of counted cells
A area of counted major squares (square = 1 mmz)
D depth in mm (Neubauer improved: 0.1 mm; Jessen chamber: 0.4 mm)

4.3 Viability tests

For viability testing trypan blue (0.4% = 458 pmol I'') was added to the concentrated

cell suspension after protoplast production or dye loading in a 1 : 10 relation. This

was done under visual control at the microscope. After a short incubation time (< 5

min) cell viability was evaluated according to the cells’ ability of dye exclusion.

In a second approach decalcified and stripped cells were recultivated to monitor their

viability. Therefore the same number of cells as in the respective standard cell culture

was used for seeding and cells were cultured as described within section 4.2.

4.4 Adhesiveness of the bath bottoms

Adhesion of cells for experiments on glass was supported by poly-D-lysine coating.

The bath bottoms were coated with poly-D-lysine (Sigma-Aldrich, 1 mg ml™" in

deionised water) for ~30 s before rinsing thoroughly with deionised water.

4.5 Microfluorimetry

4.5.1 Decalcification and Protoplast

Isolation for Microfluorimetry

The respective decalcification protocol for C.
pelagicus protoplasts according to Taylor &
Brownlee (2003) was modified to produce E.
huxleyi protoplasts (Fig. 7). 10-15 ml of a dense E.
huxleyi cell culture were centrifuged at 1882 x g
for 5 minutes and the supernatant was discarded.
The cell pellet was resuspended in the Ethylene
glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic
acid (EGTA) containing solution 3 (ASWstip) by
gentle mixing with a plastic transfer pipette and
then incubated for 15 minutes. Cells were

centrifuged again and incubated in ASWsyi, for

I I -
o o

1. 2X

> T ASWstrip
2.+ ASW, / \ 3. Recultivation
W M
-LSM
-MF

-PC

Fig. 7 Schematic protoplast production
for microfluorimetry.

X Disposal; LSM Laser Scanning
microscopy; MF microfluorimetry; PC
Patch clamp
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another 10 minutes. Thereafter, cells were mechanically agitated by a series of rapid
aspirations and expulsions through a PE tubing (i. d. 350 ym) attached to a 1 ml
syringe to remove remnants of coccospheres. After another centrifugation step the
cells were transferred to solution 2 (ASW,, pH 8.05 + 0.05). Cells were allowed 2
hours in ASW; for recovery before dye loading for microfluorimetry was started. Apart
from centrifugation, all steps were performed under illumination. Viability was tested

by recultivation on different occasions (data not shown).

4.5.2 General principles in microfluorimetry at the example BCECF

Fluorescent dyes change their fluorimetric characteristics depending on a specific
factor, e.g. [H'] or [Ca®"].

BCECF, the dye used in this study, decreases fluorescence intensity when binding a
H*. It has been used since the 1980s (Rink et al., 1982) to measure intracellular pH
and can be used as a dual excitation ratiometric pH indicator. For this, pH dependent
emission ratio at 535 nm is detected after excitation at ~490 nm and ~440 nm
(isosbestic point). At the isosbestic point the indicator is insensitive to changes in pH.
Ratiometric pH indicators have the advantage of reduced signal errors due to
variations in concentration, leakage or photo bleaching.

BCECF is brought into the cell in its esterified form BCECF-AM (2',7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester), where it is
hydrolysed by cellular esterases to the free acid. This free acid form has four to five

negative charges at pH 7 — 8, which helps retaining it inside the cell. Its pKj is 6.98,

HO 0, s}
CHI0COCH200CCHZCH 'CHCH2COOCH20COC
COOCHz0COCH3

COOCHZOCOCHS

BCECF, AM
(colourless)

HOOCCHzCH

BCECF,
green fluorescence

Fig. 8 Schematic BCECF uptake and retention.
BCECF is taken up as the Acetoxymethylester
(AM) and cleaved by cellular esterases to the free
acid. The acid is trapped inside the cell due to its
charges.
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making it ideal for typical intracellular pH

measurements.

BCECF can be used for an in situ calibration of
the pH; of living cells by the nigericin method
(4.5.6).

4.5.3 Dye loading (BCECF) in E. huxleyi

Stock solutions of BCECF-AM (10 mmol I in
dimethyl sulfoxide, B1150, Invitrogen), and a
detergent, Pluronic F-127 (10% in H20, 4%0 550
Invitrogen), were prepared and stored dark in Wavelength (nm)

Fluorescence excitation

a“quotS at ‘20 0C Untl| use. leferent dye Fig_ 9 pH_dependent fluorescence
excitation spectra of BCECF.
The 10X enlargements of the region

times (10 — 240 min) were tested. Also loading Peélow 470 nm clearly illustrate the
excitation isosbestic point at ~439 nm.

conditions were varied concerning light (0O — Source: Invitrogen, BCECF manual.

concentrations (5 — 50 umol I') and loading

170 umol photons m? s™) and temperature (17 — 25 °C).

Best results were achieved when cells were incubated at 17 - 20 °C with a final
concentration of 50 pmol I BCECF-AM and 0.5 % Pluronic in solution 2 (ASW,) for
~120 minutes. Cells then were centrifuged and the supernatant was discarded. After
resuspension in solution 2 (ASW,) cells were transferred into the bath chamber and
allowed to settle and adhere to the poly-D-lysine coated bottom cover slip for at least
30 minutes.

After this dye loading procedure | achieved a signal to noise relation for the emission
signal >10 throughout a 1 hour experimental period in most cells. Cells with weak dye
loading below this threshold or showing signs of overloading (intensity > 800) were

excluded from the analysis.

4.5.4 Experimental procedure and devices

The bath chamber was mounted on an inverted microscope (Zeiss Axiovert 35M),
equipped with an A-Plan 100x/1.25 Oil objective (100x, Zeiss). The microscope again
was mounted on a vibration isolation table (RG Breadboerd, Newport, Irvine, CA,
USA).

42



MATERIALS AND METHODS

Sample
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Fig. 10 Scheme of the microfluorimetric detection system.
CCD Charge Coupled Device; PC Personal Computer

Light was fed in by a VisiChrome Polychromatic lllumination System (Visitron
systems GmbH, Puchheim, Germany) consisting of a 75W Xe short arc lamp (UXL-
75XE, Ushio Inc., Japan) and a subsequent monochromator, defining wavelength by
a galvo controlled grid decreasing the time needed to switch between 2 wavelength

to <2 ms.

Fluorescence was monitored with the Visitron Imaging Software (MetaFluor, Visitron
systems GmbH, Puchheim, Germany) using a CCD-camera (CoolSNAP HQ?,

Photometrics).

At a rate of 0.2 Hz the dye was alternately excited at 486 nm and 440 nm (+ 10 nm
bandwidth) for 24 and 60 ms, respectively. Acquisition settings were set on gain 2
and binning 3. With this binning 3 x 3 pixels are integrated, leading to a higher signal

on the expense of spatial resolution. The pixel in this system has an edge length of
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6.45 pm, with binning 3 the edge length increases to 19.35 um. The actual resolution

can de calculated according to

edge length [um]  19.35um

pixel size =——— P
objective magnification 100

=0.1935 pum Eq. 15

Emission was recorded at 525 nm (emission filter ET525/50 nm, Chroma Technology
Corp) and the ratio of the emission intensities at the two excitation wavelengths
integrated over the whole cell was calculated after subtraction of system immanent
camera offset and background signal (MetaFluor Meta Series Software 7.6.1, Meta

Imaging System).

Cells were checked for auto fluorescence after excitation at the experimental

wavelengths 486 and 440nm, known to induce chlorophyll auto fluorescence.

However, no auto fluorescence is induced in the detection range of 525 nm £ 25 nm.

4.5.5 Experimental procedure: General

For all experiments the bath chamber (350 ul volume) was mounted on the stage of
the inverted microscope and perfused by gravity at a rate of 6 to 8 ml min™ at 17 °C,

ensuring rapid bath exchange rates.

The sequence of bath solution exchanges is described in detail for each series in the

respective results section.

4.5.6 Calibration of pH; with nigericin

Nigericin has been used since the mid seventies (Pressman, 1976) to calibrate
internal pHs of living cells. For this purpose cells which have been loaded with a pH
indicator like BCECF are exposed to a solution containing between 10 — 50 pmol I’
nigericin in the presence of 100-150 mmol " K*, reflecting the organisms’ cytosolic
[K™].. Nigericin is an ionophore and acts as a mobile K'/H" exchanger. [K']e has to be
adjusted to [K]; to depolarise the cell to zero and to remove the K* gradient. Under

these conditions internal and external [H*] will equilibrate.

Changes in the ratio of the intracellularly trapped pH sensitive dye, e.g. BCECF, due

to changes in pH. can then be directly assigned to changes in pH..
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For a pH calibration a stock solution of
nigericin (Nigericin sodium salt, 72445,
Fluka, Sigma Aldrich, 10 mmol I in
ethanol) was prepared and stored in
aliquots at -20 °C until use. E. huxleyi
cells were exposed to 10 pmol I

nigericin in the presence of 100 mmol
I

K*, an estimate of the organism’s

cytosolic [K'] (solution 8, Table 4).

Solutions with a known pH. were Fig. 11 Chemical structure of nigericin.
Source: Sigma Aldrich.

applied to the cells and the change in

ratio was monitored. A calibration curve was calculated (Fig. 21), allowing an

estimate of the relation between the detected emission ratio of BCECF and the

respective change in pH..

4.5.7 Application of OOE solutions

OOE solutions were directly applied to the investigated cells by a micro-manipulated
superfusion pipette system. During application of the OOE solutions the bath was
continuously rinsed by solution 2 (ASW.), securing a permanent removal of the OOE

solution.

Dual-syringe pumps (50 ml, Perfusor Secura, B. Braun) were used to drive solution
pairs A and B (Table 2) at a constant rate of 7-10 ml h™' to a Teflon mixing unit (Fig.
12) with six inlets, each secured with a unidirectional restrictor valve, for a
consecutive application of up to 3 OOE solutions. Stainless steel inlet pairs for the
1:1 combination of A and B solutions were situated opposite to ensure optimal
mixing.

In addition, mixing was improved and dead space was minimised by a nylon mesh
(60 um pore size nylon filter, Millipore NY60) mounted inside the mixing unit in front
of the outflow canula. The opening of this canula was positioned left and above the
cells in a 30° angle (Fig. 12b), directly facing the cells of interest under investigation,
to ensure a laminar superfusion and to prevent any mixing with bath perfusion

solutions in the vicinity of the cells.
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Fig. 12 Picture of a) the OOE mixing unit and b) the experimental bath chamber.

The mixing unit in a) was attached to a micro-manipulated superfusion pipette system to
ensure rapid bath exchange rates. Solutions A and B were mixed 1:1 with a dual-syringe pump
to the respective final OOE solution and directly applied through a canula onto the
investigated cells attached to the bottom of the bath chamber, as indicated in b). Control
solution 2 (ASW,) was supplied continuously to the bath chamber to secure a rapid and
permanent removal of the OOE solutions.

The total dead space volume of the system after mixing was ~20 pl. In consequence
the time between mixing and supply of OOE solutions to the cells was 7 - 10 s, and

thus well within the time required to prevent any significant equilibration (see Fig. 23).

4.5.8 pH measurements in experimental solutions

pH was measured with a pH sensitive single-rod measuring cell (Blueline 16pH,
Schott Instruments) with a micro probe. This enabled me to measure the pH directly
at the outlet of the OOE mixing unit to check for target pH. pH values are presented
on the NBS scale and a pH of 8.05 £ 0.05 was defined as the control pH.

4.6 Electrophysiological measurements

4.6.1 Patch Clamp Method
The patch clamp method was originally invented by E. Neher & B. Sakmann (1976).

For this achievement they received the noble price for medicine and physiology in
1991. It grounds on the voltage clamp technique, already invented in the 1930s by K.

Cole & H.J. Curtis, where sharp electrodes were used to impale cells. The great
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advantage of the patch clamp method was the possibility of measuring small currents
through ion channels with a high spatial and temporal resolution (Sakmann & Neher,
1984). This provided the opportunity to analyse the function of ion channels in

different experimental settings.

For a successful experiment an electrically tight seal with a resistance on the order of
10° — 10" ohms between a glass pipette and the clean plasma membrane of a cell
has to be established. This so called gigaseal results in a reduction of noise, and also

of leakage currents, and thus a good signal to noise ratio.

Once a gigaseal has been established, typically four different patch clamp

configurations can be achieved.

= Cell-attached or on-cell (OC)

» Inside-out (IO) by excising the patch under the pipette

= Whole cell (WC) by breaking the patch under the pipette

= Qutside-out (OO) by resealing of the membrane after excision, starting

from WC configuration

Cell-attached, Inside-out and Outside-out configurations are used to characterise
individual channels, as only the membrane patch sealed to the pipette opening is
measured. Whole cell configuration is used to characterise the electrical properties of

the entire cell.

Currents through the area under the pipette, the patch, or the whole cell can then be

analysed in two basic modes:

= Voltage clamp (VC)

= Current clamp (CC)
In VC mode voltage can be either kept to a constant value or changed intentionally
by applying a step wise or transient change. The current measured correlates to the
ion current through all open channels in the patch or whole cell. The magnitude of the
current depends on the number of channels (in the order of 0.5 - 100 pA for single

channels). Due to the gigaseal the leak current is very small.

._loomv 107V
100GQ ~ 100

In the VC mode current voltage relationships can be generated. To do so a range of

Example: =10 A=1pA

defined holding potentials is set and the corresponding currents are measured.

Subsequently the currents are plotted against the holding potentials (I/V curve). An
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I/V curve characterises how the relation between the membrane potential and the
current is voltage dependent. In single channel measurements (patch clamp) it
characterises how the conductance and open probability of a certain ion channel are
voltage dependent. The slope of the I/V curve (usually in pA/mV = nS) gives the
conductance, the extrapolated intersection with the abscissa gives the zero current
potential, an indicator of the ion species carrying the respective current. For an ion
specific channel the zero current potential corresponds to the respective Nernst
potential (3.3).

In the CC mode the resting potential of a cell is measured at zero current (CCy) or

any other command current (CCy).
The most important electrical properties measured and/or calculated are:

= Resting potential (Vm in CCy)
= Dynamic voltage changes (action potentials)
= lon currents
» Conductance (Gn)
The conductance is the reciprocal of the resistance (G=1/R) and by application of

Ohm’s law (U=R‘l) can be calculated according to:

G=— (S) Eq. 16

Measurements on C. pelagicus in this study were done cell attached in VC mode.

4.6.2 Experimental procedure and devices

Electrical measurements were performed with an amplifier system (EPC 7, HEKA
electronics, Germany) under an inverted microscope (Zeiss Axiovert 25). The
microscope was equipped with an A-Plan 100x/1.25 Oil objective (Zeiss). The
measuring station (schematic drawing in Fig. 13), consisting of the microscope, the
pre-amplifier with an integrated pipette holder (EPC 7, HEKA electronics, Germany),
and micro manipulators, was assembled onto a vibration isolation table to minimise

vibration artefacts.

The setup on the vibration isolation table was protected by a Faraday cage to avoid

electrical disturbance by the environment.
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The patch clamp amplifier signal B> [3) 1 2) 1)

was filtered (Low pass filter 902,

Frequency devices, USA), and

recorded and analysed with a

computer software (pClamp 9
acquisition & analysis software,

10)
Axon instruments, USA).

A  digital-to-analogue  converter

4
(Digidata 1322A, Axon instruments, 12) 13) )
USA) was interconnected between Fig. 13 Scheme of the patch clamp measuring

amplifier and computer to translate  system _
1) oscilloscope 2) computer 3) low pass filter 4)

analogue into digital signals and vice  amplifier 5) pre-amplifier 6) measuring electrode/
L ) pipette holder 7) gauge pressure system 8)
versa. In addition an oscilloscope reference bath electrode 9) glass micropipette

(Analog Digital Scope HM507 10) bath outflow 11) bath inflow 12) protoplast

13) inverted microscope 14) cover slip
HAMEG Instruments, USA) was

connected for direct optical control of current and voltage.

Glass micropipettes were made with an automated puller (DMZ Universal Puller,
Zeitz) from filamented borosilicate glass blanks (GB 150 F-8T, 0.86 x 1.50 x 80 mm,
Science products, Germany). The blanks were polished to protect the chlorinated
silver wires and O-ring seals from damage by sharp edges. Pipettes were polished a
second time to achieve smooth tips and subsequently filled by use of a carbon fibre
with either sterile filtrated solution 2 (ASW,) or internal solution 12 (IS) and connected
to the pipette holder of the pre-amplifier. Resistance of the pipette vs. the bath
solution (ASWc vs. ASWc) was around 1 to 4 MQ, corresponding to an opening
diameter of 0.5 - 1.5 ym.

Pipettes were connected by tubing to a syringe system for the application of (positive
or negative) gauge pressure. Before immersing the pipette into the bath solution
constant positive pressure was applied to avoid intrusion of bath solution into the

pipette solution.

Electrical connection between pipette and pre-amplifier was supplied by a Ag/AgClI-
wire. Contact between pre-amplifier and bath solution was established by a
chlorinated Ag/AgClI bath electrode.
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The bath chamber was fabricated of a round acrylic glass disk, @ 38 mm and 10 mm
high, which tapered towards the centre to leave an opening of @ 10 mm and resulting
in a bath volume of ~ 1 ml. Underneath this opening a round cover slip (d 1 cm)
could be attached by mounting wax, on which the cells were allowed to settle. The
bath chamber was equipped with in- and outflow ports, situated opposite each other,
on which tubing for solutions were attached. Temperature of the solutions was kept
constantly at 17 °C (measured directly in the bath chamber by use of a handheld
probe thermometer, Checktemp1, HANNA Instruments, USA) by a F25-MB
Refrigerated/Heating Circulator (Julabo, USA).

For all experiments the bath chamber was mounted on the stage of the microscope
and perfused by gravity at a rate of 6 to 8 ml min™", ensuring rapid bath exchange
rates. Flow rates of the bath solutions, however, were reduced in some cases to
improve seal formation. The reference bath electrode was immersed into the solution

together with the measuring electrode.

4.6.3 Decalcification and Protoplast Isolation for Electrophysiology

Cells for electrophysiological measurements need to have a freely accessible plasma

Q/"

Scheme of protoplast production

o T

: LSM
\ /MF
o \_/ \_/' \__/’
P
1. l + Enzymes + ASW, J' > ¢
4h

1./3. Recultivation

Fig. 14 Scheme of E. huxleyi protoplast production for electrophysiology.

An enzymatic cocktail (see Table 6b) was used to produce cleaner protoplasts. X Disposal; CF
Calcofluor; LSM/MF Laser Scanning microscopy / Meta Fluor microfluorimetry setup; PC Patch
clamp
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membrane. To achieve this cells were treated either according to the protoplast
isolation protocol (Fig. 7) or underwent a protocol as given in Fig. 14. In these cases
200 pl highly dense E. huxleyi cells were treated with 200-1000 pl of the enzymatic
cocktail (solution 14, Table 9) for up to 240 min.

If the enzymatic cocktail was used, after incubation for up to 240 min in different
temperatures (17, 25, and 35 °C) cells were again vigorously sucked through a PE
tubing (inner diameter ~350 ym) and then washed 3 - 5 times with solution 2 (ASW,).
Cells were then resuspended in solution 2 (ASW,.) and on different occasions cells
were also recultivated under normal culture conditions to check for viability (see 4.3).
Accordingly | tested the addition of 10 mU chitinase (Trichoderma viride, Sigma

C8241-25UN) to solution 14 or directly to 200 pl highly dense E. huxleyi suspension.

4.6.4 Sealing procedure with E. huxleyi protoplasts

After protoplast isolation cells were resuspended in solution 2 (ASW;). Cells were
then transferred into the bath chamber and allowed to settle and adhere to the poly-
D-lysine (see 4.4) coated bottom cover slip for at least 30 minutes. Suspended cells

were removed and the bath flow was started to check for settled, attached cells.

A clean micropipette under positive pressure was approached close to the cell
surface. Positive pressure was taken away at the instant of touching, and a slight
negative pressure was applied. A gigaseal formation was detectable by a decrease in

the current pulse and correspondingly an increase in the resistance.
4.7 Confocal laser scanning microscopy

An inverted microscope (Axiovert 200M, Zeiss, Jena, Germany) equipped with a 40x
objective (Plan-Neofluar 40x/1.30 Qil, Zeiss, Jena, Germany) was mounted on a
vibration isolation table (TS 140, Herzan LLC, Laguna Hills, Ca, USA).

Confocal laser scanning microscopy was performed on a LSM 510 (Zeiss, Jena,
Germany). | used the confocal system for microfluorimetric measurements to assess
the dye distribution of BCECF. For this the 488 and the 458 nm laser lines of the Ar
Laser (Lasos Laser Technique, Jena, Germany) were used in combination with a

band pass (505-530 nm or 530-560 nm, Zeiss, Jena, Germany) for emission.

Chloroplast auto fluorescence was induced at an excitation wavelength of 488 nm

and detected with a 650 nm emission long pass. Pictures were merged by software
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LSM 510 (version 3.2 SP2, Zeiss, Jena, Germany) to verify differential localisation of

fluorescence signals.
4.8 Cellulose staining

Cellulose staining was applied to check for remnants of extracellular matrix in
isolated protoplasts. After protoplast preparation as described in 4.6.3 cells were
transferred to the microscope in a bath chamber, and a drop of Calcofluor White
Stain (Fluka, 18909) was added. 415 - 440 nm fluorescence emission was recorded
with Visitron Imaging Software (MetaFluor, Visitron systems GmbH, Puchheim,
Germany) after excitation at 355 nm to check for remnants of ‘cell walls’ (cellulose

and/or chitin: green to blue fluorescence).
4.9 Statistics

In the microfluorimetric measurements from each experiment 5-35 cells were
selected for analysis. Each cell was analysed individually for changes in emission
ratio and the resulting changes are shown as a mean + SEM. The change in
fluorescence ratio represents delta pH;, an estimation of the magnitude in change

was done by nigericin calibration (5.1.4).

Data were pooled from multiple cells from different experiments where (n, m) indicate
the number of cells (n) from m experiments. Paired students t-test was applied, and a
p-value <0.05 was accepted for statistical significance. Statistics and calculations
were performed either in Excel 2003 (Microsoft) or OriginPro 7.5G (OriginLab
Corporation, MA, USA).

For electrophysiology and laser scanning microscopy only qualitative data are given.
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5 RESULTS

5.1 Fluorimetric measurements of intracellular pH

5.1.1 General remarks

For the fluorimetric approach used it was necessary to have high cell numbers, to be
able to strip and load cells, and to have cells adhering the glass bath bottoms, to
enable fast fluid exchange. Cells grown to high densities (up to 1.8 - 10° cells ml™,

achieved at day 7-10) fitted best to these requirements.

Fig. 15a shows a typical growth pattern over 14 d. After an initial lag phase a
relatively short exponential growth phase starts, followed by a stationary phase
leading to a death phase. The short duration of the exponential growth phase is due
to adapted cultural conditions (nutrient limitation starting from day 3-4 onwards after

Shiraiwa (2003), as shown in b) The sampling time span is indicated in grey.

Nutrients were checked on one occasion to verify nutrient limitation during the
sampling time span (Fig. 15b). Concentrations of NOs and PO4* as the major
nutrients are shown for a typical culture. It can be clearly shown that cells were

nutrient limited during the experimental time span.

a 2.0x10° b 100, 1°
1.5x10° o *
- = 60{| |\ 3=
- 1.0x1 0°4 o g
_ j E 40| | 2 3
5 | Z - o
5.0x10 / 5 0] 5
00b—"__ 1N ol = |
0 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Culture age (d) Culture age (d)

Fig. 15 Development of abundance (a) and nutrient concentration (b) during cell culture.
a) Typical growth curve of a calcifying E. huxleyi culture generated under nutrient limitation.
After an initial lag phase an exponential growth phase starts, followed by a stationary phase
before death phase. b) Nutrient status in cell cultures (f/20) of different age under the same
conditions. B on left axis, indicating NO3; plus NO,, A on right axis, indicating PO43'. Grey areas

indicate sampling time span (d 7 — 10).
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5.1.2 Viability tests

Cells were monitored for viability by light microscopy. In Fig. 16a-d characteristic
micrographs of cells generated in the described manner are depicted. Fig. 16¢
documents the loss of coccoliths due to treatment. Stripped naked cells (protoplasts)
are smoothly shaped and circular, and often show clearly distinguishable (twin)

chloroplasts.

Fig. 16d confirms viability of the protoplasts in a Trypan Blue staining. Exclusion of
the dye was accepted for intact protoplasts and observed in >90 % of the tested

cells.

In a second approach | tested the ability of subsamples of cells treated as described
(4.5.1, 4.6.3) to recalcify under normal cell culture conditions (4.3). Virtually all of the
observed cells were able to recalcify within the observation period of 2 days and the

culture did not show any significant change in growth rate compared to control (data

not shown).

) =
d ‘) —I
Fig. 16 Characteristics of highly calcified E. huxleyi cells before and after protoplast

preparation.
a) Single cell, b) Cells with up to three layers of coccoliths c) Pure protoplasts after
preparation d) Trypan blue staining (circles) of non viable cells. Scale bar 5 um

5.1.3 Dye loading and basal BCECF fluorescence properties

Dye distribution within the cell was visualised by LSM. Confocal imaging of E. huxleyi

showed an intracellular dye distribution excluding the chloroplast (Fig. 17).

At BCECF excitation wavelengths E. huxleyi cells showed no significant auto

fluorescence at the emission band of 515 - 535 nm (Fig. 18).

Most consistent results in microfluorimetric measurements were achieved when E.
huxleyi was allowed to equilibrate for a few minutes under control conditions after dye

loading, before start of the measurements.
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Fig. 17 Confocal false colour image of E. huxleyi cells loaded with BCECF-AM

a) BCECF fluorescence intensity, green (Excitation 488nm, band pass 530-550 nm). b)
Chloroplast auto fluorescence intensity, red (Excitation 488 nm, Emission long pass 600 nm).
c) Merged image indicates differential localisation of fluorescence signals. No BCECF loading
of chloroplast. Picture courtesy of M. Gutowska. Scale bar 10 um.

Fig. 18 Absence of detectable auto fluorescence in E. huxleyi in the experimental setup
a) Transmission light micrograph b) and c) no detectable auto fluorescence emission after
excitation at 486 nm and 440 nm, respectively at the emission band 515 — 535 nm.

BCECF fluorescence ratio as a measure
of pH; resembled a Gaussian distribution
over all analysed experiments (Fig. 19).
This was also observed for batches of
cells within one experiment, indicating

different individual starting pH; values.

The mean ratio values under control
conditions in the experimental series were
249 and 254. In

experiments | observed a decline in ratio

between some

over time.

Analysed cells of all experiments under
control conditions had a ratio between 2
and 3.
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Fig. 19 Frequency distribution of measured
emission ratios

BCECF fluorescence of single cells under
control conditions before start of the
respective experiment. Analysis of the
distribution of measured emission ratios of n
= 566 cells displayed as absolute number in
clusters of 0.2.
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Fig. 20 Typical trace of a pH; calibration experiment with nigericin.
Shown is the change in emission ratio of BCECF in two E. huxleyi cells. in solution 2 (ASW¢)
and calibration solution 8 with nigericin at different pH..

5.1.4 Calibration of pH; with nigericin

| was able to establish calibration experiments with nigericin (4.5.6). In a first step
cells were exposed to a more acidic pH. to test their general behaviour. For this
solution 2 (ASW,), pH 8.2 was exchanged for solution 2 (ASW,), pH 7.0, and back.

Cells followed instantaneously. Afterwards solution 2 (ASW;), pH 8.2 was exchanged
for solution 8 (ASWhig) at the same pHe (Fig. 20). Cells showed a slight increase in
emission ratio, indicating that pH; was below pHe before nigericin permeabilisation.
Afterwards the pH of solution 8 (ASW\y;g) was varied between pH 8.5 and 6.5. pHe in
the calibration experiments equals pH;. The ratio followed the external pH changes
fast and instantaneously, and recovered to almost initial values upon return to pHe
8.2.

Data of several experiments (n = 10, m = 6) were used to calculate a calibration
curve (Fig. 21). A direct comparison of the effect of extracellular acidification in the
absence and presence of nigericin on fluorescence ratio shows that the change in
ratio induced by a pHe change is greater and faster in the presence of nigericin. This
demonstrates the additional H* permeability introduced into the plasma membrane by
nigericin at high [K']. The calibration curve was linear in the investigated pH range

between 6.5 and 8.5. Changes in 0.78 fluorescence ratio units corresponded to a
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change of one unit in pHi (Fig. 21). 0-5'_
Caveats of the method used with E. : I/
huxleyi cells are discussed later (6.2.3), . R ¥, §
and | will stay with the relative changes in -1.5 1.0 -05.- 00 0.5

emission ratio for this manuscript.

5.1.5 Effect of [H'] on pH;

In a first series of experiments | /i 10-

investigated the effect of acidic seawater _

on pH; represented by the absolute 1 : )
-1.5JA Ratio

change in emission ratio.

Fig. 22a shows an original experiment  Fig. 21 calibration curve for BCECF

. . emission ratio
where solution 2 (ASWC) was rapldly Absolute ratio deltas were achieved at five

han from bH t H Th PH. values between 8.5 and 6.5 Shown is
changed from pH. 8 to pH. 6 ©  the linear fit for the absolute deltas with

emission ratio of E. huxleyi cells declined  95% confidence intervals. A change of 1 in
the pH corresponds to a change of 0.78 in
instantaneously with bath exchange. The  emission ratio.

kinetics of acidification was fast and presumably close to the bath exchange rate.

| did not observe any compensation of pH; during the acid challenge. When the
acidified ASW was again exchanged for solution 2 (ASW;), pH; increased again,

however, in some cells the effect was not completely reversible.

To differentiate between CO, and H* effects on pH; | repeated these experiments in
the absence of HCO3; and CO, (HEPES buffered solution 4). Again | observed the
same pattern of cytosolic acidification (Fig. 22b): pH; decreased instantaneously

responding to pH. and reached a new stable pH; (Table 7).

Even if the length of the exposure to the increased [H'] was extended | did not
observe any cellular compensation mechanism to re-establish the initial pH; while
under acid challenge (data not shown). Only upon return to control conditions the pH;
effect was reversible.

A concentration response curve for the dependence of pH; on pH¢ is shown in Fig.
22c as an original recording. The relationship (Fig. 22d) was linear over the
physiological range between pH. 6.5-9.0. The change in pHe of one unit induced a
change in ratio of 0.44 relative units. Data of the reported changes in ratio in

response to changes in pH. are summarised in Table 7.
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Fig. 22 Effect of [H']. on fluorescence emission ratio as a measure of pH;

Original recordings of fluorescence ratio in representative single cells. a) Effect of change
from pHe 8 to 6 in control ASW (ASW,). b) Effect of change from pH, 8 to 7 in the absence of
HCOj (solution 4). c) Concentration response in a representative single cell. d) Summary of 31
cells (m = 6). pH; followed pH. in a linear relationship (y = 0.44x) over the physiological range
(R? = 0.99) Confidence intervals 95%

Table 7 Effects of changes in external [H'] on pH;

Control solution ASW, was exchanged by the respective experimental solution. Mean values
give fluorescence ratio as a measure of pH;. Concentration response of pH; to changes in pH,.
Ratio changes were calculated relative to the previous pH, step.

n number of individual cells; m: number of experiments; mean: average ratio; d,,s: change
ratio; d [%]: relative change; p <0.01 indicates significant difference versus the respective
previous pH step

soluton pHe H [molkg'] n m mean dabs d [%] p
4 9.0 1E-09 31 6 262 £0.05 -0.13+ 0.02 -5+ 0.7 <0.01
8.5 5E-09 249 + 0.05 -0.18+ 0.03 -7+1.3 <0.01
8.0 1E-08 231 +0.04 -0.28+ 0.02 -7+1.3 <0.01
7.5 5E-08 2.03 £+ 0.03 -0.27 + 0.02 -12+ 0.9 <0.01
7.0 1E-07 1.77 + 0.04 -0.20 £ 0.02 -11+1.0 <0.01
6.5 5E-07 1.57 + 0.04

58



RESULTS

In a further series of experiments using OOE solutions | tested the effects of isolated

changes in CO, and HCO3™ on pH..

5.1.6 Out of equilibrium solutions

The present experiments with OOE solutions were performed in the time range of 7-
10 s after mixing of the respective solution pairs A and B. Reaction kinetics for the
carbonate chemistry were calculated and kindly provided by Kai Schulz (as in Schulz
et al., 2006) to ensure that the cells under investigation were in fact exposed to

solutions which were still out of equilibrium, Fig. 23.

| generated two OOE solutions with high CO, or high HCO3", respectively. The two
solutions are depicted as solid line (high COz) and dashed line (high HCOg3’). The

development of the solutions can be identified easily in Fig. 23d and e which show
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Fig. 23 Reaction kinetics upon mixing of OOE solutions (K. G. Schulz)

Changes in concentrations against time upon mixing of two solutions (see Table 5) with
different carbonate chemistry; a)-f) on a logarithmic scale (10'10 to 10° s), g)-I) on a linear scale
(0 to 200 s). Solid lines illustrate evolution of carbonate chemistry speciation in solution 9
(high CO,). Dashed lines show carbonate chemistry kinetics in solution 10 (high HCOj3).
Calculations of carbonate chemistry speciation were done at salinity of 35 and at 20°C. All pH
values are given on free scale, pHg. The vertical line represents the experimental time range of
7-10s after mixing. [A-]: unprotonated form of HEPES buffer; [AH]: protonated form of HEPES
buffer. Light, intermediate and dark grey shaded areas mark the time ranging from 1 0" to 107,
10° to 10'1, and 10" to 1000 s, respectively.

Note: the additional right ordinate in j-I) gives the values for the dashed lines (high HCOy).
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the concentrations of CO, and HCOs3™ versus time.

The time axis is logarithmic and covers the whole period from initial mixing to

equilibrium. The time range of the experiment is indicated as a vertical line.

The high CO; solution (solution 9, solid line) shows a virtually constant CO
concentration until approximately 1s (Fig. 23d) and even at the time of experiment
[CO,] is still above ~600 pmol kg'. The formation of HCOs at the same time is
negligible (Fig. 23e). Only after minutes the solution reaches equilibrium with the
conversion of CO; into HCOg3'. The target pH value in this solution is reached already

10us after mixing (Fig. 23a).

The high HCO3™ solution (solution 10, dashed line) shows a substantial increase in
HCOj3" concentration to the target value in the time range of ms (Fig. 23e) by the
protonation of COs? (Fig. 23f). This value stays virtually constant until the time of the
experiment. CO, formation in this solution does not exceed 50umol kg™. In this
solution the target pH value is reached within ms after mixing (Fig. 23a). The initial
pH changes reflect buffering and the protonation of CO3?. Fig. 23b and ¢ show the

respective changes in HEPES buffer components.

For a higher time and concentration resolution of the equilibration phase refer to Fig.
23g-l. Please note the linear time axis. The left ordinate (Fig. 23j-I) gives the scale for

high CO; solution 9, the right ordinate shows the numbers for high HCO3™ solution 10.

Taken together, the carbonate chemistry allows the use of OOE solutions in the time
frame between 0.1s and 10s after mixing without relevant equilibration. Even after
10s the most obvious change in [CO;] in the high CO, solution (Fig. 23j) leaves a
[CO2] which is 30-fold above equilibrium.

5.1.7 Effect of high [CO,] on pH;

To challenge the cell with a high CO, concentration and to monitor the respective
changes in pH; | exchanged solution 2 (ASW,, pH 8.05 £ 0.05) for high CO; solution
9 (Table 5).

No significant effect on pH; could be detected (Fig. 24b, Table 8) in the time range of

up to 3 min exposure to high COa,.
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Fig. 24 Effect of high [CO,] or high [HCO5] out of equilibrium in comparison to a change in [H']
a) Original recording of fluorescence ratio as a measure of pH; in a representative single cell.
b) Absolute change in ratio. High CO; (sol. 9): n = 148, m = 8, p = 0.15; High HCOj (sol. 10): n =
54, m =5 p <0.01; pH 7, (sol. 4: n =42, m = 3, p < 0.01; C: ASW,. (n.d. data points not
determined in this experiment.)

5.1.8 Effect of high [HCO;] on pH;

In the same manner | challenged the cells by high extracellular HCOgs
concentrations. Control solution 2 (ASW,) was exchanged for OOE solution 10 (Table

5) and pH; of E. huxleyi cells was monitored again (Fig. 24a).

Interestingly, the ratio decreased significantly (Fig. 24b, Table 8). The effect of HCOg3
was reversible upon return to control solution 2 (ASW;). To confirm the normal
behaviour of the cells to changes in pHe | challenged the cells again with pHe 7.0
(Fig. 24a).

Table 8 Effects of changes in [CO,], and [HCO3] on pH;

Control solution 2 (ASW.) was exchanged by the respective experimental solution. Mean
values give fluorescence ratio as a measure of pH,. p <0.01 indicates significant difference
versus the respective control value. Relative changes in ratio differed significantly (p <0.01). n
number of individual cells; m: number of experiments; mean: average ratio; d,,s: change ratio;
d [%]: relative change; p <0.01 indicates significant difference versus the respective previous
PH step

solution [mol kg'] n m mean dabs d [%] p
9 CO, 0.0017 148 8 242 + 0.02 -0.01+ 0.01 -1+04 0.18
10 HCOj5 0.0220 8 5 231 +£0.02 -0.12+0.01 -5+03 <0.01
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5.1.9 Effect of DIDS on pH;

To investigate whether there is a DIDS inhibitable transport system expressed and
functionally relevant in E. huxleyi | measured the effect of DIDS on pH,. Application of
DIDS in solution 2 (ASW,) acidified the cell (Fig. 25a).

This effect on pH; was concentration dependent (Fig. 25b, n = 11, m = 2). The effect

of DIDS, however, was irreversible, and even after a washout period of more than
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Fig. 25 Effect of DIDS on fluorescence ratio as a measure of pH;

a) Original recording of fluorescence ratio as a measure of pH; in a single cell. Effect of DIDS
g100 umol I 1) in the presence of HCOj;. b) Original recording of the effect of DIDS (100 umol I
) in the absence of HCO;. Comparison of the effect of pH. 7 on pH; in the absence and
presence of DIDS. * pH 7.97 c).Concentration response for the effect of DIDS on pH; in the
presence of HCO5; given as absolute change in fluorescence ratio (A); m = 2, n = 11. d)
relative change in fluorescence ratio by DIDS in the absence of HCO3and presence of HCO;
(m=3,n=46 and m = 2, n = 11, respectively, p <0.01). e) relative change in fluorescence
ratio by pH. 7 in the absence and presence of DIDS; m = 3, n = 46. Relative changes in ratio
differed significantly (p <0.01).
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solution AH n m mean dabs d [%] p
4 H* 9E-07 46 3 1.93 £ 0.03 -0.62+ 0.04 24+ 1.3 <0.01
4 H* DIDS 9E-07 1.70 + 0.04 -0.40 + 0.02 -19+1.0

Table 9 Effects of changes in H' on pH; under control conditions and in the presence of DIDS
Control solution 2 (ASW,) was exchanged by the respective experimental solution. Mean
values give fluorescence ratio as a measure of pH,. Changes by H' [A H') were compared to
pre control (pH 8) with and without DIDS (100 umol I 1), respectively. Relative changes in ratio
differed significantly (p <0.01). n number of individual cells; m: number of experiments; mean:
average ratio; d,ps: change ratio; d [%]: relative change

15min, pH; of E. huxleyi cells did not show signs of recovery (data not shown).

In a second series of experiments | tested whether the acidification by DIDS was
dependent on external HCOj3". For this DIDS was applied in solution 4 (0 HCO3') As
shown in Fig. 25b and d, DIDS (100 umol I} still decreased pH; under HCO5 free
conditions. However, the effect was significantly smaller than in the presence of

HCOgj’, indicating that this effect did not completely depend on external HCOg'.

Finally | investigated whether DIDS influenced the effect of pHe on pH; of E. huxleyi
cells. In the absence of HCO3™ | compared the effect of pHe 7 on pH; (see also 5.1.4)
in the presence and absence of DIDS (100 umol I''). As shown in Fig. 25e the effect
of pHe 7 was slightly but significantly reduced in the presence of DIDS (Table 9).

5.1.10 Effect of decreased [CI], on pH; ]
Jarin
2.5
5.1.10.1 Effect of decreased [CI]. alone ‘
The fact that DIDS decreased pH; in E. huxleyi

indicated a potential involvement of an anion

2.0-

transporter or channel in pH homeostasis. As DIDS

Emission ratio

also acted in the absence of HCOj3™ | continued my 1.5 60s

experiments investigating the effect of seawater

with a decreased concentration of CI" on pH;. Fig. 26 [Ch] 540 l 90 ‘ 540
[HCO;]2.35

Sol. 2 | 6 2
the control bath solution 2 (ASW,, 540 mmol I CI) pH 796 17.91 7.96

shows an original trace of an experiment, in which

was rapidly exchanged for solution 6 at the same
Fig. 26 Effect of low [CI] on pH..

pHe, containing only 90 mmol I' CI" (Table 4). The Reduction of [Cl]. results in a

. . short and transient acidification,
cells reacted instantaneously with an acute followed by a plateau. Upon

return to control [Cl]. the cell
again acidified transiently within

by 0.47 %+ 0.02, corresponding to a relative @/ongertime range.

decrease of 19 % + 0.8 % (n = 148, m = 14). Nevertheless, the cells counter
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regulated under decreased [CI] to almost the initial pH; (-0.13 £ 0.01 absolute
difference to precontrol (solution 2); this corresponds to a relative difference of 5 % *
0.3 %).

Even more astonishing was the finding, that upon return to control solution 2 (ASW,)
the ratio, indicating pH; of the cells, decreased again, and to an even more acidic
value (-0.87 £ 0.03 absolute difference to precontrol (solution 2); this corresponds to

a relative difference of 36 % + 1,0 %).

This reaction showed a slower time course and was also reversible, with the cells re-
establishing the initial pH; to almost the initial ratio within minutes (-0.21 = 0.01
absolute difference to precontrol (solution 2); this corresponds to a relative difference
of 9 % £ 0.5 %).

Table 10 Effect of decreased [C[]. on pH;

Shown are data for the 1° acidification and the following plateau phase under low [Cl], and the

2" acidification, followed by the re-alkalinisation under control conditions. Absolute (d,,s), and
relative (%) changes in comparison to pre control values (ASW,), n = 148, m = 14

90 CI ASW,
lla [o] Va Vb
1% ta Plateau 2" ta Recovery
daps -0.47 £ 0.02 -0.13 £ 0.01 -0.87 £ 0.03 -0.21 £ 0.01
% -19 = 0.8 -5 1+ 0.3 -36 £ 1.0 -9 + 05
p <0.01 <0.01 <0.01 <0.01

5.1.10.2 Effect of HCO3 and Na* on the CI" induced pH effect

| tested which other ions could interfere with the acidification upon return to control.
The first ion tested was HCOg3', also shown in Fig. 27. For this solution 6 (90 CI),
which again induced a sharp acute but transient acidification, was not washed out by
solution 2 (ASW,), but by solution 4 (0 HCOs3’). No acidification could be observed.

Only upon return to the regular control solution 2 (ASW,), containing HCO3™ and CI" at
normal seawater concentrations, the acidification again took place. This led to the
hypothesis that a CI'/HCO3; exchanger might be part of the mechanism behind the

observed pH; effect.

From literature it is known that there are Na* dependent and independent CI/HCO3’

exchangers (e.g. solute carrier 4 family, SLC4, Romero et al., 2004).
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Fig. 27 Effect of low [HCO;] on the 2™ Cr induced transient acidification

Reduction of [Cl]. results in a short and transient acidification. This also occurs in the
repeated experiment. However, upon return to control [Cl]. the cell does not acidify in the
absence of [HCOs].. The transient 2" acidification only occurs upon re-establishing normal
[Cl]. and [HCO3]..

On this background | started a new experimental series to test whether a decrease in
[Na']e affects the observed effect (Fig. 28). The same protocol was repeated (Fig.
28a), but after solution 4 (0 HCO3;) and before return to solution 2 (ASW,) |

additionally exchanged for solution 7 (nominally 0 mmol I Na*, Fig. 28¢).

Again | did not observe a transient acidification, but only upon return to solution 2
(ASW,), Fig. 28.

Table 11 Effect of [HCOs] and [Na'] on the 2™ CI induced transient acidification

Shown are data for the 1° acidification and the following plateau phase under low [CT], and the
2™ acidification, followed by the realkalinisation under control conditions. Absolute (d.»s), and
relative (%) changes in comparison to pre control values (ASW,),

p significance level vs. pre ASW, values p’ significance level vs. the respective paired
experiment (e.g. % change due to 90 CrI in the short and extended version of the experiment)
(ta) transient acidification (lla) 1°* low [C[]. induced transient acidification (lIb) re-alkalinisation
under low [CT]. (lll) low [HCO5] (IV) low [Na'] (Va) low [CI]. induced acidification upon return
to ASW; and (Vb) re-alkalinisation The 2" acidification only occurs upon return to ASW; with
normal CI, Na*, and HCOj; concentrations. n = 47, m = 4 The grey area corresponds to the grey
area in Fig. 28

* significantly more acidic vs. Illb (p<0.01 ), # non significant vs. llb (p = 0.24), § significantly
more alkaline vs. lIb (p<0.01)

90 Cr 0 HCOy 0Na ASW,
lla b I \Y Va Vb
1% ta Plateau 2" ta Recovery
das  -0.35 + 0.03  -0.12 + 0.01 -0.67 + 0.04 * -0.24 +0.03
-0.37 + 0.03 -0.07 +0.01 -0.07 + 0.02 * -0.03 + 0.02 ¥ -049+ 0.02 * -0.19 +0.02
% 15 £ 1.1 5 + 06 290+ 16 * -10 + 1.1
18 + 1.5 4 +06 -4 + 09 * 10 £10 % 230+ 09 * -9 %10
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Fig. 28 Effect of [HCO;J and [Na'] on the 2" CT induced transient acidification

a) Representative original experiment showing the direct decrease in emission ratio upon
removal of CI': | ASW¢, lla low [Cl]. induced acidification, and IlIb re-alkalinisation under low [CI
Je- Va low [CI]. induced acidification upon return to ASW. and Vb re-alkalinisation upon return to
ASW.. b) Relative decreases of the emission ratio (n = 54, m = 4). All values are significantly
lower compared to pre control (p < 0.01).

c) Representative original experiment showing the direct decrease in emission ratio upon
removal of CI, and the effect of low [HCO;] (lll) and low [Na'] (IV). The 2" acidification only
occurs upon return to ASW; with normal [CT]., [Na']., and [HCOs].. d) Relative decreases of the
emission ratio in the extended experiments (n = 54, m = 4). All values are lower compared to pre
control (Table 11, p) apart from low [Na']. (p = 0.24), but relative change are the same (Table 11,
p1).
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5.1.11 Effect of increased [K*] on pH;

5.1.11.1 Effect of [K']. alone

To elucidate the potential involvement of V,, to the regulation of pH; | investigated the
effect of seawater with an increased [K']e on pH;. For this, solution 2 (ASW,) was
rapidly exchanged for solution 5 (100 mmol I" K*). Surprisingly, as with decreased
[Cle the cells reacted instantaneously with an acute acidification (Fig. 29, 1%
transient). As the results were so similar to the experiments with decreased CI’, |
decided to test the effect of 0 HCO3; and 0 Na* on second transient acidification (Fig.
29; Table 12).

5.1.11.2 Effect of HCO3; and Na* on the K" induced pH effect

For this the 100 mmol I"' K* solution was exchanged for a solution 7 (0 Na*) and
solution 4 (0 HCOz3), respectively, in analogy to the experiment described in 0. Again
no transient acidification occurred under these conditions, independent of the order,
but only upon return to solution 2 (ASW,) with all three respective concentrations re-
established. | could thus show that this second transient acidification again is HCO3

and Na* dependent.

The 100 mmol I K" induced -
acidification decreased in the ]
ratio by 0.64 + 0.03 absolute % 25]
difference to precontrol (solution % ]
2); this corresponds to a relative F: 2.04
difference of 27 % + 1.4 % (n = ,_,EJ 1 51
96, m = 4). This acidification was Ty
1 60s
followed by a rapid return to | E—
" . . [K*] 10 100 10
almost the initial emission ratio. (-
[HCO;] 235 0 2.35
0.05 £ 0.01 absolute difference to [Na‘] 290 0 290
precontrol  (solution 2); this Sol. 2 5 4| 7 2
corresponds to a relative pH 7.96 | 7.87 [8.05| 7.99 7.96
difference of 2 % + 0.3 %). Fig. 29 Effect of low [Na'] and low [HCO5] on the 2™

K" induced transient acidification
Comparable to the effect in the Again, the 2" transient acidification only takes place
upon return to normal K', Na', and HCOj
90 CI' experiments the cells concentrations.
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again acidified upon return to control solution 2 (ASW,, 10 mmol I K*, -0.53 + 0.02
absolute difference to precontrol (solution 2); this corresponds to a relative difference
of 22 % = 0.8 %), and then slowly recovered to almost the initial pH (-0.19 + 0.01
absolute difference to precontrol (solution 2); this corresponds to a relative difference
of 8 % + 0.6 %, Table 12).

5.1.11.3 Effect of Ba®* on the K* induced pH effect

In a next step | tested the effect of 100 ymol I' Ba®*, a K* channel blocker, on E.

huxleyi pH;.

No effect was detected when Ba®* was applied alone (Fig. 30, 1 grey column; n = 9,
m = 1). When the cells were first challenged by an increase in the [K']e, application of
Ba®" or return to HCO5  induced a transient acidification (Fig. 30, 2" grey column; -
0.57 = 0.04 absolute difference to precontrol (solution 2); this corresponds to a

relative difference of 24 % + 1.5 %:;). This acidification was followed by a 2" transient

acidification upon removal of Ba*' I lallb I IV VaVb
2]5_%
from control solution 2 (ASW,, -0.66 + :
0.03 absolute difference to precontrol '% ]
= 2.0
(solution 2); this corresponds to a § 1
[2]
relative difference of 27 % *+ 1.1 %, E
. w197
correspondingly).
o . 60s
Afterwards the emission ratio —
: . . . [K*] 10 100 10
increased again, with a remaining
[Na*] 490 0 490
difference to pre control of -0.26 * [HCO.] 235 0 235
0.01, corresponding to a relative Sol. 2 57| 4 2
difference of -10 % + 0.5 %. PH 7.98 7.97]8.00]8.00] 7.98

or L Fig. 30 Effect of Ba** on the acidification upon

The Ba“” dependent acidification  return to ASW, with normal [K'] concentrations
. I ASW, lla high [K']. induced acidification and Iib
was thus dependent on a preceding o aikalinisation under ’lggh [K'T. Il Tow [Na'], IV
+ : ; low [HCO;s]. Va high [K']. induced acidification
K™ pulse, mducmg changes for a upon return to ASW, and Vb re-alkalinisation.
transport system  sensitive to Cogumns (green) indicate the effect of 100umol I’
Ba“* before (left, n = 9, m = 1) and after (right)

inhibition by Ba?*. application of high [K']..n =23, m=3
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100K” 0 HCOy ONa’ ASW, + Ba** ASW,
lla b I IV Va Vb Va Vb
1% ta Plateau Ba’’ ta Recovery 2" ta Recovery
davs  -0.67 + 0.04 005 +0.01 -004 +002*% 000 =+001°% -0.53+ 0.02 * -0.19 + 0.01
-0.81 + 0.05 008 +0.01 -006 + 0017 -001 +0.01°% -057+0.04 * -0.19 £0.02 -0.66 + 0.03 * -0.26 + 0.01
% 27 + 14 2 +03 2 +10"% 00 +10°8 22 + 08 * -8 t 06
34 + 20 -3+ 03 2 +04" 00 +03% 2415 * -8 £06 27 + 11 * -10 + 05

Table 12 Effect of increased [K']. on pH; and effects of HCO;, Na*, and Ba**on the reacidification upon return to control

(ta) transient acidification; (lla) 1°* high [K']. induced transient acidification; (Ilb) re-alkalinisation under high [K'].; (Ill) low [HCOs]J; (IV) low [Na']; (Va)
acidification upon return to ASW¢; (Vb) recovery

The 2" acidification only occurs upon return to ASW. with normal K*, Na*, and HCO; concentrations. Experiments with (n = 23, m = 3) and without (n
=96, m=4) Ba*.* significantly more acidic vs. lIb (p<0.01); significantly more alkaline vs. llb (p<0.05); significantly more alkaline vs. llb (p<0.01)
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5.2 Electrophysiological measurements

Until now there is no information about membrane voltage measurements or ion
channel expression in E. huxleyi available. Since membrane voltage is the major
driver of ion movements in addition to concentration gradients, it is of particular

importance to characterise the electrophysiological properties of these cells.

E. huxleyi, however, offers limited access to investigations by its small size, the
robust and tight cell cover (organic matrix) and by calcite shells. Nevertheless, we
established several approaches to prepare clean protoplasts and to obtain electrical
access to the intracellular space. As a control organism we used C. pelagicus, where

such measurements have been published (Taylor & Brownlee, 2003).

5.2.1 General remarks

The different protocols applied in E. huxleyi consisted of two steps: 1. removal of
coccoliths as for optical measurements, and 2. mechanic or enzyme assisted
removal of the organic scales. A range of different protocols for the production of
clean protoplasts in E. huxleyi was tested; however during these experiments | found
that it was impossible to produce protoplasts accessible to patch clamp investigation.
The protoplasts produced by the extended stripping protocol (see 4.6.3) looked clean
(Fig. 31). To verify the effect of the enzymes used (cellulase, pectinase, pectolyase
and sometimes chitinase in addition, 4.1.5) | performed cellulose staining (see 4.8)

and could show cells without any detectable surroundings left (Fig. 31c).

Nevertheless, the cells were relatively stiff, and did hardly react towards suction, or in

.
¢ °® -
® *ep
) S s

& [
c . —

Fig. 31 Representative images of cellulose staining in E. huxleyi

a) Staining of cellulose with Calcofluor White stain before digestion with solution 14
(enzymatic digestion, see 4.6.3). 415-440 nm Fluorescence emission at 355 nm excitation b)
Staining of cellulose with Calcofluor White stain after protoplast preparation. 415-440 nm
Fluorescence emission at 355 nm excitation c) Bright field image of 3 reveals about 50%
cellulose free protoplasts. Red circles indicate incomplete digestion, visible in b). Scale bar 5

um.
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the other extreme, ruptured immediately

upon slightest suction (data not shown).

In contrast, measurements in C.
pelagicus, which was used as the test

species, were successful.

5.2.2 C. pelagicus

Protoplast production was feasible in
this species, even if not regular or in
large quantities. Cellulose staining as
(Fig. 32 c¢)

showed clean protoplasts with only

well as optical control
marginal leftovers of the surrounding
organic covering (arrows in Fig. 32).
Cells were soft and reacted properly

towards suction.

| was able to improve the technique to
the extent that | was able to establish
gigaseals by applying tender suction
(Fig. 33 shows one example). Sealing
was slow (minutes) and often resulted in
larger parts of cell membrane covering

the inside of the micropipette.

| succeeded in achieving gigaseals and
on cell configurations (11 out of 196
cells) and was able to detect and record
in few occasions

channel openings

(example shown in Fig. 34).

Fig. 32 C. pelagicus cell during protoplast
production and experiment.

a) C. pelagicus cell with coccosphere before
treatment b) protoplast with leftovers of
organic cover (arrows) c) protoplast
deformed by micropipette; some organic
cover is still visible d) Cell after intentional
disruption. Scale bar 10 um

Fig. 33 Exemplary picture of a patch pipette
sealed to a protoplast of C. pelagicus.
Scale bar 10 um

The respective current voltage relation for this channel is shown in Fig. 35.

5.2.3 Electric properties of C. pelagicus

The recording of channel openings in the example shown revealed 4 channel

opening niveaus. This indicates either 4 channels of the same type opening up or 4

conductance states of one channel type.
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In the experiment shown the
respective currents were measured in
10 mV steps of the holding potential
between -30 and 0 mV.

As shown in Fig. 35a extrapolated

through the abscissa the data result in
a zero current potential of 41 mV. The
slope of the I/V curve, representing the omv -10mV -20mV -30mV

single channel conductance, was

calculated to be 19 pS (n, m = 1). The Fig. 34 Current traces of an ion channel in C.
’ ) pelagicus at different clamp voltages.

linear I/V curve derived from these 4 Vvoltage dependent niveaus of channel
openings are visible, indicating 4 open channels
values indicates a voltage of the same type

independent, non rectifying channel.

A channel measured in another example (Fig. 35b) revealed 5 channel opening
niveaus, indicating either 5 channels of the same type opening up or 5 conductance
states of one channel type. In this experiment the respective currents were measured
in 10 mV steps of the holding potential between -100 and -20 mV. Extrapolated
through the abscissa these data result in a zero current potential of 5.5 mV. The

single channel conductance was calculated to be 26 pS (n,m = 1) in this case.

a 0.44 b 15
0.21
I l”" V [mV] r T T T T O. ll T 1 V m
60 -100-80 -60 -40 -20- 420 40 60 [mV]
2]
| [pA] 31 1[pA]

Fig. 35 I/V curves of two C. pelagicus experiments

a) The slope of the curve was 19 pS and the zero current potential was 41 mV; R*=0.99.n,m=1
(corresponding to data shown in Fig. 34). b) The slope of the curve was 26 pS and the zero
current potential was 5.5 mV; R?=0.98. nm=1
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6 Discussion

6.1 General

During this thesis | managed to successfully achieve pH; (BCECF) measurements
and first steps in electrophysiological measurements in coccolithophores. This
complementary approach, bringing the findings from field experiments into
physiological context, will enable us to move on from description to a better

understanding of the underlying mechanisms.
6.2 Methodological

6.2.1 Culture conditions for microscopy

The cultural conditions used in these studies provided large numbers of cells. With an
increasing age of the cell culture the stickiness of the cells increased. The conditions
of cell culture were optimised for experimental requirements like cell number, cell
adhesion, and dye loading. Compared to field conditions this culture protocol was

characterised by the following aspects:

Cells were rapidly nutrient deplete under the given conditions, and for most of the
culture time (from d 4 onwards), still growing, but at a decreased rate, and still
calcifying at a comparatively high rate. Also they might change the carbonate system
in their environment under the given circumstances. Table 13 gives an overview on
different physiological states of E. huxleyi in comparison to the selected culture
conditions. The culture conditions most likely represent the stationary phase of E.
huxleyi cells. In most experiments done on E. huxleyi cells are kept at low cell
numbers, under nutrient replete and stable carbonate system conditions, to represent
more natural conditions. However, when cells were kept under more optimised

conditions of nutrient repletion in semi-continuous batch culture they did neither take

Table 13 overview on characteristics of different physiological states of E. huxleyi
Best indicator of the physiological state is the cell division rate, reflecting whether the cells are
still growing exponentially.

Growth phase exponential stationary decay
Nutrients +++ (+) -
Cell division [doublings d™"] 2-3 1 -
Calcification + ++ (+)
Abundance [cells mI”'] >1000000
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up dye properly, nor were adhesive enough to the bath bottom for a fast fluid

exchange.

The experiments discussed in this thesis thus are considered a first step in
understanding the cellular properties of E. huxleyi with respect to ion transport over
the plasma membrane and pH homeostasis. Nevertheless, the cultural conditions
must be taken into consideration when discussing homeostatic mechanisms and ion
transport properties of these cells in general. | expect quantitative differences for
different cellular states, possibly resulting in a modified set of transport and regulatory
proteins being synthesised. The results stated in this thesis are thus quantitatively
valid only for these conditions, but it is likely that the findings qualitatively also can be
confirmed in other stages of E. huxleyi. This has to be further investigated in

exponentially growing, unlimited cultures or in cells living under natural conditions.

A second important point concerning the validity of the results is the duration of the
whole protoplast producing procedure. Stripping, recovery phases and settling times
were in the range of hours, thus resulting in cells being out of natural conditions for a
considerable time. Cells might have had enough time to express transport systems
and / or homeostatic mechanisms not active under normal conditions. Nevertheless,
systems expressed under these conditions are part of the species’ transport and
regulatory tool box, and can give valuable hints about possible adaptation

mechanisms in these unicellular organisms.

Summarised, we are aware of the constraints; however do accept them on the
background of working with an organism representing a black box on the

physiological level in combination with methods which had to be applied of scratch.

Nevertheless, the results achieved are considered to be valuable for the scientific

community.

6.2.2 Microfluorimetry

A stable ratio with a mean value around 2.4 of fluorescence emission was
established regularly, with loading intensities (at 486nm) between 150 and 600
arbitrary units. However, there was considerable scattering and | often observed cells

which were higher or lower in ratio as well as in the absolute intensity.

It is known, that metabolism in E. huxleyi varies substantially during certain phases of

the cell cycle, e.g. calcification is restricted to the G1 phase (Muller et al., 2008). This
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might also hold true for the expression of certain enzymes, e.g. esterases needed for
the conversion of BCECF-AM to the free acid. In general the cells used in this study
are assumed to have been in the G1 phase, predominantly, i) as they were always
harvested at approximately the same time during the light phase, when >85% of the
cells are in G1, and ii) as they arrest in the G1 phase when they are PO4* or NO3~
limited (Mdller et al., 2008). In this phase the cells can be considered to be in a PO,
scavenging mode, with a considerable expression of alkaline phosphatase. As
BCECF has to be taken up and then cleaved by esterases, | think that e.g. an
increase in alkaline phosphatase activity with increasing P-limitation might be one
explanation for the observed improved dye uptake with increasing culture age and

increased nutrient limitation.

In this study | recorded BCECF fluorescence in E. huxleyi as a measure of cytosolic
pH and managed to get a first insight into the membrane permeability properties with
respect to CO,, HCO3; and H*. The use of pH sensitive dyes is a long used approach
to analyse transport processes and pH homeostasis on a single cell level, with
BCECF as the most widely used indicator dye (Rink et al., 1982). In these pH;
measurements the interpretation of data is straight forward as long as the
concentration of a single ion species, e.g. Na® or CI, is experimentally modified or
pharmacological tools are used. BCECF measurements of pH; in E. huxleyi have
already been established before (Dixon et al., 1989) and values for overall pH; were

recorded in the range of 7.1 - 7.3 in the presence of 2 mmol I HCO3".

A direct translation of our calibration measurements into pH; resulted in a more
alkaline pH of around 8. As already mentioned in the materials and methods section,
there are considerable limitations with respect to the absolute calibration of pH;. In
the study of Dixon et al. the ion composition of the extracellular space for example
was completely different from our or physiological conditions. In addition dye loading
and distribution within the cell have a strong influence on the contribution of pH; as
the cytosolic to the whole signal. We excluded dye loading of the chloroplast and
could show at confocal resolution that the fluorescence signal did not origin from
specific intracellular organelles. In line with Anning et al. (1996), our observations

confirm the unequal dye loading intensity between cells within the same batch.

In addition, | observed a larger scatter of resting emission ratios (Fig. 19) for the

individual cells of the same batch which was independent of dye loading. This could
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be caused by real differences in pH; values between cells and caused by their
individual functional state. However, since the relation between pH; and fluorescence
ratio depends on the intracellular composition, it could also originate from different

individual BCECF calibration curves for each cell.
| did not observe a dye signal from the chloroplast (c.f. confocal image, Figure 2b).

The detected fluorescence signal thus resembles an integrated signal of the whole
cell with a major contribution by the cytosol. However, | cannot exclude a partial
contribution of otherwise compartmentalised dye to the integrated signal. In some
cases | observed a slight decrease in the ratio over time. At present | have no clear
explanation for this. | might speculate that it indicates an acidification of the cells over
the time course of the experiment, or a change in the contribution of

compartmentalised dye to the integrated signal.

6.2.3 Calibration of pH; with nigericin

| was able to calibrate cells with the nigericin approach.

In the nigericin / high K* calibration experiments cells followed pH, in a linear fashion.
Under calibration conditions change in pH; was fast and reached a stable plateau at
the rate of bath exchange. Comparison of the slopes of delta emission change due to
pHe alone (A pH; = 0.44 A ratio) or pHe with nigericin (A pH; = 0.78 A ratio; see Fig.
21, Fig. 22) shows that E. huxleyi physiological H" permeability is still limited and that
E. huxleyi is able to buffer the influx of H" by further H'/HCO3™ metabolism.

Given these results one would be tempted to give absolute pH; values and transform
the changes in emission ratio directly to changes in pH;, to compare them to values

from the literature. However, there are a few caveats.

The detected emission ratio (Fig. 19) corresponds to individual dye loading, and
compartmentalisation within the cells. In favour of an optimal time window for the
experiments with respect to fluorescence intensity and cell viability | decided not to
perform an individual calibration for each cell. For a clear statement about the actual

pH; in E. huxleyi, however, exactly this would have been necessary.

| focussed on relative changes of pHi, shown here as changes in the emission ratio.
Hence, it remains open how close our cells were to the reported pH; values when
entering the experiments. In fact, they could be different since previous calibrations

using BCECF were performed with E. huxleyi in a minimal medium consisting of 100

76



DISCUSSION

mmol I'" K*, 30 mmol I'" NaCl, 500 mmol I"" mannitol, 25 mmol I"" 2-(N-morpholino)
ethanesulfonic acid (Mes), and 25 mmol "' HEPES buffer (Dixon et al., 1989).
Properties of our experimental control solutions were derived from natural seawater.
The main differences were the presence of high Na* and CI". This might significantly
influence pH; and the capability of the cells to maintain pH homeostasis since it is
likely that Na® and CI" dependent mechanisms are involved in H* and HCOj
transport. In addition, membrane voltage also in coccolithophores strongly depends
on either K™ or CI" conductances (Sikes & Wilbur, 1982; Taylor & Brownlee, 2003)

and the respective electrochemical driving forces (i.e. ion gradients).

6.2.4 OOEs
With the OOE approach we advanced an elegant method to test H, HCO3; and CO;

separately of another. This always is the challenge in a HCOj3 buffered system like
seawater. Under steady state conditions it is impossible to solely alter any of the 3

species as they are inter-dependent (Eq. 17).

CO, + H,0 5 HCO3 + H" 5 CO3% +2H* Eq. 17
Different approaches have been applied to solve this problem, taking advantage of
the slow reaction rates between CO, and HCOs;. The isotopic disequilibrium
technique (Endeward et al., 2006; Rost et al., 2002) uses radioactive or stable
isotopes of the CO, and HCOj3; pools and mass spectrometry of the resulting
metabolites. | could show with the out-of-equilibrium approach (Zhao et al., 1995) that
the impact of any of the 3 species on pH; can be monitored online and on a single cell
level in a repeatable manner. Calculations confirmed that the time frame of the

experiments was well within the out of equilibrium range.

For this | had to develop a mixing unit which allowed a fast supply and exchange of
the non equilibrated solutions and a visible control of the direction of the filament
towards the cells in focus. At the same time flow rate had to be adapted to ensure the
adhesion of the cells to the glass bath bottom. By the much appreciated help of the
workshop of the physiological institute this was achieved in a simple prototype, and

further developed into the OOE mixing unit, designed for 3 OOE solutions (4.5.7).
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6.3 Membrane properties and pH homeostasis of Coccolithophores

6.3.1 Membrane H* permeability and effect on pH,;

E. huxleyi followed pH. over a broad pH range linearly. This is surprising, as a lipid
bilayer per se is impermeable to H* ions. Pore forming structures like channels or
facilitated transport proteins like transporters or pumps are needed to allow
movement of ions over the membrane in sufficient amounts. In mammalian cells one
would rather expect cells to be relatively tight for H*, as pH homeostasis is so
essential. At the least, one would expect the cell to control the in- or efflux of H”

tightly.

Diffusion of protons across biological membranes can be facilitated by a number of

specialised proteins which could support the observed effect directly or indirectly:

i) facilitated CO; influx via aquaporins and subsequent formation and dissociation of

carbonic acid in the presence of CA.

ii) carrier proteins which use the trans membrane gradient for one substrate (e.g. CI")
for the transport of another substrate (e.g. HCO3") against its concentration gradient.

iii) ion channels providing a direct conductive permeability (e.g. H").
iv) artificial membrane damage resulting in unspecific pores.

The results discussed in the following speak against a ruptured and disintegrated

membrane but for a specific channel.

| observed a dramatic and instant change in pH; with a change in the external pH.
The kinetics of this effect was close to the range of the bath exchange rate (6-8 ml
min™ at a bath volume of 350 pl, corresponding to an exchange time of ~ 2.4 s).
However, with nigericin there the pH effect was even faster. Nigericin therefore
introduced a further H* permeability into a plasma membrane which already

displayed a distinct but still limited H* permeability.

The effect of acidic pH. was most likely directly via the influx of acid equivalents or
the impairment of the efflux of continuously produced H*, or a combination of both
effects. Any indirect effects using more complex intracellular metabolic events would
have been expected on a slower time scale. From personal communication it is
known that also in the working group of A.R. Taylor & C. Brownlee a H* conductance

is discussed for C. pelagicus.
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If one considers pH changes during a bloom, which occur regularly and rather fast
(on the order of days to weeks), these cells will have different internal pH values
under these circumstances. During an E. huxleyi bloom, when CO, is used for
photosynthesis, pHe can rise to values as high as 8.8 (Dong et al., 1993). Later, when
nutrients are suboptimal, increase of calcification can lead to an increase in pCO;

(Delille et al., 2005) according to 3.4, Eq. 11, and thus to a decrease in pHe.

To distinguish among the possibilities mentioned beforehand | generated the OOE
solutions. Our results clearly show that a conductive or carrier mediated H* pathway
underlies the high proton permeability of the membrane. Since | did not observe any
saturation or nonlinear behaviour within the investigated pH range a proton

conductance via H" channels is the most likely explanation.

| did not observe a pH; recovery under the continuous challenge by acidic pHe. After
return to control conditions the cells again followed passively pHe and did not show
any sign of overcompensation. Some cells, however, remained slightly more acidic

after the experiment.

On the first sight this would suggest a cell with low pH regulatory capacity or even
low metabolism. On the other hand, since calcifying E. huxleyi produce large
amounts of H* (see estimate based on Anning et al. (1996) and Dong et al. (1993))
the existence of an almost unlimited H* export pathway would make perfect sense.
This pathway would mask regulatory mechanisms with lower transport capacity. Also,
turning around the gradient and thus the driving force for H* by acidifying the
extracellular fluid, a situation which has never happened in seawater since the
evolution of E. huxleyi, might simply overburden any given buffering capacities of the

cells.

Assuming a conductive H* pathway, membrane voltage in E. huxleyi would gain a
predominant role in pH; homeostasis and become decisive for the export of H" and
hence for the ability to calcify. These results are encouraging for establishing

electrophysiological measurements and K* / CI” perturbations.

6.3.2 Membrane CO, permeability and effect on pH;

The isolated increase in CO; did not cause any detectable change in pH;. This was
surprising since a considerable CO, permeability of E. huxleyi cell membrane is very

likely and a consecutive acidification of the cytosol would then be expected after
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intracellular formation and dissociation of carbonic acid. Most cell membranes show
intrinsic CO, permeability and in addition there are membrane proteins which
facilitate CO; diffusion like aquaporins (Musa-Aziz et al., 2009). In fact the E. huxleyi
genome reveals several candidate aquaporins (von Dassow et al., 2009 and also
http://supfam.cs.bris.ac.uk/superfamily) which might be functionally relevant. On the
other hand there are examples of membranes with very limited CO, permeability like
luminal membranes of epithelia in mammalian kidney and gastrointestinal tract
(Bleich et al., 1995; Hasselblatt et al., 2000). In any case acidification by an
extracellular CO; increase would only be visible at a significant activity of CA and at
limited membrane permeability for H*. In fact, in our experiments | show high H*
permeability and the expression of CA has been discussed to be low at our cell
culture conditions (Herfort et al., 2002; Nimer et al., 1994b).

Finally, CO; could be trapped immediately by photosynthesis, bypassing metabolic
conversion within the cytosol. However, our experimental conditions render this

alternative unlikely.

lllumination times in the experimental setup were kept very short (24 and 60 ms at
486 and 440nm, respectively), and illumination only took place every 5 seconds.

These conditions should not drive photosynthesis significantly.

li) Even if photosynthesis was activated by the conditions, at 600umol kg CO,

RubisCo is well saturated even at highest light.

On this background and given our observations on H* permeability it is not surprising
that an isolated change in CO; did not affect pH;. However, | am not able to give an

estimate of the plasma membrane CO, permeability at this stage.

6.3.3 Membrane HCO; permeability and effect on pH;

The isolated increase in extracellular HCO3™ concentration led to a decrease in pHi.
This was surprising since one would expect rather an alkalinisation at a typical
cellular pH; since uptake of HCO3 and subsequent cytosolic H* buffering would
increase pH;. The observed decrease in pH; might be caused by immediate
metabolism of HCO3 to COs* and H* (Anning et al., 1996). E. huxleyi continuously
requires high amounts of COs* for coccolith formation and the respective metabolism
of HCOs would generate H* and decrease pHi, irrespective of whether COs*

formation occurs within the cytosol or inside the coccolith vesicle. Another alternative
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would be cotransport of HCO3™ with H* or antiport of HCO3™ vs. OH™ or CI. If any of
these transporters were electrogenic the increased exchange could result in a
change in membrane voltage which directly would influence the proton current

through putative proton channels.

Why, on the other hand, is the respective H* load by metabolism or cotransport not
short circuited by the observed H* permeability? In contrast to the experiment with an
isolated increase in [CO,], providing 0.6 mmol kg'1 CO,, the isolated increase in
[HCOj3] provides 19.7 mmol kg'1 HCO3™ at the experimental time slot, resulting in
33fold higher substrate concentration for the respective generation of H*. Under

these conditions the H* pathway might become limiting.
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Fig. 36 Schematic E. huxleyi cell model |
First simple model, showing putative H', HCO;, and CO, permeabilities and their possible
interactions. N nucleus, CV coccolith vesicle, Ch chloroplast, CA carbonic anhydrase

6.3.4 Cell model for membrane permeabilities

Taken together the experiments with isolated H*, CO,, and HCOj3" yielded in a first

cell model of membrane pathways in E. huxleyi (Fig. 36).

Isolated increase in [H'] ions shows a direct effect on pH;, with a linear response of
the cell’s pH; over the physiological range. Due to the instantaneous changes it is
tempting to speculate about a H* channel (Fig. 36). Still, the cells seem to reach a
steady pH; state above pHe, as shown by the increase in speed and magnitude of H”

influx in the nigericin experiments.

Isolated increased [CO;] shows hardly any effect. This might be either due to CO, not
passing the plasma membrane because of a tighter then speculated membrane and
absence of a CA, or due to direct use in photosynthesis. Also, protons produced by
CA activity might also leave the cells too fast to be detected, if so supporting the H*

pathway hypothesis.

Isolated increase in [HCO37] shows the unexpected effect of slightly decreasing pH..
This might be due to COs* formation in the course of calcification and subsequent H*
production. However, this process would have to be significantly faster than any CA
activity, resulting in significant amounts of protons, if detected in these settings.
Activity of CA is viewed as the fastest enzymatic activity known, however. A

substantiated HCOj3™ uptake pathway has to be hypothesised as well. This was
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further investigated with ion gradients and DIDS - influencing classical HCOg3

transporters.

6.3.5 DIDS effect on membrane H* permeability and pH;

A variety of transporters, pumps and channels can be involved in pH homeostasis, as
shown in Table 14. The SLC4 family, one large group of transporters, can be divided
functionally into 3 groups: Na® independent CI/HCO; exchangers, Na’/HCOjz
cotransporters, and Na* driven CI/HCO3™ exchangers (Pushkin & Kurtz, 2006). These
transporters work either electroneutral or electrogenic, have different stoichiometries
(1:1 up to 1:3), and therefore can function as acid loaders or extruders. Also Ca?*

transporters and ion channels for K*, CI', or Ca®* influence acid base transport.

Single amino acid substitution in the proteins can induce different stoichiometries
(Pushkin & Kurtz, 2006), and by this turn electroneutral into electrogenic transport.
This can cause various diseases in humans (Alper, 2006; Pushkin & Kurtz, 2006). An
increase in internal [Ca®*] was also shown to induce changes in the stoichiometry,
and even the transport direction of the involved ions can reverse, also dependent on
the stoichiometry and membrane voltage, turning acid loaders into acid extruders or
vice versa (Pushkin & Kurtz, 2006).

Among the transport systems putatively involved in pH homeostasis are a number of
DIDS sensitive transporters and channels, which belong to different transport types
(exchangers, cotransporters and channels). DIDS has been used as a blocker for a
variety of transporters involved in pH homeostasis and HCO3" transport (Romero et
al., 2004). It has been shown to interact on different reaction motifs, the interaction
can be reversible or irreversible (Lu & Boron, 2007; Romero et al., 2004) and shows
biphasic kinetics in some tissues (Gallemore & Steinberg, 1989; Nakhoul et al., 1998;
Wehner et al., 1993). Also for the CIC family of CI" coupled H" transporters, DIDS
inhibition has been reported, with intra- and extracellular binding sites (Pusch et al.,
2006).

In contrast to Nimer et al. (1996) which did not find a DIDS sensitive HCO3™ transport
in exponentially growing E. huxleyi cells, Herfort et al. (2002) found a DIDS and SITS
inhibitable HCO3™ sensitive system and postulated an anion exchanger (AE1). In C.
pelagicus DIDS sensitivity of an inward CI rectifier channel has been shown (Taylor
& Brownlee, 2003). This channel might be involved in balancing H* and HCO3
transport directly or indirectly via membrane voltage regulation. Transcriptome
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analysis by von Dassow (2009) revealed several candidates for pH homeostasis, of

which again the AE1 is DIDS sensitive.

In our hands DIDS itself led to a substantial acidification of the cells, which was only
partially dependent on extracellular HCO;3;. This indicates that, apart from the
postulated H* permeability, DIDS sensitive processes are involved in pH homeostasis
and HCO3; metabolism in these cells. Combination with the isolated H* experiments
revealed that H loading was also sensitive to DIDS. As the effect of acidic pHe on pH;
was decreased in the presence of DIDS it might interfere directly with the H”
permeability in E. huxleyi. On the other hand it might also be a less specific effect on
the H" current, e.g. by affecting the CI" conductance and the membrane potential,

respectively.

At this stage it is completely open which membrane proteins provide the H* pathway,

how it is regulated, and what other transport systems it might be dependent on.

Table 14 could be a starting point for the search of candidate proteins involved in E.
huxleyi membrane H" transport. Good candidates in our eyes are HCO3™ transporters
of the SLC4 family.

Further experiments to characterise the involvement of DIDS sensitive transporters in
pH homeostasis would require inhibitors of the H* pathway, of photosynthesis and a

reassessment of CA activity.

In any case, both effects of DIDS described above speak against the cells being H*
permeable by artificial membrane damage, but favour the existence of actively

regulated homeostatic mechanisms.
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) Type CI' K Na® HCO;y Vm OH H' Ca®>* DIDS EC Reference
Protein

ca2+
VCXI (CAXhomologue) Ex + + + von Dassow, 2009

=
¥

=
+

o i PHEBEH i H

HVCN1 Ch + + + von Dassow, 2009

o

AE1(-3) (SLC4A1) Ex + + ) ® + +  van Dassow, 2009; Herfort, 2002; Romero, 2004
HCO,-

2}

NBCe1(-2) (SLCA4) Co + +* + + Romero, 2004; Boron, 2004; Lu & Boron, 2006

N

3
-4

O

NDCBE (SLC4A8) Ex +* Romero, 2004

2HCO,
Na*
1-3 HCO;-

NCBE (SLC4A10) Ex + + + + Romero, 2004

4
2
+

NHE Ex + + Boron, 2004

=
+

" V-H' ATPase (subunit) P + +  von Dassow, 2009
K+ K" channel Ch + + + Hill, 1999% Wehner, 19932
K K+HCO3-, n Co + + + Leviel F, 1992
HCO,
Cl=— CI" channel Ch + + + Taylor & Brownlee, 2003
2CI-
e E CICect Ex + + + Matulef & Maduke, 2005; Pusch, 2006
CI' channel Ch + + + + Gallemore & Steinberg, 1989

Table 14 Overview of cellular transport systems involved in pH homeostasis

The table shows a collection of transport systems involved in pH homeostasis. It is indicated which ions are (putatively)
essential for transport of the respective system and if membrane voltage is affected. Data are from different organisms, direct
measurements. e electrogenic; n electroneutral; Type transport type, Ex exchanger; Ch channel; Co cotransporter; P pump;
DIDS DIDS sensitivity; EC E. huxleyi transcriptome; 2 activation of Ba** sensitive inward rectifying K* channel by DIDS; * HCO5
or CO32' as a substrate is not clarified, yet.
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6.3.6 Effect of decreased [CI], increased [K'], the role of V., and co- or

antiporters

Experiments with a lowered CI" and K" driving force and thus decreased E, for the
respective ions show similar effects. With both ions an acute acidification upon
application of the respective solution and a prolonged acidification upon washout was
observed. In both cases show Na* and HCO3 dependency of the onset of the second
acidification could be shown.

Both manoeuvres significantly disturb V., by introducing depolarisation. If pH
homeostasis is dependent on V, dependent transport systems this could explain the

influence on pH;.

[CIT;, in algae is low, (~90 mmol I, Stewart (1974)) compared to [Cl]. in seawater
(546 mmol I" CI'). At a temperature of 17°C (290.16 K), the CI" gradient translates
into an equilibrium potential of -45 mV. A decrease in [Cl]e leads to a decrease in this

gradient and thus a reduction in driving forces and membrane depolarisation.

The same might be true for K*, the other major player defining V. Due to the Na'K*-
ATPase the intracellular concentration of K*, [K'], is high, up to >400 mmol I for
algae, (Stewart, 1974) when compared to the extracellular concentration, [K']e (10
mmol I K"). At a temperature of 17°C the respective Nernst potential would be -58
mV. Again, if [K']c is increased also 100 mmol I" Ex. will be 0 mV, and in analogy to

the CI" experiment cells will undergo depolarisation.

In both cases depolarisation could now influence voltage dependent H* channels,
resulting in a sharp decrease of pH; by either decreasing the export of internally
produced H* (e.g. due to calcification) or by increasing the import of external protons.
The last is relatively unlikely, as with a depolarisation also the driving force for a
positively charged ion towards the cytosol would be diminished, and the [H']. at a pH
of ~8.1 is potentially lower than the [H"];, resulting in an outwardly directed transport

direction for protons following the concentration gradient.

Unfortunately neither the actual cytosolic [K'] of E. huxleyi is known, nor to what
percentage Ex. or Ec. define Vi, in this and other coccolithophore species. At least
for K' the effect of Ba** supports the existance of a K* channel involved in this

phenomenon.
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An alternative for the V., dependent H™ transport system being responsible for the pH;

decrease could be a K* or CI' dependent H* transport system.
6.4 Electrophysiology

6.4.1 General (methodological) remarks

Electrophysiological data i.e. information about membrane voltage, membrane
conductance, selective permeabilities and finally the analysis of ion channels and
electrogenic transporters is mandatory to complement the picture collected by

fluorescence techniques. For E. huxleyi, however, there are no data available.

By use of the electrophysiological approach we aimed to supplement results from the
microfluorimetric  experiments. Unfortunately considerable difficulties were
experienced. A range of different protocols for the production of clean protoplasts in
E. huxleyi was tested. In my hands, it was impossible to produce protoplasts clean
enough for electrophysiology. The protoplasts produced by the extended stripping
protocol (see 4.6.3) looked clean and the absence of cellulose and chitin could be
shown (see Fig. 31c). However, the cells still seemed to be surrounded by a robust
envelope. Even if a cell looked like a clean protoplast and was attached to a
micropipette it was not possible to seal in. The cells were relatively stiff, and did
hardly react towards suction by the micropipette, or in the other extreme, ruptured

immediately upon slightest suction.

Another reason attributed to the observed difficulties is the small size in addition to

the robust and complex cell.

6.4.2 Electric measurements in C. pelagicus

To reproduce the methodological approach, we changed the species to C. pelagicus.
Protoplast production was found more feasible, even if not regular or in large
quantities. Cellulose staining as well as optical control (Fig. 32 b, c) showed clean
protoplasts with only marginal leftovers of the surrounding organic covering (arrows
in Fig. 32). Cells were soft and reacted properly towards suction. Sealing was slow
(minutes) and often resulted in protrusions of cell membrane into the micropipette.
Patch clamp studies in native cells often are characterised by a high number of
attempts to seal in comparison to the number of successful recordings. Many factors

like temperature, cell culture conditions, protoplast preparation, etc. influence the
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success and have to be optimised. | improved the technique to the extent that | was
able to establish several gigaseals (Fig. 33) in C. pelagicus by applying tender
suction. The sealing process was very slow, and in rare occasions | could detect
channel activity. Successful ion channel recordings on cell (Fig. 33) nicely support
whole cell measurements in C. pelagicus described by Taylor & Brownlee, 2003.
They described a CI' conductance as the major ion pathway. We found single
channel currents which were most likely carried by CI'. In fact, the single channel
conductance found in our recordings is well in agreement with CI" channels described
in other algae. Also the zero current voltage in cell attached configuration is
compatible with the membrane voltages and CI' gradients reported by Taylor &
Brownlee, 2003. In the cell attached configuration the zero current or reversal
potential in our settings was measured to be 5 to 40 mV. It was measured at normal
ion concentrations, with ASW. in the pipette vs. intracellular concentrations in the
intact cell. If we take this reversal potential and the CI° concentrations we can
calculate a membrane voltage between -30 mV to -65 mV. At the given assumptions

a CI’ channel is the most likely candidate.

The on cell recording of one channel revealed 4 opening niveaus. These are
equivalent to 4 channels. As the niveaus were of the same magnitude, they most
likely result from the same type of channel, forming a cluster within the patched
membrane area. The linear behaviour of the I/V curve indicates a voltage
independent channel in the investigated voltage range. The single channel
conductance was calculated to be 19 — 26 pS. However, the critical range of voltage
dependence as described by Taylor & Brownlee, 2003 was not investigated (clamp

voltage > 0 mV).

Since the aim was to measure E. huxleyi we did not further invest in optimisation of
C. pelagicus patch clamping. The electrophysiological approach was thus deferred in
favour of the microfluorimetric measurements after a considerable amount of time
and trials. In a separate future effort alternative approaches to measure membrane

voltage in E. huxleyi have to be established systematically.
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6.5 Synthesis & Outlook

In this study we present first insights into pH regulation and ion fluxes over the
plasma membrane in Emiliania huxleyi. With the methods established during the
course of this thesis we now have tools at hand to further illuminate the transport and

pH homeostatic properties of E. huxleyi.

This is extremely valuable, as we want to understand how these organisms will
respond to environmental changes in pH and carbonate speciation. Furthermore, we
are interested in how these changes will manifest themselves on a physiological

level, and in identifying the underlying cellular mechanisms.

We present changes in BCECF fluorescence ratio as a measure of changes in pH;,
elicited by changes in external pH or ion concentrations. We did not calibrate for
absolute pH; values, as absolute ratio values were variable between different
experiments and cells. However, the pH; changes were comparable and consistent.
Nigericin calibrations revealed the relation between ratio changes and changes in
pH;.

Seawater [H'], [HCO3] and [CO,] were increased independently using out of
equilibrium solutions (OOE) to illuminate proton equivalent transport over the plasma

membrane and to discriminate between their effects on pH;.

We could show that physiological investigations on a cellular level are feasible with E.

huxleyi, being a small, unicellular, photoautotrophic organism.

For the first time we could demonstrate a proton permeability in E. huxleyi. When the
cells were subjected to changes in pHe, pH; followed in a linear fashion, and reached
a steady state which was still above pHe. The decrease of pH; by an increase in
extracellular [HCO37] suggests a predominant conversion of HCO3 to H* and COs*.
In contrast, an increase in extracellular [CO,] did not significantly affect pH; in our
settings. This impedes conclusions about CO, permeability, as we cannot state
whether CO; did or did not enter the cells. We can only conclude that even if CO;

permeated the membrane, no significant pH; change was measurable.

The effects of DIDS, a relatively unspecific inhibitor of anion exchange, on pH;
suggest the involvement of at least two different DIDS-sensitive transport systems in
pH homeostasis. DIDS on the one hand acidified the cells, a process being partially

dependent on [HCO3]. On the other hand DIDS minimised the intracellular
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Fig. 37 Schematic E. huxleyi cell model Il
Compilation of all putative transport systems impacting pH; found in this study, with addition of
the putative unspecific cation channel found in C. pelagicus.

acidification due to a decrease in pHe It can thus be used as a tool to further

examine the properties of H* transport in E. huxleyi.

lon manipulation experiments with altered [CI] and [K*] were performed in order to
iluminate dependencies of pH homeostasis on specific ion gradients. Decreased
seawater [CI] and increased seawater [K'] both induced a transient acidification of
the cells, and a 2" transient acidification upon return to control conditions was
observed. The appearance of this 2" transient was HCO5 and Na* dependent. In the
high [K*] experiments we could further show a Ba** dependent transient acidification.
The observed pH; effects suggest [K']e and [Cl]e being involved in H* homeostasis.
This could be explained either by a direct dependence of pH; on membrane voltage
or by an effect of ion gradients of [K*] and [CI] on transport systems coupled to these

respective ions.

The methods developed during this thesis and the experimental tools characterised
can be used in the future to understand pH; homeostasis in more detail. It might be

used to answer important research questions such as

i) how E. huxleyi cells react after pre-adaption to decreased pHe and an

altered carbonate system speciation.

i) how great the variability in pH homeostasis is in different E. huxleyi strains.
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The schematic model of E. huxleyi in Fig. 37 shows a compilation of all putative
transport systems discussed in this study. These proteins are a good starting point
for further investigation of mechanisms putatively involved in ion and pH;
homeostasis. Also, on the background of the sequenced genome and progressing
annotation, the microfluorimetric approach is a promising tool. If dependencies of
transport proteins involved in pH homeostasis on certain ions are known, this
approach can be used as an assay to specifically test for expressed transporters or
channels. Also the transcriptomic approach by von Dassow et al. (2009) resulted in a
number of targets, such as homologs of aquaporins, anion exchanger 2, or a CI’
/HCO3; exchanger, which could be investigated by the established methods. A large
number of inhibitors is available, e.g. HgCl» (aquaporin), omeprazole (H'K*-ATPase),
gadolinium (H" channel), or NPPB (CI" channel). It would be a good starting point to
test whether these inhibitors, which have mainly been used in mammalian cells and
tissues, are also wuseful in unravelling transport and pH homeostasis in

coccolithophores.
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