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Summary

1 Summary
1.1 Zusammenfassung
Der Na-K-Cl Kotransporter, NKCC1, dient der Regulierung der intrazellulären
Chloridionenkonzentration und des Zellvolumens. Wir haben ECFP und EYFP an den NTerminus gekoppelt und in eine wenig konservierte Schleife im C-terminus von NKCC1
eingefügt; die resultierenden Konstrukte wurden in HEK Zellen exprimiert. Die Zellmembranen der transfizierten Zellen fluoreszieren. Wir können zeigen, dass sowohl NKCC1
Konstrukte die mit einem Farbstoff am N- oder C-Terminus als auch NKCC1 Konstrukte die
mit zwei Farbstoffen markiert wurden voll funktionsfähig sind und dass ihre Aktivität durch
die intrazelluläre Chloridkonzentration reguliert wird. Wir konnten in allen Zelllinien, auch in
denen die mit einem CFP- und einem YFP-markierten Kotransporter kotransfiziert wurden,
FRET messen. Daraus folgern wir, dass NKCC1 in Form von Multimeren existiert und
funktioniert.
Wenn sich das Zellvolumen verringert, messen wir einen FRET-Anstieg. Wir haben Zellen
mit doppelt markiertem und unmarkiertem NKCC1 kotransfiziert, um den Mechanismus
dieser FRET-Änderung aufzuklären. In diesen Zellen variiert die Größe des FRET-Signals
mit dem Verhältnis von unmarkiertem zu markiertem NKCC1. Dieses Ergebnis bestätigt,
dass das FRET-Signal durch Multimerisierung von NKCC1 und nicht durch GFP
Dimerisierung ausgelöst wird. Da die Größe der Zellvolumen-abhängigen FRET-Änderungen
nicht durch die Kotransfektion von unmarkiertem Kotransporter beeinflusst wurde, ist
wahrscheinlich eine Konformationsänderung und nicht eine erhöhte Anzahl von Multimeren
der Auslöser dieser FRET-Änderung.
Bei allen Messungen von FRET wurde die Q96M Mutation von YFP benutzt, da diese
eine geringere Chloridsensitivität zeigt (Griesbeck et al., 2001). Normales YFP wurde, im
Gegensatz zu CFP, von Chloridkonzentrationen zwischen 0 und 100 mM gequencht. In Zelllinien die mit doppelt markiertem NKCC1 transfiziert wurden kann man das Verhältnis von
YFP- zu CFP-Fluoreszenz zur Messung der intrazellulären Chloridkonzentration verwenden.
Diese relativen Messungen werden durch die Farbstoffkonzentration nicht beeinflusst.
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1.2 Summary
The Na-K-Cl cotransporter, NKCC1, is involved in the regulation of intracellular chloride
concentration and cell volume. We have tagged both the N terminus and a non-conserved
loop in the C terminus of shark NKCC1 with ECFP and EYFP and expressed these constructs
in HEK cells. The constructs are fluorescent and correctly trafficked to the cell membrane.
We show that NKCC1 with either the N-terminal or the C-terminal tag, as well as NKCC1
with both tags, are active and regulated by intracellular chloride. There is a significant amount
of FRET between the two dyes in all cell lines, including cell lines coexpressing two
NKCC1s, one fused with a single CFP, and the other one with YFP. The latter result indicates
cotransporter multimerization.
There is an increase in FRET upon cell shrinkage. In order to assess the mechanism of the
observed FRET changes we have cotransfected NKCC1 with two tags and untagged 'wt
NKCC1'. We can show that the amount of FRET is dependent on the ratio of wt NKCC1 to
tagged NKCC1. This confirms that part of the FRET signal is due to multimerization of
NKCC1 rather than dimerization of GFP. The FRET changes are of the same magnitude in
cell lines cotransfected with untagged NKCC1, suggesting that they reflect a conformational
change rather than an increase in the tendency to form multimers.
The FRET studies have been carried out with the Q69M mutant of YFP, which has a low
chloride sensitivity (Griesbeck et al., 2001). The constructs using regular YFP are quenched
by chloride in the 0 to 100 mM range, CFP is not chloride sensitive. The ratio of YFP to CFP
fluorescence in cell lines transfected with double-tagged NKCC1 is a dye concentration
independent measure of the intracellular chloride concentration in HEK cells.
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2 Introduction
2.1 The Na-K-Cl cotransporter
The sodium-potassium-chloride cotransporter (NKCC) is a member of the cation-chloride
cotransporter (CCC) family (Haas, 1994). This family is comprised of: K-Cl cotransporters
(KCC, four isoforms) (Gillen et al., 1996; Mount et al., 1999; Payne et al., 1996; Race et al.,
1999), Na-Cl cotransporters (NCC) (Gamba et al., 1993), and Na-K-Cl cotransporters
(NKCC, two isoforms) (Gamba et al., 1994; Payne and Forbush, 1995; Xu et al., 1994), as
well as various homologs. NKCC, KCC, and NCC all mediate the electroneutral transport of
chloride and cations across the cell membrane. NKCC transports Na+, K+, and Cl- in a
stochiometric ratio of 1Na+:1K+:2Cl- per transport cycle, in most cell types (Haas, 1989; Haas
and Forbush, 2000; Russell, 2000).
There are two isoforms of the Na-K-Cl cotransporter: NKCC1 and NKCC2. NKCC2 is
expressed in the medullary region of the mammalian kidney (Gamba et al., 1994; Payne and
Forbush, 1994). NKCC1 is found on the basolateral membrane in secretory epithelia, as well
as in most other cell types. Its main function is presumed to be regulation of cell volume and
of the intracellular chloride concentration ([Cl-]i) (Payne et al., 1995; Xu et al., 1994). Since
the work presented here was done with recombinant NKCC1 from shark rectal gland, this
introduction will mainly focus on NKCC1, and shark NKCC1 in particular.
On SDS-gels shark NKCC1 migrates as a ~195 kDa band (glycosylated) or as a ~135 kDa
band (deglycosylated) (Lytle and Forbush, 1992b). As illustrated in Fig. 1 it consists of three
main regions: an N-terminal region, which is not very highly conserved among different
species and isoforms, a highly conserved central domain, which most likely forms twelve
transmembrane α-helices (TM), and a moderately conserved C-terminal domain (Delpire and
Gullans, 1994; Gamba et al., 1994; Gamba et al., 1993; Gerelsaikhan and Turner, 2000;
Payne and Forbush, 1995; Xu et al., 1994). The N- and C-terminal domains are cytosolic and
both contain (potential) sites for regulatory phosphorylation (Delpire and Gullans, 1994;
Gamba et al., 1994; Payne et al., 1995; Xu et al., 1994). Four phosphorylated residues have
been identified: Thr-184, Thr-189, and Thr-202 on the N terminus and Thr-1114 on the C
6
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Fig. 1 Proposed model for shark NKCC1. The colors show homology between shark NKCC1 and human
NKCC1, with red indicating high homology. The branched lines between TM7 and TM8 represent
glycosylation sites.

terminus (Darman and Forbush, 2002; Lytle and Forbush, 1992a). It could be shown that
regulatory phosphorylation also occurs on serine residues (Lytle and Forbush, 1992a).
From structure-function studies with chimeras of human and shark NKCC1 and with point
mutations it appears that the ion- and bumetanide-binding sites of the cotransporter are
primarily localized on the transmembrane domains (TM). Cation binding is primarily defined
by TM2, Cl- binding by TM4 and TM7. Bumetanide binding is affected by residues in TM2,
TM7, TM11, and TM12. The intracellular N and C termini of NKCC1 appear not to be
involved in ion binding (Isenring and Forbush, 1997; Isenring et al., 1998a; Isenring et al.,
1998b). There are three splice variants of NKCC2 in the kidney, differing in the region
around TM2, that have different affinities for Cl- (Gagnon et al., 2003; Gimenez et al., 2002).
Since it could be shown that differences in the intracellular loop between TM2 and TM3 can
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account for most of the differences in ion affinity, it was hypothesized that this highly
conserved region may loop into the membrane and form part of the pore (Gagnon et al.,
2004). There is evidence pointing towards some involvement of the C terminus in ion
binding: an NKCC2 splice variant with a truncated C terminus was shown to be a
furosemide-sensitive Na-Cl cotransporter (Plata et al., 2001). In NKCC1 it appears that ion
binding and translocation predominantly take place in the transmembrane domains of the
cotransporter, though some involvement of intracellular domains, particularly the C terminus,
cannot be ruled out.
Several lines of evidence point towards NKCC functioning as a dimer (or multimer). The
endogenous HEK cell cotransporter activity is knocked down by expression of inactive
mutants of shark NKCC1 (Darman and Forbush, 2002), and cotransport may be regulated by
interaction with inactive homologs or splice variants (Caron et al., 2000; Meade et al., 2003;
Plata et al., 1999). In a yeast two hybrid screen with two parts of the C terminus of NKCC1
two self-interacting domains were found (Simard et al., 2004b). From cross-linking studies
on NKCC1 expressed in HEK-293 cells it appears the cotransporter exists as a homodimer
(Moore-Hoon and Turner, 2000).
Under physiological conditions NKCC1 mediates the uptake of Na+, K+, and Cl- into the
cell. An ordered binding model following a glide symmetry has been proposed for NKCC1. In
this model, shown in Fig. 2, external sodium binds first, followed by one chloride, potassium,
and finally the second chloride. The loaded cotransporter then undergoes a conformational
change, exposing the ion-binding sites to the inside of the cell, where the ions are released in
the same order as they were bound: sodium, followed by the first chloride, potassium, and
finally the second chloride. The empty cotransporter undergoes another conformational
change, again exposing the ion-binding sites to the extracellular side. It is implied by the
model that conformational changes occur after each of the first three ions is bound. Each of
these conformational changes creates the binding site for the next ion in the sequence. To
account for Na+/Na+ and K+/K+ exchange, seen in duck erythrocytes, it is assumed that the
conformational change of the empty transporter is the rate-limiting step in this cycle (Lytle,
1998).
Flux studies with both NKCC1 and NKCC2 have shown, that K+ can be substituted by
Rb+, Tl+, Cs+, and NH4+ (Brown and Murer, 1985; Geck and Heinz, 1986; Hegde and Palfrey,
8
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Fig. 2 Model of Na-K-Cl cotransport. It is assumed that cotransport is reversible and only cotransporter
molecules which are loaded with all four ions or completely unloaded can undergo the conformational
changes necessary to expose the ion-binding sites to the inside or outside of the cell. From (Lytle, 1998).

1992). Na+ can be substituted by Li+ (Haas and McManus, 1983; Hegde and Palfrey, 1992).
Na-K-Cl cotransporters are inhibited by 5-sulfoamylbenzoic acid loop diuretics such as
benzmetanide, bumetanide, piretanide, and furosemide. It could be shown, that these
inhibitors bind to the extracellular face of NKCC (Schlatter et al., 1983). In order for loop
diuretics to bind NKCC has to be in an activated state (Franklin et al., 1989; Haas and
Forbush, 1986; Haas and McManus, 1985) and all three transported ions need to be present.
High concentrations of chloride inhibit bumetanide binding, supporting the idea that the
inhibitors bind to the second chloride-binding site (Fig. 2) (Forbush, 1983). There is evidence
that bumetanide binding locks Na+, K+, and Cl- into an occluded state which corresponds to E4
in Fig. 2 (Forbush and Haas, 1989; Lytle, 1998).
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2.1.1 Physiological role of NKCC1
NKCC1 is expressed in the basolateral membrane of secretory epithelial cells such as the
cells of shark rectal gland tubules (Fig. 3). The shark rectal gland is an organ specialized to
mediate salt excretion. This is achieved via four different transport pathways working in
concert: the hormonal stimulus for secretion induces elevation of cAMP inside the cells,
causing to phosphorylation and activation of the apical Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR). Through CFTR the cell loses chloride into the lumen of the
tubule. In these cells loss of intracellular chloride is the stimulus for activation of NKCC1 via
phosphorylation. NKCC1 uses the Na+ gradient generated by the Na+, K+- ATPase to mediate
the uptake of K+ and Cl- against their concentration gradients. While Cl- leaves the cell via the
apical CFTR, both Na+ and K+ are recycled at the basolateral membrane, via the Na+, K+ATPase and a K+ channel, respectively. Due to the negative lumen potential created by
accumulation of Cl-, Na+ follows into the lumen through a passive paracellular pathway (Silva
et al., 1983). ATP is used by three proteins in this process: for active transport mediated by
the Na+, K+-ATPase, for phosphorylation of CFTR (as shown in Fig. 3), and for phosphorylation of NKCC1 (not shown in Fig. 3) (Riordan et al., 1994). Similar processes occur in
other secretory epithelia, e. g. intestines (Dharmsathaphorn et al., 1985) and salivary glands
(Nauntofte, 1992). In the absorptive epithelia in the thick ascending limb of the mammalian
kidney, apical NKCC2 plays a similar role (Greger, 1985).
The role of NKCC1 in non-epithelial cells is less clearly defined. One possibility is its
involvement in keeping the intracellular Cl- concentration at levels above its chemical
equilibrium. Evidence for this comes from shark rectal gland cells, frog dorsal root ganglion
cells, and other neuronal cells, where bumetanide causes Cl- loss from unstimulated cells
(Alvarez-Leefmans et al., 1988; Greger et al., 1984). NKCC1 and KCC2 (the neuronal
isoform of KCC) regulate the response of neurons to GABA by accumulating or depleting
[Cl-]i (Vardi et al., 2000).
Another possible role for NKCC1 is the regulation of cell volume. When animal cells
either shrink or swell, they will activate ion transport processes mediating regulatory cell
volume increase (RVI) or decrease (RVD) in order to regulate their volume. Na-K-Cl
cotransport (along with NHE (Na+/H+ exchanger) and the Cl-/HCO3- exchanger) enables RVI.
10
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Fig. 3 Schematic drawing of a secretory epithelial cell from a shark rectal gland tubule. Four different
transporters work in concert to achieve net NaCl transport into the lumen of the tubule: basolateral NKCC1
uses the Na+ gradient generated by the Na+, K-ATPase to mediate the uptake of Na+, K+, and Cl-. K+ is
recycled via a basolateral K+ channel. As Cl- accumulates in the cell, it enters the lumen of the tubule via an
apical Cl- channel (CFTR). The negative potential created by Cl- accumulation facilitates passive paracellular Na+ transport into the lumen. (Reproduced from (Riordan et al., 1994)).

There are two types of cell shrinkage: hypertonic and isotonic shrinkage. Hypertonic
shrinkage is caused by increases in the concentration of extracellular solutes, experimentally
this is usually achieved by addition of sucrose or other impermeant solutes. Isosmotic
shrinkage is shrinkage occurring under isosmotic conditions due to a loss of intracellular
solutes. Isosmotic shrinkage can be caused by activation of Cl- channels or K+ channels,
substitution of extracellular Na+ and/or Cl- with impermeant ions, or by exposing cells to
11
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hypotonic solution and, after allowing them to undergo RVD, exposing them to isotonic
solution. The main difference between the two types of cell shrinkage is the intracellular Clconcentration, which is elevated after hypertonic and decreased after isosmotic shrinkage.
Interestingly, most cells will undergo RVI (either via NKCC1 or NHE1 and Cl-/HCO3exchanger) after isosmotic shrinkage, while only some cell types will undergo RVI after
hypertonic shrinkage, indicating a regulatory role for [Cl-]i in RVI. Since it could be shown
that secretory epithelial cells loose salt and water and shrink, when exposed to bumetanide or
other loop diuretics, in these cells NKCC also maintains cell volume under isosmotic
conditions (Haas, 1994; Lytle and Forbush, 1996; Willumsen et al., 1989).
Cell volume changes also play a role in the cell cycle. Consequently it has been proposed
that NKCC1 may be involved in cell growth and development (Delpire et al., 1994; Panet et
al., 1994). This hypothesis was confirmed in some cell types, where it could be shown that
inhibition of NKCC with bumetanide led to a reduction of both cell numbers and DNA
synthesis in cell proliferation assays (Panet and Atlan, 1991).

2.1.2 Regulation of NKCC
The Na-K-Cl cotransporter is not constitutively active, but rather under tight regulation.
The nature of the regulatory stimuli is clear from its function: a reduction of [Cl-]i, and/or cell
shrinkage. Unfortunately changes in [Cl-]i usually also affect cell volume and vice versa.
Despite this experimental difficulty it could be shown that NKCC1 is indeed regulated by
both stimuli.
Hypertonic cell shrinkage activates NKCC1 in some cells, this is explained by a volumesensitive change of the Cl- sensitivity of the cotransporter (i. e. NKCC1 is activated at a [Cl-]i
that would be inactivating under isotonic conditions). Alternatively one could also say that at
low [Cl-]i NKCC1 is activated under isotonic conditions, while it would usually be inactive
under isotonic conditions. Even activation by cell swelling (due to Cl- loss) is reported in
some cells.
While the stimuli for activation of NKCC1 are well known, the transduction of the signal
to NKCC is not entirely understood. Evidence indicates that phosphorylation is necessary for
activation of NKCC1, however, it is not clear whether there is one kinase or several kinases
12
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that phosphorylate NKCC1, and how the kinases are regulated. There is some evidence for
possible phosphorylation-independent pathways of regulation, particularly for interaction with
regulatory proteins. Phosphorylation will be treated in a separate chapter (2.1.2.1), though it
cannot be separated from the mechanisms described in chapter 2.1.2.2, since the majority of
these activate a regulatory kinase, thus, also increasing phosphorylation of NKCC1.
Interestingly, the regulation and function of NKCC is at least to some extent
complementary to that of KCC (K-Cl cotransporter). While, under physiological conditions,
NKCC mediates the uptake of ions, KCC mediates ion efflux. NKCC is activated upon cell
shrinkage, while KCC is activated upon cell swelling. Active NKCC and inactive KCC are
phosphorylated (Lytle and Forbush, 1992a; Parker et al., 1991).
2.1.2.1 Phosphorylation
Even though it mediates passive ion transport (Geck et al., 1980) NKCC needs ATP in
order to function, because it is regulated by phosphorylation. Presumably a cell volume and/or
[Cl-]i-sensitive kinase phosphorylates the cotransporter. Three threonine residues (Thr-184,
Thr-189, and Thr-202) on the N terminus of shark NKCC1 have been shown to be
phosphorylated upon activation of the cotransporter (Darman and Forbush, 2002; Lytle and
Forbush, 1992a). By site-directed mutagenesis of these residues it could be shown that
phosphorylation of Thr-189 is necessary for activation, while Thr-184 and Thr-202 appear to
be modulatory sites. These three sites are localized in a highly conserved region of the N
terminus which is also found in NKCC2 and NCC (Darman and Forbush, 2002). Using R5,
an antibody raised against phosphorylated cotransporter (Flemmer et al., 2002), it could be
shown that phosphorylation of this region also regulates human NKCC1, NKCC1 in rat
paratoid gland, rat trachea, rat colon, and NKCC2 in mouse kidney (Flemmer et al., 2002;
Gimenez and Forbush, 2003). Thr-189 (as well as Thr-1114 on the C terminus) is also
phosphorylated in duck erythrocytes upon activation of cotransport by various stimuli (Lytle,
1997). These four threonines are not the only phosphorylated residues in NKCC1: the study
on duck erythrocytes reports at least 5 phosphorylated residues per cotransporter, and studies
in both shark rectal gland and duck erythrocytes have shown phosphorylation of serine
residues as well as threonine residues (Lytle and Forbush, 1992b; Lytle, 1997).
To date there is no evidence for phosphorylation of tyrosine residues, although NKCC1
13
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activity is affected by Genistein, an inhibitor of tyrosine kinases, indicating that the kinase(s)
or phosphatase which regulate NKCC1 are themselves regulated by upstream kinases
(Flatman and Creanor, 1999).
In NKCC there are consensus phosphorylation sites for protein kinase C (PKC), protein
kinase casein kinase II (CK2), and (except for in shark NKCC1) protein kinase A (PKA)
(Delpire and Gullans, 1994; Gamba et al., 1994; Payne et al., 1995; Xu et al., 1994). To date
it is unclear if any of these kinases can directly phosphorylate NKCC. In a variety of tissues
NKCC can be activated by secretagogues like forskolin, isoproterenol, and vasoactive
intestinal peptide (VIP), which raise the intracellular cAMP concentration and, thus, activate
PKA-dependent pathways (Haas and Forbush, 2000). However, this is also true for NKCC1
in shark rectal gland, which does not have a PKA consensus site. PKA-mediated activation of
NKCC1 in shark rectal gland and mammalian airway epithelial cells is a secondary effect: in
these tissues PKA activates apical Cl- channels via direct phosphorylation, the subsequent
decrease in [Cl-]i activates an unknown Cl--sensitive kinase, which phosphorylates and
activates NKCC1 (Lytle and Forbush, 1996).
Kinases other than PKA, PKC, and CK2 have been shown to be involved in regulation of
NKCC, however, most of them appear to act through secondary mechanisms as well: though
inhibition of myosin light chain kinase (MLCK) inhibits activation of NKCC, it appears to do
so by cytoskeletal disruption (Klein and O'Neill, 1995). Serum-glucocorticoid-dependent
kinase has been shown to regulate insertion of NKCC1 into cell membranes, but there is no
evidence for direct phosphorylation (Fillon et al., 2001). Direct phosphorylation of NKCC1
by c-Jun kinase could only be shown in vitro (Klein et al., 1999).
Two kinases bind to a consensus site on the N terminus of NKCC1, NKCC2, and KCC3:
Proline-Alanine-rich STE20-related kinase (PASK) and oxidative stress responsive kinase
(OSR1) (Piechotta et al., 2002). Although PASK binding on shark and human NKCC1
appears to be independent of [Cl-]i and cell volume, it could be shown that coexpression of
PASK or dominant negative PASK (a mutant of PASK which can bind to, but cannot
phosphorylate proteins) with NKCC1 significantly alters the activation profile of the
cotransporter.

Additionally,

coexpression

of

dominant

negative

PASK

inhibits

phosphorylation of Thr-189 and Thr-184 in response to a decrease of [Cl-]i (Dowd and
Forbush, 2003). It remains unclear whether the activation of the Na-K-Cl cotransporter can be
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explained by a single-kinase model (Lytle, 1997) or whether multiple kinases are involved
(Flatman, 2002).
Dephosphorylation of NKCC is mediated by protein phosphatase 1 (PP1). In many tissues
NKCC can be activated by phosphatase inhibitors such as okadaic acid and calyculin A, in
concentration ranges indicating inhibition of PP1 rather than PP2A (Darman et al., 2001;
Leung et al., 1994; Palfrey and Pewitt, 1993). The N terminus of NKCC1 contains a binding
motif for PP1 (RVXFXD), which is highly conserved in NKCC1, but not in NKCC2.
Introduction of point mutations into this motif significantly shifts the activation profile of
NKCC1 (Darman et al., 2001).
In summary phosphorylation of the N terminus on NKCC1 is necessary for activation and
depends on the intracellular Cl- concentration. The nature of the kinase and details of its
regulation remain unclear.
2.1.2.2 Possible roles of different signaling mechanisms
Activation by extra- and intracellular ions: As NKCC is involved in the regulation of both
cell volume and intracellular ion concentrations (particularly [Cl-]i), intracellular ion
concentrations are potential regulators of cotransport. The first ions to be considered are the
ions transported by NKCC under physiological conditions: Na+, K+, NH4+, and Cl-. While Na+
and K+ influence cotransport activity by changing the driving force for the other ions via
thermodynamic mechanisms, low [Cl-]i activates NKCC1 by increasing its phosphorylation
(Gillen and Forbush, 1999; Lytle and Forbush, 1996). Inhibition of NKCC by high [Cl-]i,
possibly by direct binding to an inhibitory site on NKCC1, has also been proposed
(Breitwieser et al., 1996; O'Neill and Klein, 1992).
Since NKCC can transport NH4+ in place of K+, pH is also a potential modulator of NKCC
activity. Indeed, NKCC2 expression in the thick ascending limb of rat kidney is up-regulated
under chronic metabolic acidosis (Attmane-Elakeb et al., 1998) and low intracellular pH
inhibits NKCC (Paris and Pouyssegur, 1986; Russell, 2000). An intracellular regulatory
proton-binding site has been proposed for KCC (Lauf and Adragna, 1998).
Apart from the transported ions there are other ions that, at least in some tissues and
isoforms, appear to have an activating or inactivating effect on NKCC: Mg2+ activates NKCC,
most likely by increasing the activity of kinases involved in its activation (Flatman, 1988;
15

Introduction
Palfrey and Pewitt, 1993). Ca2+ may also play a role in cotransporter regulation: in some
studies Ca2+ inhibits cotransport (Flatman, 1987; Hegde and Palfrey, 1992), while others
show activation. Mostly NKCC activation by [Ca2+]i is believed to be secondary to activation
of K+ or Cl- channels (Liedtke, 1992; O'Neill and Steinberg, 1995; Valdez et al., 1994).
Recently Shin et al. (2004) showed fast activation of NKCC1 in nasal epithelial cells as a
result of an increase in [Ca2+]i. This effect was not inhibited by K+ or Cl- channel blockers or
inhibitors of PKC. The mechanism of this Ca2+-dependent activation is unknown (Shin et al.,
2004).
Regulation by self-interaction and trafficking: The renal cotransporter isoform, NKCC2, is
regulated by membrane trafficking. Inactive NKCC2 is localized in a submembranous vesicle
pool. When cotransport is activated by VIP and cAMP/PKA the amount of NKCC2 in the
plasmamembrane increases (Gimenez and Forbush, 2003; Meade et al., 2003), this coincides
with an increase of phosphorylation of the N terminus (Gimenez and Forbush, 2003). When
Xenopus oocytes are coinjected with RNA of NKCC2 and a splice-variant of NKCC2 with a
truncated C terminus, the truncated isoform inhibits trafficking of full-length NKCC2 to the
plasmamembrane, an effect that is reversed by cAMP (Meade et al., 2003; Plata et al., 1999).
NKCC1 is localized to the basolateral membrane, where regulation of proteins by trafficking
is not a common regulatory mechanism, also, on electron microscopy images, it appears that
the majority of NKCC1 is already at the cell surface (D'Andrea et al., 1996). Hence it is
unlikely that NKCC1 is regulated by trafficking. However, NKCC1, like NKCC2, appears to
bind to regulatory proteins which are neither phosphatases nor kinases: human NKCC1 is
specifically inhibited by binding to another member of the CCC family. This protein was
named CIP (cotransporter-interacting protein), because no cotransport activity of CIP itself
could be shown (Caron et al., 2000). Very recently two self-interacting domains were
identified in the C terminus of NKCC1, one contains a PKA-site and the other is located near
a forkhead-associated binding domain (which binds to phosphorylated residues). It was
postulated that the interaction of these domains may mediate dimerization or binding of CIP
and that binding may be regulated by phosphorylation (Simard et al., 2004b).
Cytoskeletal interactions: Since NKCC is involved in cell-volume regulation numerous
studies were performed linking NKCC regulation to the cytoskeleton, which plays a major
role in cell-volume sensing and/or signaling (for review see (Jakab et al., 2002)).
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In both Ehrlich ascites tumor cells and T84 cells (a human intestinal cell line) cytochalasin
D, which disrupts actin filaments, activates Na-K-Cl cotransport (Jessen and Hoffmann,
1992; Matthews et al., 1997). Matthews et al. (1997) further show experiments with two
other cytoskeletal inhibitors: jasplakinolide (which stabilizes F-actin, by binding to the same
sites as phalloidin) prevented cAMP-dependent activation of NKCC, and latrunculin A
(which binds G-actin and thus inhibits actin polymerization) had no effect. They suggested
that it is formation of short actin filaments (induced by treatment with cytochalasin D), rather
than depolymerization of the cytoskeleton, which regulates the cotransporter (Matthews et al.,
1997). In T84 cells the surface expression of two membrane proteins of 160 and 130 kDa,
which bind to NKCC, is elevated upon cAMP-dependent activation of the cotransporter. This
effect, as well as activation of NKCC, is inhibited by phalloidin (D'Andrea et al., 1996). In
another intestinal cell line NKCC could be activated by cAMP, resulting in both an increase
in Cl- flux and an increase in binding of [3H]-bumetanide. While the flux increase was
partially attenuated in the presence of phalloidin, [3H]-bumetanide binding was not (Matthews
et al., 1994).
Multiple studies link NKCC1 activation to myosin light chain (MLC) phosphorylation via
myosin light chain kinase (MLCK) (Klein and O'Neill, 1995; O'Donnell et al., 1995; Silva
and Epstein, 2002). One of these groups reports activation of NKCC1 in shark rectal gland in
response to MLCK activity: shark NKCC1 can be activated either by vasoactive intestinal
peptide, VIP (or forskolin), (via cAMP/PKA) or by cardiac natriuretic peptide, CNP, (via
cGMP/PKC and subsequent release of VIP). Silva and Epstein (2002) showed that CNP can
partially activate NKCC1 in perfused rectal gland tubules in the presence of procaine (which
blocks VIP release) and that stimulation by CNP is blocked by both cytochalasin D and the
MLCK inhibitor ML-7. Neither cytochalasin D nor ML-7 had any effect on NKCC1
stimulation by VIP or forskolin, indicating separate activation mechanisms for CNP and VIP
(Silva and Epstein, 2002).
Direct cell volume sensing: Aside from interactions with the cytoskeleton cell volumesensing by proteins can be achieved by sensing of macromolecular crowding (an increase of
the intracellular protein concentration), changes in the ionic strength, or membrane-stretch or
curvature. Data from Greger et al. (1999) suggests that NKCC1 from shark rectal gland is
activated upon transient cell shrinkage due to a loss of [Cl-]i, rather, than in direct response to
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lowering of [Cl-]i. However, they also show that NKCC1 activity will induce cell swelling,
which does not inhibit cotransport activity. They do not propose a mechanism explaining how
cell shrinkage is sensed or why NKCC1 would respond to transient cell shrinkage rather than
cell volume (Greger et al., 1999).
Work on the issue of direct cell volume sensing has been mainly done on KCC and has led
to disparate results: some of the data indicates intracellular ionic strength as the signal (Parker
et al., 1995), whereas others relate activation of KCC to changes in the intracellular protein
concentration (Colclasure and Parker, 1992). In both studies the authors conclude that, most
likely, the change in either intracellular ionic strength or protein concentration will modulate
the activity or binding of a regulatory kinase, mediating changes in the phosphorylation state
of KCC. In a study opposing these findings, Kracke and Dunham (1990) showed volumesensitive KCC activation in inside-out vesicles from sheep red cells. The latter results would
imply membrane stretch as the signal, however, it is unclear how phosphorylation-dependent
regulation can function in inside-out vesicles.

2.2 Fluorescence Resonance Energy Transfer
Fluorescence resonance energy transfer (FRET) is the radiationless transfer of excitation
energy from one fluorescent molecule (donor) to another (acceptor). In this process the donor
will return to the ground state, while the acceptor is excited and, subsequently, emits light.
FRET occurs without emission of a photon by the donor and is a result of interactions
between the emission and excitation dipole moments of donor and acceptor. In order to obtain
FRET the fluorescent dyes have to meet a number of requirements:
1. There has to be an overlap of the donor emission and acceptor excitation spectra.
2. Donor and acceptor have to be within a distance of 10-100 Å from each other.
3. The dipole moments of donor emission and acceptor excitation have to be in a
favorable orientation.
The efficiency of energy transfer (E) is given by:
E=1−

Q DA
QD

with Q DA=

kD
kD
and Q D =
, or
k T k D k Di
k D k Di

(2.1)
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E=1−

 DA
D

with  DA=

1
k T k D k Di

and  D =

1
k D k Di

(2.2)

Here QDA and QD are the quantum yields of the donor in the presence and absence of
acceptor, respectively. τDA and τD are the lifetimes of the excited state of the donor in the
presence and absence of acceptor, respectively. The rate constants are: kD for donor emission,
kDi for radiation-less decay of the donor to the ground state, and kT for energy transfer to the
acceptor (Lakowicz, 1999; Van der Meer et al., 1994).
Förster derived the following equation for the rate constant for energy transfer kT, which
illustrates the strong distance dependence of FRET:

   
6

R
1 R0
k T =k D k Di  0 =
R
D R
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leading to another equation for the efficiency of energy transfer:

E=

,
R60

R60 R6

(2.3)

.

(2.4)

R is the distance between donor and acceptor, and R0 is the Förster radius (distance at
which E is 50%), τD is the lifetime of the donor in absence of an acceptor, κ is an orientational
factor containing the angle between the emission and excitation dipoles of donor and
acceptor, QD is the quantum yield of the donor in the absence of acceptor, J is the overlap
integral of the donor emission and acceptor excitation spectra, n is the refractive index of the
medium, and NA is Avogadro's number (Förster, 1948).
Due to the strong dependence of FRET efficiency on the distance between two
fluorescence dyes it is an excellent tool for measuring small distances, thereby expanding the
resolution of light spectroscopic methods to a molecular scale. Because of the short distances
over which FRET occurs, two fluorescently labeled proteins have to be bound to each other
for FRET to occur. Both the distance dependence and angle dependence of FRET enable the
measurement of conformational changes of a protein tagged with two dyes which perform
FRET. Unfortunately it is hard to interpret any FRET data in terms of distance unless one can
determine the orientational factor κ2.
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2.2.1 Measuring FRET
The most exact way of measuring FRET is by detecting the donor lifetime: according to
Eq. (2.2) the FRET efficiency is proportional to the ratio of the donor lifetimes in the absence
and presence of acceptor. This measure of FRET has the advantage that it is independent of
the donor and acceptor concentrations in the FRET and control samples (Lakowicz, 1999). A
disadvantage arises when the FRET efficiency is low, the fluorophores have more than one
lifetime, or a mixture of donors involved and not involved in FRET is measured: fitting the
data becomes rather difficult if there are more than two lifetimes, which, in addition, may be
quite similar. An advantage is that when measuring binding of two proteins or dimerization,
one can differentiate between bound (shorter lifetime) and unbound (longer lifetime) species.
The fluorescence intensity of a dye is proportional to its extinction coefficient and its
quantum yield. The relation between quantum yield and FRET efficiency is given by Eq.
(2.1), and the extinction coefficient of the donor is not changed by FRET. Thus, comparing
the fluorescence intensity of the donor in the presence and absence of the acceptor is another
method to directly measure the FRET efficiency in a sample (Lakowicz, 1999). This method
is no longer independent of the donor concentration in the control and FRET samples (which
is difficult to control, when expressing genetically tagged proteins). A way around this
problem is called acceptor photobleaching: after measuring the intensity of the donor in the
presence of acceptor, the acceptor is bleached and the increased fluorescence intensity of
donor alone can be measured in the same sample (Bastiaens and Jovin, 1996).
A third method is measuring the fluorescence of acceptor when the donor is excited. Since
for most FRET pairs the excitation and emission spectra of donor and acceptor are not very
well separated, there usually is some direct excitation of the acceptor, when exciting the
donor, as well as some donor emission when measuring acceptor fluorescence. This
phenomenon is referred to as spectral bleed. Youvan et al. (1997) introduced a method to
subtract spectral bleed: Three different excitation and emission wavelengths are used:
DD: Donor excitation and donor emission (donor fluorescence)
DA: Donor excitation and acceptor emission (FRET)
AA: Acceptor excitation and acceptor emission (acceptor fluorescence)
If there is no acceptor fluorescence visible under condition DD, and no donor fluorescence
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under condition AA, then FRET = IDA – IDD · bD – IAA · bA. Here IDD, IDA, and IAA are the
fluorescence intensities measured in a sample, containing both donor and acceptor, under
conditions DD, DA, and AA, respectively. bD is determined in a sample containing only
donor as: bD = IDA / IDD. bA is determined from a sample containing only acceptor as: bA = IDA /
IAA.
As opposed to the other two methods described, the latter is not a measurement of FRET
efficiency, one can only determine whether or not there is FRET in a given sample and if
changes can be induced, one cannot directly calculate any distances between fluorophores.
Since this method is dependent on the concentrations of donor and acceptor a number of
normalization methods have been proposed: Gordon et al. suggested normalization by IDD ·
IAA (Gordon et al., 1998), Xia and Liu (2001) suggested

 I DD⋅I AA

, and Erickson et al.

(2001) do not subtract spectral bleed from the acceptor and normalize by bA · IAA. All these
normalizations fail when measuring binding of two proteins and there are considerable
amounts of unbound donor and acceptor (not engaging in FRET), or when measuring
dimerization and dimers between two molecules both labeled with donor or acceptor can
occur.

2.2.2 Green Fluorescent Protein
Green fluorescent protein (GFP) was cloned from Aquorea victoria jellyfish by Prasher et
al. in 1992 (Prasher et al., 1992). In jellyfish GFP is excited via radiationless energy transfer
from the chemiluminescent protein aequorin. The purpose of GFP and other fluorescent
proteins in Aquorea and other coelenterates is unknown. The structure of GFP (and many of
its colorvariants) has been solved and published (Ormö et al., 1996; Yang et al., 1996). GFP
is an 11-stranded β-barrel with an α-helix running through the middle. The actual
chromophore (a p-hydroxybenzylideneimidazolinone) is formed by Ser-65, Tyr-66, and Gly67 through an oxygen-dependent reaction mechanism. The chromophore is located in the
center of the structure. The β-barrel structure is necessary for fluorescence because it shields
the chromophore from water and oxygen molecules. Unfolded or truncated GFP is not
fluorescent, due to strong quenching by oxygen. Various mutations have been introduced into
wt GFP, either changing its fluorescence properties or improving its folding at higher
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temperatures (for a review see (Tsien, 1998)). These efforts resulted in color-variants like
enhanced cyan fluorescent protein (ECFP) and enhanced yellow fluorescent protein (EYFP)
which are used in this study.
Since their discovery fluorescent proteins with improved folding and brightness (e. g.
EGFP, ECFP, and EYFP) have been used as genetic tags on proteins and become a widely
used tool for studying protein localization in live cells. The color-variants made it possible to
study interaction of proteins in life cells via FRET or perform colocalization experiments
with two tagged proteins (Tsien, 1998).
2.2.2.1 Potential problems with using GFP in FRET studies: dimerization, pH-, and
chloride-sensitivity.
As discussed earlier FRET between color-variants of GFP is an excellent tool for studying
protein-protein interaction, but there are some characteristics of GFP fluorescence that can
cause problems: GFP has a tendency to dimerize, whether FRET actually arises from
interactions of the protein of interest and not merely interacting GFP tags has to be verified in
control experiments (Zacharias, 2002). Other potential problems are the sensitivity of GFP
and its colorvariants to the environment. Most GFPs are sensitive to pH with pKas ranging
from 4.5 to 6.8, particularly high pKas are found for the red-shifted 'YFP' mutants (Griesbeck
et al., 2001; Tsien, 1998). In addition YFP is quenched by Cl- concentrations in the
physiological range and quenching is pH-dependent. Two mutated YFPs with lower
susceptibility to Cl- have been introduced and named Venus and Citrine (Griesbeck et al.,
2001; Nagai et al., 2002). Venus-YFP is a result of 4 mutations introduced into enhanced
YFP (Nagai et al., 2002). In this study we have used Citrine, which is the result of a single
mutation: the glutamine residue 69 is replaced by methionine. From comparison of the x-ray
structures of Citrine and EYFP it appears that the methionine residue fills a chloride-binding
cavity present in EYFP. In addition to being resistant to chloride-quenching, the pKa of
Citrine is shifted to a lower value (Griesbeck et al., 2001).
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2.3 Aims
In this study we have tagged the intracellular C and N terminus of the Na-K-Cl
cotransporter from shark rectal gland, NKCC1, with CFP and YFP and expressed these
constructs in HEK-293 cells. We had three goals in mind:
First we wanted to use FRET to investigate conformational changes in the cotransporter
double-tagged with CFP on the N terminus and YFP on the C terminus and vice versa.
NKCC1 may undergo conformational changes on a number of occasions: there have to be
conformational changes exposing the ion-binding sites to either the intra- or extracellular side
of the membrane. Since an ordered binding model applies to NKCC1, conformational
changes upon ion binding cause exposure or formation of the subsequent binding sites.
Another conformational change is believed to occur upon activation of NKCC1. Because
NKCC1 is regulated by phosphorylation one could imagine that the phosphorylated Nterminal residues bind to other residues, perhaps on the highly conserved C terminus.
With the constructs we used (tagged on the intracellular C and N terminus) it was more
likely we would see FRET changes upon activation than ion binding or translocation, since
the ion-binding sites are located on the hydrophobic core domain of NKCC1 (Isenring and
Forbush, 1997; Isenring et al., 1998a; Isenring et al., 1998b).
Second, we wanted to investigate multimerization of functional NKCC1 in live cells with
FRET between cotransfected single-tagged cotransporters. To date there have been only two
studies on multimerization of NKCC1: one was performed in a yeast two hybrid system and
in vitro, not in vertebrate cells. This study did not use the entire protein, but just the C
terminus (Simard et al., 2004a). The other study used chemical cross-linkers, which may
cause artifacts, and concluded that NKCC1 likely exists as a homodimer (Moore-Hoon and
Turner, 2000). Additional indirect evidence for multimerization comes from a dominant
negative effect of expression of non-functional NKCC1 mutants on endogenous HEK cell
transporter (Darman and Forbush, 2002).
With several studies concerning the interaction of cotransporter with homologous proteins
it has been hypothesized that dimerization may have a role in regulation of NKCC (Caron et
al., 2000; Plata et al., 1999), i. e. one could imagine cotransporter being activated by
homodimerization (Simard et al., 2004a).
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Third we tagged both PASK and PP1, a kinase and a phosphatase known to bind to
NKCC1, with CFP or YFP, hoping to find conditions (e. g. low or high intracellular [Cl-])
under which these regulatory proteins are bound to FP-tagged NKCC1. Studies concerning
this problem have already been conducted using immunoprecipitation assays (Darman et al.,
2001; Dowd and Forbush, 2003). We were hoping for a better temporal and stochiometric
resolution using FRET.
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3 Materials and Methods
3.1 GFP constructs
3.1.1 Molecular biology
3.1.1.1 Kunkel mutagenesis
Enhanced CFP- and YFP-vectors (pECFP-N1 and pEYFP-N1) were purchased from
Clontech. FP-NKCC1 constructs were generated by the Kunkel method of site-directed
mutagenesis (Kunkel et al., 1987), as previously described (Isenring and Forbush, 1997). In
order to do this a single-stranded uracil-containing template is necessary. This was generated
by subcloning the target sequence (in this case shark NKCC1) into the phagemide pTZ18U
(Bio-Rad), and transforming it into an ung- and dut- strand of E. coli. The phosphorylated
oligo-nucleotide containing the desired mutation was then annealed to the single-stranded
template. Upon incubation with T7 DNA polymerase and T4 DNA ligase a new strand,
containing the desired mutation, was synthesized. The product was then transformed into
ung+ E. coli, which destroyed the uracil-containing template and amplified the mutated
tyrosine containing strand.
For fusion of fluorescent proteins to the N terminus of NKCC1 (Fig. 4C and D), the oligonucleotide GCGGCGGGGGAGAgctagcGAGAGAGAtgtacaagGCCTTTCCCGCTTCCTCGGCCGGCGTGCAG was used to add an NheI, a BsrGI restriction site, and the last two bases
of GFP before its stop-codon to the 5'-end of NKCC1. On the C terminus of NKCC1 CFP and
YFP were inserted into a loop, which is less conserved among different species than the rest
of the C terminus, (Fig. 4E and F) by inserting an AgeI and a BsrGI site using the oligonucleotide CAGCCCaccggtGTGTCAAGtgtacaagGATGAAG. After subcloning of CFP and
YFP into NKCC1, the constructs were subcloned into the following mammalian expression
vectors: pJB20 (Beck et al., 1990), including a G-418-resistance, pcDNA3.1-hygro+
(Invitrogen) including a hygromycin-resistance, or pIRESpuro3 (Clontech) including a
puromycin-resistance. The different antibiotic resistances were used to select for
cotransfections of the different constructs in mammalian cells. Constructs with both CFP and
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YFP in one cotransporter (Fig. 4G and H) were generated by subcloning with appropriate
restriction enzymes.
3.1.1.2 PCR
Q69M-YFP (Citrine) (Griesbeck et al., 2001) was generated using a two-step PCR
approach. Two strands were generated using the primers CTGatGTGCTTCGCCCGCTACCC
forward (creating the Q69M mutation) and ACTTGTACAGCTCGTCCATGC reverse, as
well as CACatCAGGCCGTAGCCGAAGGTG reverse (containing the Q69M mutation) and
TCCACCGGTCGCCACCATG forward. The two PCR products were gel-purified (Quiagen
Gel Purification Kit) and a third PCR reaction was performed, using the two products and the
outer primers. These PCR reactions were performed with Pfu-polymerase (Stratagene). The
final product was TA-cloned (TOPO TA-cloning kit, Invitrogen), sequenced, and subcloned
into appropriate vectors.
Fluorescent proteins were also attached to the N termini of both PP1 and PASK. This was
also done by PCR. The catalytic subunit of PP1 was a kind gift from Prof. Dr. Angus Nairn.
In case of Q69M-YFP-PP1 (Y*-PP1) an AgeI and a BsrGI site were engineered at the very
5'-end of PP1, as previously described (Trinkle-Mulcahy et al., 2001), using the primers:
ttcgctagcatgtacaagATGGTTACAATAATGACAACCAG (forward) and tggtctagaCTATTTCTTGGCTTTGGCAGAG (reverse).
Since PASK is GC-rich, in this case an EcoRI site was engineered on the 5'-end Q69MYFP in the original Clontech vector, this was achieved with the following primers:
TCCACCGGTCGCCACCATGG (forward) and ggaattccaCTTGTACAGCTCGTCCATGC
(reverse). This construct was subcloned, to lable PASK with Q69M-YFP and an HA-tag on
the N terminus.
Sequencing for all mutagenesis products was performed at the Mount Desert Island
Biological Laboratory DNA Sequencing Center.
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3.1.2 FP constructs: nomenclature

Fig. 4 FP-NKCC1 constructs. A is a proposed structure for shark NKCC1 (wt NKCC1). The circles represent
amino acids, colors show homology between shark and human NKCC1 (red: high homology). B shows the
structures of CFP and Q69M-YFP, scaled to the same size as the NKCC1 model by eye. C to H show the
different constructs with FP insertions. CFP (“C”), and YFP (“Y”) or Q69M-YFP (“Y*”) were genetically linked
to the N terminus of NKCC1 or inserted into the C terminus of NKCC1. Constructs with N-terminal FP are
called “C-, Y-, or Y*-NKCC”. Constructs with insertions in the C terminus are called “NKCC-C, -Y, or -Y*”.
The structures of ECFP and Citrine were obtained from the NCBI database (Marchler-Bauer et al., 1999).

The nomenclature used for the different fluorescent protein (FP) constructs is explained in
Figure 4A to E:
“C” stands for CFP,
“Y” stands for YFP, and
“Y*” stands for Q69M-YFP (or Citrine) (Griesbeck et al., 2001).
Fusions with fluorescent protein on the N terminus of NKCC1 are named:
C-NKCC (for CFP fusions, Fig. 4C),
Y-NKCC (for YFP fusions), and
Y*-NKCC (for Q69M-YFP fusions, Fig. 4D).
Fusions with fluorescent protein on the C terminus are named
NKCC-C (Fig. 4E),
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NKCC-Y, and
NKCC-Y* (Fig. 4F).
Double constructs are named after the respective locations of CFP and YFP on NKCC1:
C-NKCC-Y, and C-NKCC-Y* (Fig. 4G), or
Y-NKCC-C, and Y*-NKCC-C (Fig. 4H).

3.1.3 Cell culture and nomenclature of stable cell lines
Construct #1
Cell line

Name

Resistance

Construct #2
Name

Resistance

C-NKCC

C-NKCC

G-418

None

None

Y*-NKCC

Y*-NKCC

Puromycin

None

None

NKCC-C

NKCC-C

Hygromycin

None

None

NKCC-Y*

NKCC-Y*

Puromycin

None

None

C-NKCC-Y/Y*

C-NKCC-Y/Y* G-418/Puromycin

None

None

Y/Y*-NKCC-C

Y/Y*-NKCC-C G-418/Puromycin

None

None

C-NKCC+Y*-NKCC

C-NKCC

G-418

Y*-NKCC

Puromycin

C-NKCC+NKCC-Y*

C-NKCC

G-418

NKCC-Y*

Puromycin

NKCC-C+Y*-NKCC

NKCC-C

Hygromycin

Y*-NKCC

Puromycin

NKCC-C+NKCC-Y*

NKCC-C

Hygromycin

NKCC-Y*

Puromycin

Y*-NKCC+C-PP1

Y*-NKCC

Puromycin

C-PP1

Hygromycin

C-NKCC+Y*-PASK

C-NKCC

G-418

Y*-PASK

Puromycin

Table 1. Stable cell lines generated with FP-NKCC1. The stable cell lines are named after the constructs they
overexpress. Cotransfections are indicated by a “+” between the two constructs (e. g. C-NKCC+Y*-NKCC, is a
line coexpressing both C-NKCC and Y*-NKCC).

HEK-293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM)
(Gibco), supplemented with 10% heat inactivated FBS (Gibco), 50 units/ml penicillin
(Gibco), 50 μg/ml streptomycin (Gibco), and 1 mM furosemide (Sigma), and the appropriate
selective antibiotics for the vectors used: 800 µg/ml G-418 (Gibco), 100 mg/ml hygromycin
(American Bioanalytical), and 1 µg/ml puromycin (Clontech) (Dowd and Forbush, 2003;
Isenring and Forbush, 1997). Cells were kept at 37 ºC and 5% CO2. Stable cell lines were
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generated by transfection with calcium-phosphate precipitation, selection and cloning as
previously described (Isenring and Forbush, 1997). Briefly, 62 µl 2.5 mM sterile CaCl2 was
added to 10 to 20 µg DNA in 440 µl water. This mixture was slowly added to 0.5 ml 2-fold
concentrated HBS (300 mM NaCl, 1.5 mM Na2HPO4, and 50 mM HEPES, pH 7.05) in a
polystyrene tube while mixing. The mixture was allowed to precipitate. After 20 to 30
minutes the precipitate was added to a 10 cm dish with 70 to 90% confluent HEK-293 cells,
after another 5 minutes 10 ml DMEM was added and the dishes moved to an incubator. The
precipitate was washed off after 24 hours, selective antibiotics were added after 3 days. Once
visible colonies formed they were picked, amplified, and checked for expression by
radioactive rubidium uptake fluxes, Western blots, and fluorescence. Cells transfected with
pIRESpuro3 were not cloned, as described in (Dowd and Forbush, 2003).
The nomenclature of the stable cell lines used, is summarized in Table 1. They were
named after the constructs they express. Cotransfections are identified by “+” between the
two constructs they express (e. g. C-NKCC+Y*-NKCC would be a line coexpressing both CNKCC and Y*-NKCC).

3.2 Radioactive rubidium-uptake fluxes
To verify activity of FP-NKCC1 constructs,

86

Rb+ uptake fluxes were performed as

previously described (Darman and Forbush, 2002). Cells were grown to confluency on polyD-lysine-coated 96-well plates. Cells were then incubated for one hour in buffers containing
different concentrations of chloride (Cl- was replaced by the anion gluconate to keep the ionic
strength constant), washed, and incubated for 2 minutes in flux medium ('regular flux')
containing 135 mM NaCl, 50 mM RbCl, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM Na2HPO4,
1 mM Na2SO4, and 15 mM HEPES, supplemented with ~1 μCi of 86RbCl. The cells were then
rinsed, dried and exposed to a phosphorimager screen over night (Molecular Dynamics). All
washing and incubation steps were performed on an automated flux machine (Fluxomatic, B.
Forbush). Phosphorimages of plates were quantified using the software Scion Image (Scion
Corp.).
The preincubation conditions vary in [Cl-]o in order to change [Cl-]i. This was achieved by
substituting chloride in 'regular flux' with gluconate. The lowest transport activity was
29

Materials and Methods
detected after preincubation in 138 mM Cl- with addition of 10 mM K+ (condition 1, Fig. 9),
high extracellular potassium further increases intracellular chloride. Highest activity was
detected either in presence of 3 mM Cl- (condition 7) or in condition 8 (see Fig. 9). Condition
8 is a hypotonic buffer with 1.5 mM chloride. Conditions 3 to 7 contain 50 μM furosemide
and produce an intracellular chloride concentration curve. Furosemide inhibits NKCC1 and
cotransporter-mediated uptake of Cl-, thus lowering the intracellular chloride concentration
and causing higher activation of NKCC1 (compare Fig. 9A and B, condition 2 and 3).
Condition 2 and 3 are 'regular flux' without and with furosemide, respectively.

3.3 Western blotting, immunofluorescence, and
microscopy
3.3.1 Western blots and antibodies
Gel electrophoresis and Western blotting were performed as previously described (Lytle
and Forbush, 1992b). HEK-293 cells were solubilized in sample buffer (4% SDS, 2% βmercaptoethanol, 12% glycerol, 0.01% Serva Blue G, and 50 mM Tris-HCl, pH 6.8) and
electrophoretically separated on 7.5% Tricine/SDS gels (Schagger and von Jagow, 1987),
alongside with prestained molecular weight markers (Rainbow marker, Amersham Corp.).
After separation the protein was electrophoretically transferred onto PVDF membrane
(Millipore ImmobilonP) at 40 V, 4 ºC, over 6 to 7 hours in a Bio-Rad Transblot apparatus.
The protein on the PVDF membrane was subsequently stained with Coomassie Brilliant Blue
R-20 (Neuhoff et al., 1988), and then blocked with PBS/Tween/milk (10% fat-free milk
(Carnation) and 0.1% Tween-20 (American Bioanalytical) in PBS, pH 7.4) for 30 minutes.
The blots were then incubated with primary antibody, washed 3 times in PBS/Tween/milk,
followed by an incubation with horseradish peroxidase-conjugated secondary antibody. All
antibodies were used at a dilution of 1:10,000 in PBS/Tween/milk. Incubation times ranged
from 2 hours to over night. Following another 6 washes in PBS/tween bound antibody was
visualized under a cooled CCD camera, using a Super Signal West Dura detection kit
(Pierce). Quantitation of bands was performed with Scion Image (Scion Corp.).
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The antibodies used here are the monoclonal anti-shark NKCC1 antibody J3 and the
polyclonal antibody R5. R5 is specific for NKCC phosphorylated on Thr-184 and Thr-189 on
the N terminus. Both antibodies have been previously described (Flemmer et al., 2002; Lytle
and Forbush, 1992b). Horseradish peroxidase-conjugated goat anti-mouse IgG and goat antirabbit IgG were obtained from Roche.

3.3.2 Fluorescence microscopy and immunofluorescence-staining
The rhodamine-labled antibody J3 was used for immunofluorescence. Semi-thin sectioning
and staining was performed as previously described (Darman and Forbush, 2002). Sectioning
and staining was done by Sue Ann Mentone.
Semi-thin sections were viewed with a Zeiss Axiophot fluorescence microscope equipped
with a cooled CCD camera (Axiovision). Image processing (autocorrelation) was done with
Scion Image (Scion Corp.). CFP and YFP fluorescence were imaged in live cells on a Zeiss
LSM 510 Meta confocal microscope, live cell FRET imaging is described in chapter 3.5.4.

3.4 Acquisition and analysis of FRET data
3.4.1 Sample preparation
For fluorescence experiments nearly confluent 10 cm dishes were cultured over night at
room temperature (24-26 ºC). The cells were then washed and rinsed off the dish with PBS,
washed once with 'regular flux' medium and resuspended in 1 ml 'regular flux' medium
supplemented with 5 mM Glucose. All experiments were performed both with fluorescent
cells and cells expressing wild type shark NKCC1, in order to subtract any background from
the cells and added solutions. The cell concentration of different lines was adjusted by taking
optical density readings at 540 nm (neither CFP nor YFP absorb at that wavelength).
Fluorescence was measured in suspension in a stirred cuvette thermostatted to 22 ºC.
Approximately 200 μl cells (1/5 of a confluent 10 cm dish) were used per fluorescence
experiment, this corresponds to an optical density of 0.3 to 0.4 (measured against buffer
background) in the cuvette.
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For experiments with preactivated or inactivated cotransporter cells were spun down,
resuspended in 1 ml of activating (condition 8, 1.5 mM Cl-, hypotonic) or inactivating
(condition 2, 'regular flux') buffer, incubated at room temperature for 2 to 15 (inactivation) or
30 to 60 (activation) minutes, spun again, resuspended in 100 µl of the same buffer and added
to 2 ml of buffer in the cuvette. We activated and inactivated in 1 ml buffer volume because
we found that too many cells change the pH and possibly other ion concentrations of the
buffer. For titrations, 200 μl cell suspension (in 'regular flux' two-fold diluted and
supplemented with 5 mM glucose) was added straight into 1.8 ml of buffer in the cuvette and
given 200 to 300 s to equilibrate, before any additions were made.

3.4.2 Fluorescence spectroscopy and light scatter
Fluorescence time courses and spectra were acquired on a Fluoromax 3 fluorometer (Jobin
Yvon). Fig. 5 shows normalized excitation and emission spectra for CFP (blue and cyan) and
YFP (green and yellow), as well as the settings for the excitation and emission
monochromators used for time-course experiments (hatched bars). Both, excitation and emission slits were set to
10 nm. For CFP excitation
and emission the monochromators
420 nm
475 nm

were

(blue

set

bar)

(cyan

to
and
bar),

respectively. For YFP excitation and emission the
settings were 488 nm (green
bar) and 525 nm (yellow
bar). To measure FRET the
Fig. 5 Normalized excitation and emission spectra of CFP and YFP.
The blue and cyan trace are an excitation (emission 475 nm) and emission
(excitation at 420 nm) spectrum of CFP. YFP excitation (emission at
525 nm) is shown in green and YFP emission (excitation at 488 nm) is
shown in yellow. Vertical bars indicate the wavelengths used for excitation
and emission of the different dyes. The spectra were measured in cells
expressing CFP- or YFP-tagged NKCC1.

excitation wavelength for
CFP (420 nm, blue) and the
emission

wavelength

for

YFP (525 nm, yellow) were
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used. In order to reduce light scatter from the cell suspension, polarizers were used in the
excitation beam (0º) and in the emission beam (90º).
In order to measure scattered light the excitation and emission wavelengths were both set
to 540 nm, the excitation and emission slits were set to 1 nm, and no polarizers were used.

3.4.3 Data analysis
3.4.3.1 Background correction for fluorescence data
The background in the fluorescence readings originates from various sources. The
background reading from buffer and cuvette (buffer background, in Fig. 6, left graph), before
addition of any cells, was subtracted from all traces. Since there was also significant
background (especially in the CFP and FRET channels) from scattered light, background
fluorescence from the cells, and background from added chemicals, every experiment was
performed twice: once with cells expressing the dyes and once with an equal amount of cells
expressing wt NKCC1, the latter readings were then subtracted from the fluorescence
experiments. The middle graph of Fig. 6 shows an experiment with wt NKCC1, the right
panel shows the same experiment as the left panel after subtraction of buffer background and
background from the cells.

Fig. 6 Background correction for fluorescence data. Readouts from the CFP-, FRET-, and YFP-channels
are shown in blue, green, and red respectively. The left graph shows readings for Y*-NKCC-C, the middle
graph for cells expressing wt NKCC1 (after subtraction of buffer background), and the right graph shows Y*NKCC-C after subtraction of buffer background and wt NKCC1. Arrows indicate additions of 200, 200, and
400 µl NMG-gluconate. The green trace in the left and right graphs is rising above the blue trace due to an
increase in FRET.
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3.4.3.2 Correction of FRET data for spectral bleed
FRET (Fluorescence Resonance Energy Transfer) is a direct transfer of energy from one
fluorescence dye, called donor (in this case CFP), to another dye, called acceptor (here YFP).
This can be measured as acceptor fluorescence due to donor excitation, i. e. by exciting CFP
and measuring YFP emission. As can be seen in Fig. 5, the excitation spectra as well as the
emission spectra of CFP and YFP overlap. For measuring FRET CFP was excited at 420 nm
(hatched blue bar) and YFP emission was measured at 525 nm (hatched yellow bar), hence a
certain amount of direct excitation of YFP occurs and a certain amount of CFP emission is
visible in the FRET channel. This phenomenon is called spectral bleed and the data has to be
corrected for this. Youvan et al. (1997) proposed a method to correct FRET data for spectral
bleed: it is based on the fact that at a certain set of excitation and emission wavelengths there
is a fixed percentage of the total fluorescence visible in the acceptor channel also visible in
the FRET channel. The same is true for donor emission seen in the FRET channel. These two
percentages can be measured in samples with only donor (CFP) or only acceptor (YFP)
present, by calculating the ratios between the amounts of fluorescence present in both the
FRET channel and the donor or acceptor channel, respectively.
We are going to use the following nomenclature for the different fluorescence channels:
CC = total fluorescence seen in the donor channel (CFP excitation and CFP
emission wavelength).
CY = total fluorescence seen in the FRET channel (CFP excitation and YFP
emission wavelength).
YY =

total fluorescence seen in the acceptor channel (YFP excitation and
YFP emission wavelength).

Using this nomenclature the spectral bleed from CFP (donor) into the FRET channel is:
bc=

CC
, measured in cells expressing only CFP (C-NKCC or NKCC-C). The spectral
CY

bleed from YFP (acceptor) into the FRET channel is:

b y=

YY
, measured in cells
CY

expressing only YFP (Y*-NKCC or NKCC-Y*). The values for the bleed constants for our
experimental setup were bc = 43.3 ± 2.0% (n = 25 experiments on 8 different days) and by =
2.2 ± 0.5% (n = 26 experiments on 7 different days). There was no detectable difference in bc
34

Materials and Methods
or by between cell lines with the probe on the N terminus versus cell lines with the probe on
the C terminus, hence the data was pooled.
Since there is usually no spectral bleed between the channels CC and YY, it was proposed
to measure samples, that potentially show FRET, in all three channels: CC, CY, and YY. The
channels CC and YY are then used to subtract any signal caused by spectral bleed that is seen
in CY:

FRET =CY −CC⋅b c −YY⋅b y (Youvan et al., 1997).

A couple of different methods for normalizing FRET have been proposed (Gordon et al.,
1998; Xia and Liu, 2001), but there is no way to accurately correct FRET for differences in
CFP and YFP expression in different cell lines by simple normalization. We decided to
normalize our FRET data by YFP fluorescence for a different reason: YFP is strongly
quenched by chloride which also is a major regulator of NKCC1 activity. Since we are
measuring FRET in terms of YFP fluorescence, we decided to normalize FRET by YFP
fluorescence (YY) to exclude any quenching effects from our data. Fig. 7 illustrates that this is
effective and necessary, even when using Q69M-YFP. According to Griesbeck et al. (2001),
Q69M-YFP is still chloride-sensitive, though quenching is strongly reduced compared to
regular YFP. An additional advantage of the normalization is that it corrects for dilution of
the cells upon addition of solutes. We used the following equation for FRET:
FRETratio=

CY −CC⋅b c
. When this equation is used it becomes needless to subtract
YY

YFP bleed since the fluorescence measured in CY stems from three sources: FRET, CFP
bleed, and YFP bleed. After subtracting CFP bleed, FRET and YFP bleed (YY·by) remain.
When this result is normalized by YY we get:

FRET YY⋅b y FRET
=
b y . The quantity by
YY
YY

is a constant offset (only dependent on the experimental setup), and should not affect the
amplitude of the FRET changes we are mainly interested in. However, it should be noted, that
samples showing no FRET do not have a FRETratio of 0 but rather: FRETratio(no FRET) =
by = 0.022. Only, when relative changes in FRET or relative FRET levels were calculated to
compare different cell lines, by was subtracted. These results are then referred to as FRET/YY
in the following.
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Fig. 7
Effects of chloridequenching on apparent FRET.
Arrows indicate additions of
200 µl 1 M NaCl, inducing a
FRET increase due to cell
shrinkage and an increase in intracellular chloride. There is an
apparent loss in FRET due to
chloride quenching. Black curves
are from an experiment performed
with
C-NKCC-Y
(chloridesensitive YFP), green curves show
the same experiment performed
with C-NKCC-Y*. The top panel
shows FRET calculated with the
method of (Youvan et al., 1997),
the bottom panel shows that by
normalizing FRET to YY we can
indeed eliminate the effects of
chloride quenching on FRET.

3.4.3.3 Measuring intracellular chloride
Intracellular chloride was measured in cell lines expressing C-NKCC-Y (CFP and chloride
sensitive YFP). Since CFP is chloride-insensitive and, in the double constructs, the ratio of
YFP to CFP is constant, CFP can be used to normalize YFP fluorescence. This normalized
value can be used as a dye concentration-independent measure of the intracellular chloride
concentration. After subtraction of both buffer background and scatter background in both
channels, the ratio of YY/CC (YY: total fluorescence in YFP channel, CC: total fluorescence in
CFP channel) was used as a relative measure of changes the intracellular chloride
concentration. Other than by chloride, this number is also affected by the intracellular pH.
3.4.3.4 Adjusting FRET for the expression-ratio of CFP to YFP
In cell lines cotransfected with CFP-tagged and YFP-tagged NKCC1, apart from dimers
between CFP-tagged and YFP-tagged NKCC1, there can be dimers between two CFP-tagged
or two YFP-tagged transporters. We only see FRET from heterodimers, however,
normalization by YFP (FRET/YY) underestimates FRET, due to the fact that YFP
fluorescence originates from both homo- and heterodimers.
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Assuming that:
1. the loss of CFP fluorescence due to FRET in the different cell lines is
negligible,
2. the brightness of CFP and YFP does not depend on whether the dyes
are at the N or C terminus,
3. NKCC1 actually forms dimers, as shown by (Moore-Hoon and Turner, 2000),
we attempted to correct FRET seen in the different lines for differences in expression. We
used the CFP-to-YFP ratio (CC/YY) in the different lines to calculated the percentage of CFP
and YFP:
Eq. 1:

cCFP ~ CC, therefore: cCFP = fc · CC

(3.1)

Eq. 2:

cYFP ~ YY, therefore: cYFP = fy · YY

(3.2)

Where cCFP and cYFP are the concentrations of CFP and YFP, fc and fy are constants
combining both attributes of the dyes (e. g. absorption coefficient and quantum yield) as well
as instrumental factors (e. g. intensity of the lamp at a certain wavelength), and CC and YY
are the total fluorescence seen in the CFP and YFP channel. The percentages of CFP, pc and
YFP, py are:
pc=

c CFP
c CFP c YFP

and

p y=

cYFP
c CFP c YFP

with pc + py = 1 .

,

(3.3)
(3.4)

In the cases of C-NKCC-Y* and Y*-NKCC-C: cCFP = cYFP and fc ·CC = fy ·YY, hence fc / fy
can be calculated from the double constructs:
CC double construct f y
R50 =
=
.
YY double construct f c

(3.5)

In the cotransfections cCFP ≠ cYFP, using equations 3.1 through 3.5 we find the following
expression for R = CC/YY:
c
p
p
CC f y⋅c CFP
R=
=
=R50⋅ CFP =R50⋅ c =R50⋅ c
, solving this equation for pc, we get:
YY
f c⋅c YFP
c YFP
py
1− p c
pc=

R
.
RR50

(3.6)

The percentage of YFP fluorescence (YY) in a cotransfected cell line, originating from
YFP-tagged NKCC1 dimerized with CFP-tagged NKCC1, is given by the probability, Pyc, of
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this constellation. Since Pyc = pc holds, the equation:
FRET
p c⋅YY

(3.7)

should give a result that is adjusted for any expression differences in the cell lines, and thus
FRET should be comparable among the different lines.
In practice there was a small but significant difference of the R50 values measured in CNKCC-Y* and Y*-NKCC-C (see Fig. 18). Assuming that this is due to different folding
efficiencies for the FPs on the C and N terminus, we adjusted FRET in C-NKCC+NKCC-Y*
with the R50 measured in C-NKCC-Y*, and FRET in Y*-NKCC+NKCC-C with the R50
measured in Y*-NKCC-C. FRET in C-NKCC+Y*-NKCC and NKCC-C+NKCC-Y* was
adjusted with the average of the two R50 values.
3.4.3.5 Fit function for cotransfections with wt NKCC1
In order to confirm that FRET actually arises because of interactions of NKCC1 and not by
FP dimerization we performed experiments with cell lines expressing different ratios of wt
NKCC1 and Y*-NKCC-C. In these lines FRET originating from cotransporter dimers will be
reduced because tagged cotransporter can dimerize with untagged cotransporter. On the other
hand FRET from within a double-tagged NKCC1 monomer will be unchanged. With similar
assumptions as in (3.4.3.4):
FRET FRET dimer FRET monomer FRET dimer
=
=
C monomer
YY
YY
YY

(3.8)

FRET/YY (see 3.4.3.2) contains FRET from within the dimer (FRETdimer) and FRET from
within a cotransporter monomer (FRETmonomer). Both FRETdimer/YY and FRETmonomer/YY are not
affected by the concentration of Y*-NKCC-C (unless there is FRET from FP dimerization),
because they are normalized by total YFP fluorescence. The component FRETmonomer/YY is a
constant under the experimental conditions, because it is not affected by cotransfection with
untagged wt NKCC1, hence it can be written as Cmonomer.
YY is proportional to the total amount of Y*-NKCC-C (ctagged). FRET from dimerization is
proportional to the concentration of Y*-NKCC-C dimers (cdimer), which in turn depends on the
percentage of wt NKCC1 (pwt) and of Y*-NKCC-C (ptagged) in the different cell lines, with
pwt + ptagged = 1.
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2
a⋅p tagged
⋅c tagged
FRET a⋅c dimer
=
C monomer =
C monomer
YY
b⋅c tagged
b⋅c tagged

(3.9)

Here a and b are constants, cdimer is the concentration of dimerized Y*-NKCC-C (i. e.
excluding dimers of Y*-NKCC-C with wt NKCC1), and ctagged is the concentration of Y*2
ptagged
gives the percentage of Y*-NKCC-C which is dimerized with another

NKCC-C.

Y*-NKCC-C.
Since the bands of Y*-NKCC-C and wt NKCC1 can be separated on a Western blot, we
can measure the ratios of wt NKCC1 to Y*-NKCC-C, Rb, by quantitative analysis of images
from J3-stained Western blots. Because the relation between pwt and ptagged and cwt and ctagged is
analogous to equations (3.3), we get:
c
p
1− ptagged
B⋅Rb = wt = wt =
c tagged p tagged
ptagged

(3.10)

Here B is a constant summarizing any experimental artifacts from quantitating Western
blots, e. g. the bands of Y*-NKCC-C and wt NKCC1 overlap slightly, so we did not measure
the entire bands but rather the same area of the different bands (see Fig. 21C).
After solving (3.10) for ptagged and substituting into equation (3.9) we get:





2

FRET
A
=
C monomer ,
YY
B⋅R b1
with

A=



(3.11)

a
.
b

3.4.4 Fluorescence lifetime measurements
Fluorescence lifetime data was recorded on a Photon Technology International fluorometer
(Lawrence, NJ). Steady state measurements were performed in both hypotonic ('regular flux'
buffer 2 fold diluted with water) and hypertonic buffer ('regular flux' buffer supplemented
with 0.6 M sucrose). The cells were treated the same as for steady-state fluorescence
experiments (see 3.4.1), with the exception that no time-resolved measurements of FRET
changes can be performed due to the time required to record meaningful data.
Scatter background was subtracted from the lifetime traces. Then the data was fitted with
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monoexponential decays convolved with the instrument response function. Fits were done
using the CFS-LS software (by Michael L. Johnson, University of Virginia, Charlottesville,
VA). Convolution with the instrument response function serves to remove distortions of the
curves caused by the duration of the excitation light pulse. In most recorded traces we had
evidence for 3 lifetimes, however fits with just one lifetime rendered more reproducible
results. One of the 3 lifetimes was very long and variable (50 to 200 ns) and probably a
phosphorescence artifact of the setup, either caused by the cells or scattered into the detector
by the cells. This lifetime was of a very low amplitude (~ 1%). The curves were truncated
when this lifetime became predominant and the lifetime was also excluded from the fits.
There were two lifetimes from CFP: a short lifetime (<1 ns), which could not be resolved in
all experiments and was close to the resolution limit of the instrument, this lifetime was
excluded from the fits. A longer lifetime (2 to 3 ns), was seen in all experiments upon fitting
with a monoexponential decay. Fluorescent proteins are reported to commonly have at least
two lifetimes. One of these lifetimes is commonly <1 ns and another between 2 and 5 ns, so
our lifetimes match reported data.

3.4.5 FRET-imaging
Cells used for FRET-imaging were grown on 6 cm culture dishes with a coverslip on the
bottom (Mattek Corp.). In order to prepare the dishes they were acid washed in 1 N sulfuric
acid on a shaker, rinsed with water until the pH was ≥5, and sterilized in 70% ethanol for
15 minutes. The dishes were air-dried and the coverslips were coated with 1 mg/ml poly-Dlysine for ~15 minutes. The poly-D-lysine was aspirated and, following 3 washes, the cells
were seeded onto the dishes and incubated over night at 37 ˚C. 50 to 70% confluent cells
were viewed on an LSM 510 Meta confocal microscope (Zeiss). The excitation wavelengths
were 458 nm (at 7% laser power) for CFP/FRET and 512 nm (at 1% laser power) for YFP.
For emission a dichroic beam splitter at 515 nm as well as a 458 nm long pass (CFP) and a
530 nm long pass (YFP/FRET) filter were used. The pinhole-setting was 1000 μm for all
filters, since the cells were very dim. In 10 consecutive images taken we did not detect any
photobleaching in control cells. The photomultiplier voltages and and amplifier offsets were
set for optimal images once per imaging session and not changed after. For buffer changes
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cells were rinsed with the initial buffer (either hypotonic or hypertonic, see 3.4.4), the buffer
was then aspirated until the cells were just covered and an initial z-stack (6 slices, each slice 6
to 7 μm thick) was recorded, 2 ml of the second buffer (either hypotonic or hypertonic) was
added to the cells on the microscope and a second z-stack was recorded after about 2 minutes.
Addition of buffer usually changed the focus of the microscope, for better comparison
matching images in the two z-stacks were determined later by eye. Hypotonic to hypotonic
and hypertonic to hypertonic mock exchanges did not have an effect on FRET. There was
some spectral bleed of CFP fluorescence into the FRET filter and also of YFP fluorescence
into both the CFP and the FRET filters. Spectral bleed was determined from control cells
expressing either only CFP or only YFP, at the same settings as the FRET images were taken.
Spectral bleed for the images shown was: bC = 14.9 ± 4% for CFP into the FRET filter, bY =
29.3 ± 2% for YFP into the FRET filter, and bYC = 34.4 ± 4% for YFP into the CFP filter, the
latter bleed was subtracted from the CFP-filterset images prior to any other mathematical
operations on the images. The full correction (leading to the same result as in the fluorometer
experiments) is:

FRETratio=

CY −bC⋅CC −YY⋅bYC 
.
YY

Mathematical corrections of the images were performed as pixel-by-pixel operations in
Scion Image (Scion Corp.). Prior to any calculations all images were filtered by a 5-by-5
gaussian filter and the background was subtracted. The FRET images in Fig. 16 panels D and
H show the FRETratio, the remaining spectral bleed component from YFP (bY) was not
subtracted, but every pixel below that value was set to 0. Macros used in Scion image are
shown in Appendix (6.2).

41

Results

4 Results
4.1 Characterization of FP-NKCC1 constructs

Fig. 8 Expression of FP-NKCC1 constructs. A and B, show cells stably expressing C-NKCC-Y* stained with
a rhodamine-labeled monoclonal antibody against NKCC1 (J3). A, cells grown at 37 ºC. B, cells grown at room
temperature for 24 hours prior to fixation. C, a diagonal cut through the autocorrelation peak of the two images:
the solid curve shows the autocorrelation of A (37 ºC) and the dotted line shows the autocorrelation of B
(grown at room temperature). D, Western-blot of cell lines expressing FP-NKCC1 constructs (the bands labeled
cotransfections are: C-NKCC+Y*-NKCC, C-NKCC+NKCC-Y*, NKCC-C+Y*-NKCC, and NKCC-C+NKCCY*, left to right).
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We have tagged NKCC1 with CFP and YFP. In order to do any meaningful experiments
we had to asses the functionality of our constructs: they have to be fluorescent, localized to
the cell membrane, and the tagged cotransporter should be functional.
Fluorescence excitation and emission spectra from CFP- and YFP-NKCC1 constructs are
shown in Fig. 5 (Materials and Methods 3.4.2). These spectra correspond well to published
spectra of the cyan- and yellow-shifted GFP mutants (Tsien, 1998). Additionally, there are no
detectable differences between the spectra of CFP and YFP attached to the N terminus of
NKCC1 versus the same dyes inserted into the C terminus. Together these results indicate
expression and correct folding of the fluorescent proteins.
We used immunofluorescence and CFP and YFP fluorescence to assess whether the
NKCC1-fusions are correctly delivered to the cell membrane. Fig. 8A and B show images of
semi-thin sections of the line C-NKCC-Y, stained with J3 antibody (Lytle and Forbush,
1992b). J3 is specific for shark NKCC1, hence the fluorescence pattern seen in the images
originates exclusively from overexpressed tagged shark NKCC1.
The cells shown in Fig 8B were incubated at room temperature for 24 hours, which
enhances the membrane localization of NKCC1. In the images this manifests as a better
resolution of the plasma membrane and a lower fluorescence intensity in the endoplasmic
reticulum in panel 8B compared to 8A. The effect of growing the cells at room temperature
can be quantified by comparing the autocorrelation peaks of the two images. For an
autocorrelation a copy of the image is created and displaced pixel-by-pixel over the initial
image. For each of these overlays the overlaying pixels are multiplied and the results are
summed over the entire area. The results of this process are plotted in a 2-dimensional
displacement map of the two images. Since the result is highest when pixels with the highest
intensity overlay, the peak of this map is in the center where both images are perfectly
matched. The width of the autocorrelation peak is a measure of the sharpness of the image
(Russ, 1995). The solid curve in Fig. 8C is a surfaceplot through the autocorrelation peak of
image 8A, and the dotted curve is the same for image 8B. The narrower correlation peak for
image 8B indicates that the fluorescence in image 8B is more membrane-localized than the
fluorescence in image A. We generated surface plots for four different cuts (horizontal,
vertical, and two diagonals) through the autocorrelation peak, they all yielded similar results.
Since we cannot differentiate between fluorescence from the cell membrane or from inside
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the cells in the fluorometer, and 86Rb+-uptake fluxes were not influenced by incubation at
room temperature (data not shown), we performed all further fluorescence experiments with
cells grown at room temperature for 24 hours, unless stated otherwise.
Fig. 8D shows a J3-probed Western blot of different stable cell lines used in this study.
NKCC1 fused to one CFP or YFP (lane 2 through 5 and lane 9 through 12, the latter labeled
'cotransfections') runs at a higher molecular weight than wt NKCC1 (lane 1, 'wt'). The
constructs with two fluorescent proteins (lanes 6 through 8) run higher than the single fusions.
This result, along with the membrane localization of CFP and YFP fluorescence (see Fig. 8A
and 8B and Fig. 16), demonstrates that the fluorescent proteins are correctly attached to stably
expressed NKCC1.
We used radioactive rubidium uptake fluxes to assess whether our CFP and YFP
constructs are functional. Fig. 9 shows the result of flux experiments performed on 4
representative cell lines as well as non-transfected HEK cells: Fig. 9A is a phosphorimage of
a 96-well plate with dried HEK-293 cells after an

86

Rb+-uptake flux (see Materials and

Methods, chapter 3.2). Fluxes were performed after a 60 minute preincubation in 8 different
buffers which are explained underneath the phosphorimage (Fig. 9A). Briefly, the cells are
incubated in buffers which are designed to vary [Cl-]i by various means: condition 3 to 7 vary
[Cl-]i by variation of extracellular [Cl-], furosemide is added to inhibit Cl- accumulation via
NKCC1 (compare condition 2 and 3). Addition of 10 mM K+ to the extracellular side
(condition 1) inhibits potassium recycling through K+ channels, this reduces the intracellular
negative potential, causing accumulation of Cl- and maximal inactivation of NKCC1.
Condition 8 is hypotonic and has a low Cl- concentration. Though the physiological role of
NKCC1 in RVD implies activation by cell shrinkage, in some experimental systems NKCC1
is also activated by cell swelling, due to the resulting reduction of the intracellular
concentration of chloride. The 86Rb+- uptake fluxes are >90% inhibitable by bumetanide, as
shown previously (Isenring and Forbush, 1997; Isenring et al., 1998c; Payne and Forbush,
1995).
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Fig. 9 The activity of the FP-NKCC1 constructs in 86Rb+-uptake fluxes is the same as wt NKCC1. A,
86
Rb+ uptake of non-transfected HEK-293 ('HEK') cells and HEK cells transfected with either wt NKCC1 ('wt')
or FP-NKCC1 constructs was measured to verify normal activity of the FP constructs. The cells were grown on
96-well plates and preincubated in buffers with different chloride concentrations and tonicities for 1 hour prior
to a 2 minute flux in the presence of 86Rb+. Condition 1 is the same buffer as condition 2, with 10 mM KCl
added. Condition 8 is the same as condition 7 diluted 2 fold with water. Furosemide was added to some
conditions, in order to lower intracellular chloride by blocking NKCC1 activity. After the flux the cells were
washed, dried and exposed to a phosphorimager plate (A). B and C, quantitation of the plates shown in A. B:
non-transfected cells () and cells transfected with wt NKCC1 (). C, cells transfected with representative FPNKCC1 constructs: Y*-NKCC (), NKCC-Y* (), and C-NKCC-Y ().

When comparing the fluxes from non-transfected HEK-293 cells (Fig. 9A: HEK, 9B: open
circles) and cells transfected with wt shark NKCC1 (Fig. 9A: wt, 9B: filled circles) it is
obvious that transfected cells show a higher Rb+ influx due to overexpression of shark
NKCC1. In our experimental setup an additional indication for expression of functional shark
NKCC1 is the shape of the activation curve: shark cotransporter is more sensitive to [Cl-]i
than HEK cell cotransporter. This causes a steeper activation curve of wt NKCC1-transfected
cells compared to non-transfected HEK cells in Fig. 9B. It is obvious that the FP-NKCC1
constructs are active because they show a larger overall flux than non-transfected HEK cells
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(Fig. 9A and C) as well as an activation behavior similar to wt NKCC1 (compare Fig. 9B and
C). Other than differences in the amount of FP-NKCC expression, there were no detectable
differences between wt NKCC1 and FP-NKCC1 expressing cell lines. The ion-binding curves
of the mutants also showed no significant difference to wt shark cotransporter (data not
shown). Together this data proves that our FP-NKCC1 constructs are expressed and
functional in HEK-293 cells.

4.2 Chloride-quenching of YFP

Fig. 10 Chloride-sensitivity of YFP. Cells
in a cuvette were permeabilized for both
protons and chloride by addition of 50 mM
nigericin and 100 mM tributyltin in a buffer
containing 135 mM potassium-gluconate,
0 mM sodium and 0 mM chloride. Subsequently a titration with 1 M NMG-chloride
was performed. A, dilution-corrected effect of
increasing chloride concentration on YFP
() and CFP () fluorescence at pH 6.8. B,
the ratio of total YFP fluorescence to total
CFP fluorescence was measured at different
pH and chloride concentrations: pH 6.8 (),
pH 7.0 (), pH 7.2 (), pH 7.4 (), pH 7.6
() and pH 7.8 ().

YFP is sensitive to quenching by chloride, a fact that we used to monitor [Cl-]i of HEK
cells. Fig. 10A shows the effect of chloride on CFP (closed circles) and YFP (open circles).
For this experiment cells were permeabilized by treatment with 50 mM nigericin and 100 mM
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tributyltin. Tributyltin, a Cl-/H+ antiporter, was used to equilibrate the intra- and extracellular
cellular chloride concentration. Nigericin, a H+/Na+ or H+/K+ antiporter, was used to
equilibrate intra- and extracellular pH and to prevent intracellular pH changes due to the
activity of tributyltin.
In the presence of nigericin and tributyltin YFP is strongly quenched upon addition of
chloride, while CFP fluorescence remains essentially unchanged (see Fig. 10A, data corrected
for dilution). We have used the ratio of the fluorescence intensities of YFP and CFP as a dye
concentration independent measure of intracellular chloride (Fig. 10B). Fig. 10B also shows
the pH dependence of chloride quenching. We will not present any calculation of intracellular
chloride concentrations because we did not determine the intracellular pH in the different
experimental conditions. In control experiments using the pH-sensitive dye SNARF
(Molecular Probes) we did not see large pH changes under the experimental conditions we
use regularly (data not shown), hence we can use chloride-quenching as a relative measure of
intracellular chloride.
Since most of the conditions used in this study change [Cl-]i, we normalized all FRET
measurements to YFP fluorescence as described in Materials and Methods (chapter 3.4.3.2)
and also performed all experiments analyzing FRET and [Cl-]i with both Q69M-YFP and
regular YFP. All FRET experiments shown were performed with Q69M-YFP, though we
generally had similar results with regular YFP (see Fig. 7, Materials and Methods 3.4.3.2).

4.3 FRET in different cell lines
There was significant FRET in all the cell lines: Fig. 11 shows FRETratios calculated as
(CY-CC*bC)/YY in the different cell lines. Because FRET depends on both distance and angle
between the two dyes we have switched the dyes between N and C terminus in both the
double constructs and the cotransfected lines. As a negative control we mixed cell lines that
express either only CFP-tagged or only YFP-tagged NKCC1, these experiments are named
'negative control' in Fig. 11. As explained before (Materials and Methods 3.4.3.2), samples
with no FRET should have a residual value equal to YFP bleed, which was 2.2 ± 0.5%
(shown as a black line and as the right bar in Fig. 11). All samples shown in Fig. 11, except
for the 'negative control' explained above and spectral bleed of YFP, showed significant
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Fig. 11 FRET in different cell lines. The
different cell lines expressing NKCC1
tagged with CFP and YFP show significant
amounts of FRET when measured in
hypotonic buffer ('regular/2') (n=4 or 5,
depending on cell line). Labeled 'negative
control' is a 1:2 mixture of a cell line
expressing only CFP-tagged NKCC1 and
another cell line expressing only YFPtagged NKCC1. Due to the equation we
used to calculate FRET the theoretical
value for samples showing no FRET is
equal to the YFP spectral bleed (~0.2),
which is indicated by a black line and by
the right bar. YFP spectral bleed was
measured with cells that only express YFP.

amounts of FRET.
We measured fluorescence lifetimes of CFP for C-NKCC-Y and Y-NKCC-C, as well as
cell lines expressing only CFP-tagged NKCC1 to get an estimate of the distance between the
two taggs. For these experiments it is not important to use Cl--insensitive YFP because
quenching of YFP (the acceptor) does not affect the lifetime of CFP. Fig. 12 shows the results
of the lifetime experiments.
In most experiments we could resolve three lifetimes. A long and variable lifetime
(between 50 and 200 ns) of very low amplitude (less than 1%) was caused by background
phosphorescence from the instrument and only detected due to the scatter from the cells. We
could not use filters to eliminate this artifact, because they also reduced the fluorescence
signal below the detection limit. We could resolve two lifetimes from CFP. A short lifetime
<1 ns (in most experiments) and a longer lifetime between 2 and 3 ns (in all experiments).
The lifetime data shown in Fig. 12 was fit with single exponential decays because this
rendered more reproducible results than fits with two or three lifetimes. Since the
phosphorescence lifetime was long and of low amplitude we chopped the part of the curves
that was dominated by the artifact (after ~ 20 ns). As the resolution of the instrument was
~1 ns we could not resolve the short lifetime of CFP in some experiments and excluding this
lifetime from all other fits as well rendered more reproducible results.
The results from the lifetime experiments show an overall reduction of the lifetime of CFP
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in the presence of YFP, confirming that there is FRET between CFP and YFP in these cell
lines. There appears to be more FRET in hypertonic ('hyper') buffer than in hypotonic ('hypo')
buffer, a similar result as with steady-state FRET. Since the scatter in the data is rather large
(compare NKCC-C 'hypo' and NKCC-C 'hyper', NKCC-C was our dimmest cell line) we
would need more data for statistics to evaluate the differences in hypotonic and hypertonic
buffer. The average lifetime from CFP in the absence of YFP (pooled results from C-NKCC
and NKCC-C) was 2.46 ± 0.10 ns, the average lifetime in the presence of YFP (pooled results
from C-NKCC-Y and Y-NKCC-C) was 2.15 ± 0.07 ns. The difference in the CFP lifetime in
the presence and absence of FRET is statistically significant in a paired t-test.

Fig. 12 Fluorescence lifetimes of FP-NKCC1 constructs. The top graphs show the fluorescence lifetime
traces of different FP-NKCC1 constructs, the bottom graphs show the residuals from the monoexponential fits.
The graphs on the left show the lifetimes and residuals of the lines: — C-NKCC in hypotonic buffer (2.46 ns),
— C-NKCC in hypertonic buffer (2.43 ns), — C-NKCC-Y in hypotonic buffer (2.12 ns), and — C-NKCC-Y in
hypertonic buffer (2.08 ns). The graphs on the right show: — NKCC-C in hypotonic buffer (2.34 ns), — NKCCC in hypertonic buffer (2.59 ns), — Y-NKCC-C in hypotonic buffer (2.25 ns) and — Y-NKCC-C in hypertonic
buffer (2.13 ns).

Assuming a Förster radius of 60 Å for the CFP/YFP FRET pair and complete rotational
freedom of the fluorescent proteins on NKCC1 the measured decrease of the CFP lifetime
corresponds to a distance of 86 Å between CFP and YFP on NKCC1. The real distance is
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likely larger as there is FRET both between C and N terminus of one cotransporter, and
within a cotransporter dimer.

4.4 FRET responds to cell volume changes
Initially we were hoping to see FRET changes as a response to activation of NKCC1.
Since phosphorylation and activation of the cotransporter are tightly coupled in our
experimental system we applied the same conditions we use in radioactive flux studies to
phosphorylate and activate cotransporter when detected in the fluorometer. There are two
major differences in fluorescence experiments compared to experiments on NKCC1
activation routinely done in the laboratory: first the cells were incubated at room temperature
over night (which did not change the result of fluxes), second, the cells were measured in
stirred suspension, rather than attached to a plate.
In order to confirm that NKCC1 was phosphorylated within the same time-frame as
usually seen, we performed the 'cuvette simulation' experiment, shown in Fig. 13B. Cells
were treated exactly the same way as in the fluorescence experiment shown as gray curve in
Fig. 13A: following several washes (see 3.4.1) and a 2 to 5 minute preincubation in 'regular
flux' buffer the cells were added to a stirred cuvette containing hypotonic low-chloride buffer
at room temperature. After the times indicated below the blots in Fig. 13B and C, cells were
removed from the cuvette and solubilzed in sample buffer (4% SDS). After Western blotting
the samples were probed with the phosphospecific antibody R5 (Flemmer et al., 2002) to
assess the phosphorylation state of the cotransporter.
A Western blot from such an experiment is shown in Fig. 13B. Since the shark
cotransporter in these lines is tagged with two fluorescent proteins it runs with significantly
higher molecular mass than the endogenous HEK cell cotransporter, the two bands are labeled
in Fig. 13B and 13C. The identity of the two bands was confirmed by stripping and reprobing Western blots with J3 antibody, which is specific for shark NKCC1 and selectively
stained the upper band. T4 antibody which, like R5, labels both shark and human NKCC1,
stained both bands (data not shown). Since equal amounts of cells were blotted, the brightness
of the bands in the R5-stained blot reflects the phosphorylation state of NKCC1. Fig. 13B
shows that, under the conditions used in our fluorescence experiments, FP-tagged shark
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Fig. 13 FRET changes do not reflect activation
of NKCC1. Panel A shows an activation
experiment (n=6 experiments). Y*-NKCC-C was
preincubated in condition 8 for 30 minutes and
then transferred to condition 2 in the cuvette
(black trace), or preincubated in condition 2 (for 2
to 5 minutes) and then transferred to condition 8
inside the cuvette (gray trace) (see Fig. 9 for
explanation of different conditions). Under these
conditions NKCC1 is phosphorylated within 30
minutes (gray trace) or dephosphorylated within
15 minutes (black trace). Panel B shows an
activation experiment with cells in suspension
stirred at room temperature inside a cuvette,
similar to the grey curve in panel A. This time
samples were taken after the indicated times,
solubilized, run on a gel, Western-blotted and
exposed to the phosphospecific antibody R5.
Panel C shows a similar experiment as B with
2 μM staurosporine present both during preincubation and in the cuvette.

NKCC1 is being phosphorylated within about 30 minutes. This result corresponds well with
the results from 86Rb+-uptake fluxes and phosphorylation experiments routinely performed on
cells attached to a plate.
The corresponding fluorescence experiments were performed with the cell lines C-NKCCY*, and Y*-NKCC-C. Fig. 13A (gray curve) shows a typical fluorescence trace (this
particular experiment was performed with Y*-NKCC-C, experiments with C-NKCC-Y* look
qualitatively the same, though there are differences in the absolute value of the FRETratio,
data not shown).
From experiments with R5 and from radioactive flux experiments we know that the
preactivated cotransporter is inactivated and mostly dephosphorylated after about 15 minutes
of incubation in 'regular flux' medium. It is unlikely that the dephosphorylation of NKCC1
(black curve in Fig. 13A) is affected when the cells are measured in stirred suspension,
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because dephosphorylation occurs within ~15 minutes even in triton-solubilized cells at room
temperature (data not shown). In the fluorometer this treatment produced the black FRET
curve in Fig. 13A.
FRET was higher in 'regular flux' medium (black trace) than in hypotonic solution (gray
trace), in every experiment we performed. In the experiment shown in Fig. 13A there is a
small FRET increase occurring in the activation (hypotonic, low Cl-) curve between 10 and 20
minutes after adding the cells to the cuvette (gray), and a slight FRET decrease in the
inactivation (isotonic) curve occurring between 2 and 10 minutes after adding the cells to the
cuvette (black). We detected similar small changes in about 60% of the experiments we
performed. Though they occur in the same time frame, these changes do not reflect
phosphorylation and dephosphorylation of the cotransporter, because they are not affected by
the presence of 2 μM staurosporine (data not shown). Staurosporine, a broad kinase inhibitor,
completely prevents phosphorylation and activation of FP-tagged shark NKCC1 in our
experimental system (see Fig. 13C). A likely explanation for these slow changes in FRET are
regulatory volume increase and decrease of the HEK cells.
We assessed the function of staurosporine by probing Western blots with R5: Fig. 13C
shows a Western blot of a similar experiment as shown in 12B, performed in the presence of
2 μM staurosporine (there was a 5 minute preincubation in staurosporine, before the cells
were added to the cuvette). It is obvious that staurosporine completely prevents the
phosphorylation of shark NKCC1 usually seen in hypotonic low-chloride buffer (compare
upper bands in Fig. 13B and C). After 5 minutes preincubation with staurosporine there was
no staining of the upper shark NKCC1 band visible even if contrast was enhanced, indicating
that not only the phosphorylation of shark NKCC1 is prevented, but that shark NKCC1 is also
rapidly dephosphorylated in the presence of staurosporine. For the FRET changes, which we
see both in the presence and absence of staurosporine, this confirms that they are independent
of the phosphorylation state of shark NKCC1.
The effect of staurosporine on HEK cell cotransporter is very slow if significant at all.
When comparing the lower bands in Fig. 13B with 13C there is a decrease in phosphorylation
of endogenous cotransporter both in the presence and in the absence of staurosporine, though
the decrease may be larger and faster in the presence of staurosporine. There are two possible
interpretations for this result: either HEK cell cotransporter is phosphorylated by a different
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kinase or, more likely, its turnover of phosphorylation is significantly slower than that of
shark NKCC1.
In summary, we see a reproducable FRET change when exposing FP-NKCC1 to
conditions routinely used for activation or inactivation, however, this is not a response to
phosphorylation of NKCC1.
We now wanted to determine what induces these changes. An inhibitory chloride-binding
site has been proposed for NKCC1 (Breitwieser et al., 1996; O'Neill and Klein, 1992). Cell
volume-sensing is another possible explanation. It is also necessary to rule out artifacts due to
GFP dimerization. We addressed some of these issues by performing a number of
experiments where we allowed cells to equilibrate to hypotonic buffer ('regular flux', two-fold
diluted) and then added one of three solutions: Na/K/Cl-mix (containing: 0.5 M Na+, 0.5 M
K+, and 1 M Cl-), 1 M NMG-gluconate, or 1 M sucrose. In these experiments we analyzed
FRET changes as well as [Cl-]i and light scatter at 540 nm.
Light scatter is an often-used empirical indicator for cell shrinkage or cell swelling. This is
an indirect measurement because cells are too big to directly measure their size as 'particles'
with visible light. Cell shrinkage has two effects that may change the ability of cells to scatter
visible light. First, there is a change of the refractive index of the cytosol due to the increase
in the concentration of all intracellular solutes. Second, cell shrinkage causes the
plasmamembrane to fold and, as opposed to whole cells, these membrane folds may be small
enough to increase the scatter of visible light. No predictions can be made in which direction
light scatter will be changed upon cell shrinkage, but a qualitative measurement of changes in
cell size can be performed.
The light scatter data shown is not normalized or corrected for dilution of the cells upon
addition of solutions. As expected, dilution of the cells caused a decrease in scattered light in
control experiments where we added the same solution the cells were already in (data not
shown). Addition of solutes caused a rapid decrease in scatter, due to dilution of the cells,
followed by a slower increase in light scatter due to cell shrinkage (red traces in Fig. 14A2,
B2, and C2).
In Fig. 14 the blue traces show the FRETratio in the cell line Y*-NKCC-C, the green
traces show Cl- quenching (YY/CC) in the cell line C-NKCC-Y, and the red traces show light
scatter. Neither CFP nor YFP absorbs at 540 nm so any cell line overexpressing NKCC1
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could be used to measure light scatter. The arrows indicate additions of 200 μl of the
solutions described above: Na/K/Cl-mix (A1 and A2), 1 M NMG-gluconate (B1 and B2), and
1 M sucrose (C1 and C2).

Fig. 14 Increasing FRET upon cell shrinkage. Cells expressing Y*-NKCC-C or C-NKCC-Y were added to a
cuvette containing hypotonic buffer ('regular/2'). The arrows indicate addition of 200 μl of either a 1:2 mixture of
1 M NaCl and 1 M KCl (A1 and A2), 1 M NMG-gluconate (B1 and B2), or 1 M Sucrose (C1 and C2) (n=5). The
green curves in graphs A1, B1, and C1 show changes in the intracellular chloride concentration, as measured by
the ratio YY/CC in cells expressing C-NKCC-Y. The red curves show changes in cell volume measured with light
scatter at 540 nm excitation and emission (A2, B2, and C2). The blue traces (all graphs) show the change in
FRET, measured in cells expressing Y*-NKCC-C.

Overall the observed FRET changes closely mirror changes in cell volume and do not
mirror changes in the intracellular chloride concentration. The largest FRET increase is seen
upon addition of NMG-gluconate, the FRET increase upon addition of Na/K/Cl-mix is
significantly smaller. On the other hand the increase in [Cl-]i (YY/CC is lower due to more
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quenching) is much larger with Na/K/Cl-mix than with NMG-gluconate. We interpret this as
an indication that the FRET change does not occur in response to an increase in [Cl-]i.
The fact that [Cl-]i in cells shrunken with NMG-gluconate does not increase much was
expected, because it is known that HEK cells will loose Cl- when shrunken with impermeable
solutes, and we have confirmed this using C-NKCC-Y (data not shown). [Cl-]i only increases
significantly with the first addition of NMG-gluconate and hardly changes upon further
additions of NMG-gluconate or addition of 1 M sucrose (B1 and C1, green). After the first
addition of NMG-gluconate the cells probably shrink too much and too fast to compensate the
raise of [Cl-]i, by the time the subsequent additions were made the cells have probably
activated Cl- channels.
We expected different cell volume changes with the different solutes. Na+, K+, and Cl- are
ions that can enter the cells, which is seen as an increase in [Cl-]i (drop of the green trace, Fig.
14A1), and the cells also shrink, as reflected in the light scatter (red trace, A2) and by FRET
(blue traces, A1 and A2). NMG+ and gluconate- cannot enter the cells, which is reflected in a
smaller increase in [Cl-]i and a larger expected cell volume decrease, because cells are unable
to import the added ions to regulate their volume (and also loose Cl-).
These expected effects on cell volume are mirrored in the relative FRET increases: the
FRET increase seen with NMG-gluconate is much larger than with Na/K/Cl-mix (B1).
Compared to NMG-gluconate the FRET increase is smaller upon addition of 1 M sucrose (B1
and C1, blue), though sucrose, like NMG+ and gluconate-, cannot enter the cells. This was
also expected because sucrose is only half as osmotically active as NMG-gluconate.
When comparing the scatter data and the FRET data (A2, B2, and C2: red and blue traces,
respectively) it is obvious that the cell volume changes occur within the same time frame as
the FRET increase, also indicating that the FRET change reflects cell shrinkage. Since the
light scatter data is not corrected for dilution, the overall change cannot be interpreted as
easily as in the case of the normalized FRET and [Cl-]i data, and we cannot compare the
overall changes with the different solutes.
We further tested our hypothesis by repeating the same experiments in the presence of
streptolysin O (SLO). Streptolysin O is a toxin which forms pores of variable size in the
membrane. With up to 30 nm diameter streptolysin O pores can be large enough to pass
solutes like NMG, gluconate, sucrose, and even small proteins. Thus, upon the same
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treatment as in the experiments described above, the cells should not shrink.
Another point that could be clarified by this experiment is the effect of ionic strength.
Increases in intracellular ionic strength have been suggested as a potential regulating signal
for KCC, and are also known to enhance GFP dimerization.
Streptolysin O contains a reactive cystein and is rapidly inhibited upon oxidization, to
prevent oxidization all experiments with streptolysin O were performed in the presence of
1 mM DTT, and 10 mM DTT was also added to the streptolysin O stock solution. In control
experiments DTT alone, in the absence of streptolysin O, did not affect the observed FRET
changes (data not shown).
The results with streptolysin O are summarized in Fig. 15: green traces were measured in
the absence and red traces in the presence of streptolysin O, the arrows indicate addition of
solutes. A1, B1, and C1 show additions of 200 μl Na/K/Cl-mix, A2, B2, and C2 show
additions of 200 μl 1 M NMG-gluconate, and A3, B3, and C3 additions of 200 μl (arrows) or
400 μl (arrows with asterisks) of 1 M sucrose. A1 to A3 show FRET changes, B1 to B3 show
chloride quenching, and C1 to C3 show light scatter at 540 nm.
We used chloride quenching and light scatter to evaluate the function of streptolysin O: in
the fluorometer the cells were initially in hypotonic buffer ('regular flux', 2 fold diluted) either
with or without 480 U/ml streptolysin O. In the presence of streptolysin O the light scatter in
hypotonic buffer increased, which was expected: as pores form in the membrane of the
initially swollen cells they shrink (red curves in Fig. 15C1 to C3). In the absence of
streptolysin O (green curves) the cells do not change their volume. Upon the first addition of
200 μl of Na/K/Cl-mix or NMG-gluconate in the presence of streptolysin O the cells appear
to shrink (scatter increase in the red curves in Fig. 15C1 and C2), which does not happen
upon addition of sucrose (C3). We do not know the reason for this, but the initial shrinkage
may be explained by an effect of increased ionic strength on insertion or pore-forming
kinetics of streptolysin O, or reflect a population of non-permeablilized cells. Further
additions of Na/K/Cl-mix or NMG-gluconate (as well as all additions of sucrose) do not
change the cell volume in the presence of streptolysin O: the scatter in the red curves
decreases upon addition of solutes because the cells are diluted. In contrast, in the absence of
streptolysin O (green curves) the scatter initially decreases due to dilution of the cells and
subsequently recovers to the original level or above, as the cells shrink, similar to the
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experiments shown in Fig. 14 A2, B2, and C2.

Fig. 15 In the presence of the pore-forming toxin streptolysin O, both cell shrinkage and the FRET
increase are inhibited. A similar experiment as in Fig. 14 was performed in the presence and absence of 480
Units/ml streptolysin O (n=2 for each solute). The green traces are controls (in the absence of streptolysin O),
the red traces were recorded in the presence of streptolysin O. Arrows mark the addition of 200 μl of Na/K/Clmix (A1 through C1), 1 M NMG-gluconate (A2 through C2), or 200 μl (or 400 μl, arrows with asterisks) of 1 M
sucrose (A3 through C3). Panels A1 through A3 show FRET changes, panels B1 through B3 show changes in
intracellular chloride, and panels C1 through C3 show changes in light scatter at 540 nm.
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Upon addition of Na/K/Cl-mix the intracellular chloride concentration increases both in
the presence and absence of streptolysin O (B1, compare the red and green trace), the only
differences being an overall higher intracellular chloride concentration and a faster increase in
[Cl-]i in the presence of streptolysin O after the first addition of Na/K/Cl-mix. In the absence
of streptolysin O (B1, green) the cells probably activate ion transport pathways which is
reflected in the delay of chloride uptake compared to already SLO-permeabilized cells (B1,
red). Upon addition of NMG-gluconate and sucrose the extracellular chloride concentration
does not increase (there is in fact a slight decrease due to dilution). Any increases in [Cl-]i
upon addition of these two solutes must be due to cell shrinkage. Indeed, with these solutes,
significant increases in [Cl-]i only occur in intact cells (green curves in B2 and B3) and after
the first addition of NMG-gluconate in the presence of streptolysin O (red curves in B2 and
B3).
In the presence of streptolysin O the FRET change is greatly reduced or completely
inhibited (compare the green and red traces in A1 to A3), an effect that matches with the
scatter data and not with the Cl- data. An inhibitory chloride-binding site on NKCC has been
proposed, but we can rule out any effect of chloride on this conformational change: when
comparing Fig. 15 A1 and B1 it is obvious that the FRET change is inhibited in the presence
of streptolysin O, while the [Cl-]i is the same or slightly higher in permeabilized cells
compared to intact cells. Sodium and potassium do not have any effect either, since SLOtreated cells are permeable for these two ions as well. Likewise, we can rule out cell volumesensing via the change in intracellular ionic strength, which has been proposed as a volume
sensing mechanism for KCC: in the presence of streptolysin O the ionic strength inside the
cells increases when Na/K/Cl-mix or NMG-gluconate are added, but the FRET change is
reduced by streptolysin O. Ionic strength could also increase the tendency of FPs to dimerize,
another possible mechanisms for the FRET increase that can be excluded from these
experiments.
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Fig. 16 FRET changes are visible in the microscope. The top row shows confocal images of cells in
hypotonic buffer, the bottom row shows the same cells in hypertonic buffer. The images A through C and E
through F show the cells in the CFP (A and E, blue), FRET (B and F, green), and YFP (C and G, red) filtersets.
D shows a FRET image in hypotonic buffer, H shows a FRET image in hypertonic buffer. The FRET images
were calculated in the same way as fluorometer experiments. YFP bleed (0.293) was not subtracted, but pixelvalues below that number were set to 0. Pixels that are 0 are displayed in black. The bar in image A indicates
20 μm, scaling is the same in all images.

Overall the light scatter data and the FRET data show similar changes upon addition of
solutes in the presence and absence of streptolysin O, confirming that the FRET changes we
detect are closely linked to changes in cell volume.
There is one discrepancy between scatter data and FRET data: upon addition of cells to
hypotonic SLO-containing buffer the light scatter increases for approximately 6 minutes,
consistent with shrinkage of the initially swollen cells upon insertion of streptolysin O. In
contrast to this effect FRET decreases, which would indicate cell swelling. This effect was
reproduced in all experiments performed with streptolysin O. This may indicate that NKCC1
senses cell volume via an increase in the concentration of an intracellular solute, which is
small enough to exit the cells through streptolysin O pores. NKCC1 may sense cell volume
via macromolecular crowding or nucleotide binding. It should be noted that we only
confirmed the permeability of the cells for the solutes used to shrink the cells, so we can
neither rule out nor infer macromolecular crowding as the volume sensing mechanism from
these experiments.
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If the observed FRET change is a real effect caused by a conformational change of the
cotransporter then it should occur at the cell membrane where NKCC1 is active. We cannot
rule out that, in case the cell volume signal is something basic like macromolecular crowding,
there maybe an effect on internalized NKCC1, however, an effect that is exclusively seen at
the cell membrane is more likely. We addressed this question by confocal microscopy. The
cells used for these experiments were not preincubated at room temperature over night,
because we were particularly interested in seeing a difference between cotransporter inside
the cells versus cotransporter at the cell membrane.
Images from one such experiment are shown in Fig. 16. The images in the top row (Fig.
16A through D) show Y*-NKCC-C cells in hypotonic buffer, the bottom row (Fig. 16E
through H) shows the same cells in hypertonic buffer. In Fig. 16 the blue images (A and E)
show the image seen in the CFP filterset, the green images (B and F) show the FRET filter,
and the red images (C and G) show the YFP filter (for wavelengths see Materials and
Methods 3.4.5). In hypertonic buffer the cells are shrunk compared to hypotonic buffer.
Because the images shown were taken at the base of the cells, close to the coverslip, this is
seen as an increased brightness, rather than a smaller diameter of the cells. The increased
brightness under hypertonic conditions was seen in all experiments we performed. The two
right images (D and H) show the FRET images which were calculated from the images in the
different filtersets. It appears that there is overall more FRET in the cells in hypertonic than in
hypotonic buffer. While some of the cell membranes are brighter, most behave like the
background. We may have mainly imaged membrane in these particular images, since the
picture was taken very close to the coverslip and we did not use a pinhole in order to catch
more fluorescence light from the cells. We did see some membranes increasing in brightness
significantly more than the rest of the cells.

4.5 Cytoskeletal inhibitors and ionomycin
There are various signals by which proteins can sense cell volume changes. Some proteins
sense direct signals like the intracellular ionic strength, macromolecular crowding, cellmembrane stretch or curvature, or membrane-potential changes. Other mechanisms involve
prior activation of signaling cascades such as the phosphoinositide or eicanoside metabolism
60

Results
and phosphorylation cascades. Another possible mechanism is the transduction of cell volume
changes by the cytoskeleton, for a review see (Jakab et al., 2002). We have only attempted to
inhibit some of the pathways which have been previously shown to affect cotransporter
regulation.
From the streptolysin O experiments we can exclude that changes in the intracellular ionic
strength or intracellular Na+, K+, or Cl- have an effect on the observed conformational change.
There is the possibility that NKCC1 senses macromolecular crowding or binding of some
other molecules (e. g. there are reports of possible effects of direct binding of nucleotides to
NKCC1 (Altamirano et al., 1990; Ueberschär and Bakker-Grunwald, 1985)). Another likely
possibility would be phosphorylation of NKCC1 by a volume-sensitive kinase. Regulatory
phosphorylation on the N terminus is essential for activation of NKCC1, but phosphorylation
occurs over longer time periods than the cell volume sensitive conformational change which
we monitor with FRET. There are additional phosphorylated residues on NKCC1, but it is
unlikely that the conformational change is induced by phosphorylation on such residues since
staurosporine, a broad inhibitor of serine/threonine kinases, did not have any effect on the
conformational change upon cell shrinkage. To date there is no evidence for phosphorylation
of tyrosine residues on NKCC1, making a tyrosine kinase an unlikely regulator.
Many studies have shown an involvement of the cytoskeleton in cell volume-sensitive
cotransporter regulation. We have performed experiments with four different cytoskeletal
inhibitors: latrunculin B and cytochalasin C and D, which depolarize actin fibers, as well as
jasplakinolide which stabilizes f-actin. Cytoskeletal inhibitors were stored as stock solutions
in DMSO and used in concentrations commonly described in literature: 25 μM latrunculin B,
20 μM cytochalasin C, 20 μM cytochalasin D, and 5 μM jasplakinolide (all cytoskeletal
inhibitors were purchased from Alexis Biochemicals). For treatment with jasplakinolide cells
were incubated for 1 hour in the presence of the inhibitor at 37 ˚C prior to the experiment.
Since the other inhibitors are reported to enter cells without any delay, we did not perform
long preincubations with these inhibitors. Control experiments were performed in the
presence of DMSO.
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Fig. 17 Cytoskeletal inhibitors and Ca2+ have no effect on FRET. Black and blue traces are in the absence,
red and green traces are in the presence of cytoskeletal inhibitors or ionomycin. A shows the effect of 5 μM
jasplakinolide (1 hour preincubation in hypotonic or hypertonic buffer at 37 ºC). There is no effect on either
steady state FRET under hypertonic (compare blue and green traces) or under hypotonic (compare black and
red) conditions. Jasplakinolide does not change the responses to cell shrinkage or cell swelling (compare black
and red and blue and green curves, respectively) induced by additions (arrow) of 400 μ1 of 1 M NMGgluconate or 1 ml of water. B shows a similar experiment as A with cytochalasin C (first arrow marks addition
of cytochalasin C, 20 μM, or DMSO). Again preshrunk cells were swollen by addition of 1 ml water (blue and
green) or preswollen cells were shrunk by addition of 400 μl of 1 M NMG-gluconate (black and red). C,
cytochalasin C and latrunculin B (red and green trace, respectively) had no significant effect compared to
control cells (black trace). The cells were in hypotonic buffer when inhibitors (20 μM cytochalasin C and
25 μM latrunculin B) or DMSO were added (first arrow) and then shrunk by three additions of 200 μl of 1 M
NMG-gluconate (three black arrows). D, increasing the Ca2+-concentration inside the cells by addition of
ionomycin (1 μM) to cells in buffer containing either 0.25 mM (red) or 5 mM (green) Ca2+, did not change
FRET in hypotonic buffer nor the response to cell shrinkage induced by three additions of 200 μl of 1 M NMGgluconate (arrows), compared to control cells (black). All negative controls were performed in the presence of
solvent (DMSO). All experiments used the cell line Y*-NKCC-C.

The results of these experiments are shown in Fig. 17A, B, and C. Fig. 17A shows that
stabilizing f-actin with jasplakinolide (red and green traces) had no effect on either steady
state FRET in cells in hypotonic or hypertonic media nor did it have any effect on FRET
changes induced by shrinking the cells with an addition of 400 μl 1 M NMG-gluconate
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(compare black and red traces) or swelling the cells by addition of 1 ml water (compare blue
and green traces).
Cytochalasin and latrunculin depolarize the cytoskeleton by different mechanisms. Fig.
17B shows an experiment with cytochalasin D. The first addition in all four traces was
cytochalasin D (red and green traces) or DMSO (black and blue traces), cytochalasin D did
not change the steady state FRET, nor did it have any effect on FRET changes induced by
addition of 400 μl 1 M NMG-gluconate (black and red traces) or 1 ml water (blue and green
traces). Fig. 17C shows effects of addition of cytochalasin C and latrunculin (first arrow).
Again we did not see any significant changes in steady state FRET or the FRET increase
induced by three additions of 200 μl 1 M NMG-gluconate (arrows).
Recently Shin et al. (2004) have shown that changes in the intracellular Ca2+ concentration
can rapidly and directly activate NKCC1 in nasal epithelial cells. We determined whether
changing the intracellular Ca2+ concentration has any effect on the observed FRET or FRET
changes. Neither addition of ionomycin (Sigma) in the presence of 0.25 mM Ca2+ nor addition
of ionomycin in buffer with elevated (5 mM) Ca2+ had any significant effect on FRET or
FRET changes. We performed a total of 3 separate experiments on different days.
While there is evidence for an effect of pH on NKCC, we have not investigated this. Since
fluorescent proteins are pH-sensitive in physiological range it is very likely that it would have
been difficult, to interpret any FRET data on pH-sensitivity of NKCC1.

4.6 Cotransfections of single-tagged NKCC1
In section 4.3 it was shown that there was significant FRET not only in the cell lines
expressing NKCC1 tagged with both CFP and YFP but also in cell lines cotransfected with
CFP- and YFP-tagged transporter. In order to observe FRET between two fluorescence dyes,
they have to be within 100 Å of each other. Therefore for FRET to occur, in case of two GFPtagged proteins, there has to be an actual interaction between these two proteins, either due to
binding of the tagged proteins, or due to dimerization of the GFP tags. NKCC1 dimerization
is a possible explanation for FRET seen in these cell lines, because it has been previously
shown that NKCC1 is likely to function as a dimer (Moore-Hoon and Turner, 2000).
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Fig. 18 Adjusted FRET. A, the
ratios of CFP to YFP fluorescence
in the different lines (CC/YY).
These ratios were used to adjust
FRET for differing relative
amounts of CFP and YFP in the
different lines. R50 are ratios from
the lines expressing double constructs, in these lines the concentration of CFP should be the
same as the concentration of YFP.
R are ratios from cotransfections,
in these lines the two concentrations of CFP and YFP can
differ. B, the adjusted FRET for
cell lines expressing tagged cotransporter. The number of experiments averaged was different in the
different lines and ranged from 6 to
11. Experiments, which differed
from the majority of experiments
with a certain cell line in FRET/YY
or CC/YY, were excluded from the
calculation, as they may represent
pipetting errors.

GFP dimerization is also a possible explanation. Whenever CFP and YFP are coexpressed,
depending on the concentration of the dyes, a certain amount FRET from dimerization can be
expected. Additionally, there can be spurious FRET from GFP molecules randomly coming
close enough to one another to produce FRET, this is also concentration dependent (Stratton
et al., 2004). The FRET efficiency in a heterodimer of CFP and YFP has been estimated to be
about 90% (Tsien, 1998). FRET efficiencies from tagged interacting proteins commonly are
significantly lower, in our case between 8 and 12% as seen in fluorescence lifetime
experiments (Fig. 12). If there is background FRET from GFP dimerization comparatively
few GFP dimers could cause a significant FRET signal in the same range as FRET from an
interaction of tagged proteins.
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In cotransfections single-tagged NKCC1 can dimerize in three different ways: there will be
dimers of two CFP-tagged cotransporters, or two YFP-tagged cotransporters, and there will
be dimers consisting of one CFP- and one YFP-tagged NKCC1. FRET will only occur within
the latter dimers. The FRETratio underestimates the real amount of FRET in the
cotransfections, because it is normalized by total YFP, i. e. YFP that is part of CFP-YFP
dimers plus YFP in YFP-YFP dimers. In order to compare the different cell lines FRET
should only be normalized by the fraction of YFP that is in CFP-YFP dimers. We have
corrected the FRET values shown in Fig. 11 (section 4.3) to account for the different
expression ratios for CFP and YFP in the different cell lines, using the ratio of CFP to YFP
fluorescence (see Fig. 18A, R50 and R) as a measure of the fractions of the two dyes (see
Materials and Methods, 3.4.3.4). This adjusted FRET is only normalized by the amount of
YFP which is actually in CFP-YFP dimers, hence it should be and is larger than the
unadjusted values (FRETratio) shown in Fig. 11. No correction is necessary for the doubletagged constructs, because there should be only dimers with both CFP and YFP. Fig. 18B
shows the adjusted FRET for the cotransfected lines and FRET/YY of the double-constructs.
Fig. 18A shows the ratio CC/YY, which corresponds to the total CFP fluorescence divided
by the total YFP fluorescence seen in the cell lines. While the ratio of the CFP to YFP
concentrations should be 1 in the double-tagged cotransporter, this does not hold true for the
fluorescence ratios, because YFP has a higher absorption coefficient and a higher quantum
yield than CFP, and additionally, the measured fluorescence ratios are affected by
instrumental artifacts, e. g. the variable brightness of the lamp at different wavelengths. The
ratios (R) can only be compared because we have references for equal amounts of CFP and
YFP: C-NKCC-Y* and Y*-NKCC-C (R50). For the calculation of adjusted FRET values we
assumed that the loss of CFP fluorescence due to FRET is negligible. R50 values were
measured in cells in hypotonic buffer, to keep the error due to FRET as small as possible.
The FRET efficiency depends on both the angle and distance between the donor and
acceptor, leading to some interesting observations in Fig. 18B: there is more FRET in cell line
C-NKCC-Y* than in Y*-NKCC-C (p = 0.001). Since the distance between CFP and YFP
should be the same in those two lines this has to be due to different orientations of donor and
acceptor on the N and C terminus. Differences in the folding efficiencies of the fluorescent
proteins on the C and N terminus cannot explain this difference, because upon cell shrinkage
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FRET in Y*-NKCC-C raises above FRET in C-NKCC-Y* (see Fig. 19). Interestingly, a
similar difference can be seen in the corresponding cotransfections: C-NKCC+NKCC-Y*
shows more FRET than Y*-NKCC+NKCC-C (p = 0.01). There appears to be more FRET in
cotransfected NKCCs tagged on the same end: C-NKCC+Y*-NKCC and NKCC-C+NKCCY* show significantly higher FRET than C-NKCC+NKCC-Y* (p < 0.001 and p = 0.04,
respectively) or Y*-NKCC+NKCC-C (both p << 0.001).
Fig. 19 FRET traces upon
addition of NMG-gluconate (arrows). The effect of
3 additions of 200, 200, and
400 μl of 1 M NMG-gluconate to the cell lines: CNKCC-Y* (black), Y*NKCC-C (red), C-NKCC+
Y*-NKCC
(green),
CNKCC+NKCC-Y* (yellow),
Y*-NKCC+NKCC-C (blue),
NKCC-C+NKCC-Y* (pink),
and negative control (cyan).
The negative control shown
was a 1:2 mixture of NKCCC and NKCC-Y* (all possible combinations of negative controls had similar
results). The black line indicates the YFP bleed (no
FRET), the dotted lines indicate the standard deviation
of the YFP bleed.

Fig. 19 shows the effect of addition of NMG-gluconate (and subsequent cell shrinkage) on
FRET in cells expressing NKCC1 tagged with two FPs, cells coexpressing single-tagged
NKCC1, and negative control. The spectral bleed from YFP (theoretical result in the absence
of FRET) is shown (black line) with standard error (dashed black lines). The cotransfected
lines show the same FRET increase as the double tagged lines with similar transition times
into the new steady state: the increases occur within 60 to 100 s after the first addition of
NMG-gluconate, subsequent additions have a faster response time.
As negative control we used a mixture between the two cell lines NKCC-C and NKCCY*. Since CFP and YFP are in different cells no FRET is expected so that this mixture serves
as a control for our mathematical corrections and for any FRET-like changes induced by
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addition of solutes which may affect CFP and YFP fluorescence differently. Though there is
an overall drift in the control curve (Fig. 19, cyan) causing an increase in the residual there
are no characteristic transients upon addition of NMG-gluconate, and, as expected, there is no
significant FRET.

Fig. 20
Normalized FRET changes
measured in different cell lines. The bar
plots show the increase in FRET/YY seen in
the different cell lines upon addition of solutes normalized to FRET obtained at
170 mOsm. The top graph ('Na/K/Cl-mix')
shows normalized increases upon consecutive
additions of 200, 200, and 400 μl of
Na/K/Cl-mix, the middle graph ('NMGgluconate') shows the same for additions of
200, 200, and 400 μl of 1 M NMGgluconate, and the bottom graph ('Sucrose')
for two consecutive additions of 400 μl of
1 M sucrose. The osmolarities were measured
and, because all solutes yielded very similar
results, averaged. The fluorescence data is
averaged from 2 to 4 experiments (depending
on cell line and solute). In some experiments
there was a linear drift in the raw
fluorescence data. The drift was recognized
by eye and corrected with a program (Drifter,
H.-J. Apell).

In order to compare FRET changes in the different cell lines we subtracted residual YFP
bleed constant leading to FRET/YY, which is described in Materials and Methods 3.4.3.2. We
normalized the FRET signals after addition of solutes to FRET seen in hypotonic buffer
('regular flux', two-fold diluted) (Fig. 20). The osmolarities listed in Fig. 20 were measured
before and after addition of the different solutes to hypotonic buffer in the absence of cells.
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The additions made were 200, 200, and 400 μl of Na/K/Cl-mix or 1 M NMG-gluconate, and
two additions of 400 μl of 1 M sucrose.
As described before (chapter 4.4) FRET increases upon addition of NMG-gluconate
(middle panel) are higher than upon addition of Na/K/Cl-mix (top panel), because the cells
are impermeable to NMG-gluconate. Cells are also impermeable to sucrose, but sucrose is
osmotically only half as active as NMG-gluconate, thus, the FRET increase as well as the
increase in measured osmolarity are the same for additions of 200 μl NMG-gluconate as for
400 μl sucrose (compare middle and bottom panel, 311 and 425 mOsm). This again illustrates
the dependence of FRET on cell volume.
As seen before, when comparing FRET levels in the different lines, the line C-NKCC-Y*
behaves analogously to C-NKCC+NKCC-Y* and Y*-NKCC-C behaves analogously to Y*NKCC+NKCC-C: the measured FRET increases with all three solutes are significantly larger
when the CFP is on the C terminus and YFP is on the N terminus than when the two dyes are
exchanged. When comparing C-NKCC-Y* and Y*-NKCC-C in Fig. 19 it is obvious that,
while starting at a lower FRET level, the FRET increase upon cell shrinkage in Y*-NKCC-C
is large enough to raise the FRET level above that of C-NKCC-Y*. The same occurs with the
adjusted FRET in Y*-NKCC+NKCC-C compared to the adjusted FRET in CNKCC+NKCC-Y* before and after addition of NMG-gluconate (data not shown).

4.7 Cotransfections with wt NKCC1
It is well known that NKCC1 as well as NKCC2 may be regulated in part by interaction
with inactive homologs or splice variants (Caron et al., 2000). Since all cell lines tested
showed similar FRET changes we were interested whether the observed FRET change
reflects increased dimerization of NKCC1. In order to address this problem we cotransfected
HEK cells with both wt NKCC1 and Y*-NKCC-C, which showed the largest FRET increase
of the constructs. We selected cell lines with different relative amounts of wt and tagged
cotransporter.
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Fig. 21 Results from cotransfections with wt NKCC1. A
shows the FRET increase per
mOsm seen in various cell lines
expressing either Y*-NKCC-C and
wt NKCC1 or Y*-NKCC-C alone
(n=6). B, FRET at 425 mOsm in
the same lines (n=6). C shows a
Western blot of the investigated
cell lines and an additional cell line
expressing only wt NKCC1. This
blot illustrates that there are
different relative amounts of wt
NKCC1 and Y*-NKCC-C in the
lines. The ratios of tagged versus
non-tagged NKCC1 were determined at the regions indicated on
the right hand side of the blot.
Since the two bands overlap we
could not quantify the entire bands.

In a cell line that coexpresses wt NKCC1 and Y*-NKCC-C there can be three different
types of dimers: if a dimer contains two Y*-NKCC-C FRET should arise from within a
monomer as well as from within the dimer. In a dimer which contains Y*-NKCC-C and wt
NKCC1 FRET should only originate from within the monomer. Dimers of two wt NKCC1
will be invisible by fluorescence.
If the FRET change indeed reflects the formation of cotransporter dimers we would expect
the FRET increase to be reduced in the presence of wt NKCC1 and this reduction should
depend on the relative amount of wt versus tagged NKCC1. In addition, these experiments
serve as a further control for the question whether the FRET we see is real: if FRET depends
on cotransporter dimerization it has to be reduced in the presence of wt NKCC1 at all
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osmolarities.
Fig. 21 summarizes the results from these cotransfection experiments: we selected lines
which expressed both tagged and non-tagged cotransporter in different ratios from Western
blots, a typical blot is shown in Fig. 21C. It should be noted that these blots were probed with
J3, a monoclonal antibody which is selective for shark NKCC1, and we cannot see how much
HEK cell cotransporter is present in the different cell lines. Since mutated inactive shark
NKCC1 exerts a dominant negative effect on the endogenous HEK cell cotransporter
(Darman and Forbush, 2002), both transporters probably dimerize. The results should not be
strongly affected by the presence of HEK cell cotransporter for two reasons: first, tagged and
non-tagged shark NKCC1 are overexpressed, and second, overexpression of shark NKCC1
does not inhibit expression of HEK cell cotransporter, making it unlikely that there are very
different amounts of endogenous NKCC in the different cell lines. Dimerization with
endogenous NKCC1 probably only exerts a small effect which is approximately constant in
the different lines.
The blot in Fig. 21C also shows cell lines expressing only wt NKCC1 and only Y*NKCC-C. Shark NKCC1 runs at a slightly higher molecular weight on gels than HEK cell
cotransporter, causing the bands of tagged and non-tagged cotransporter to overlap partially
(compare Fig. 13B and Fig. 21C). The marks on the right side of the blot indicate the regions
used to quantify wt and tagged cotransporter. The ratios of wt to tagged cotransporter (shown
in Fig. 22) were calculated from 5 different Western blots from 3 different days.
Fig. 21A shows the FRET change in percent FRET increase per mOsm in representative
cell lines. This value was calculated from the amounts of FRET before and after addition of
400 μl of NMG-gluconate. We chose NMG-gluconate because it had the largest effect of all
solutes tested. We performed three additions of 200, 200, and 400 μl of 1 M NMG-gluconate.
While the FRET increases per mOsm after the first two additions (200 and 400 μl total) were
the same in all lines the last addition (800 μl total) showed a reduced FRET increase. This
was statistically significant in at least two cell lines, indicating saturation of the FRET
increase. Fig. 21A shows the results from addition of 400 μl NMG-gluconate (this
corresponds to an increase of 255 mOsm).
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Cell lines
A

Y*-NKCC-C
#18

B

C

#16

#5
#11
#14

Expectations

Results from paired t-test

No significant
differences within A

No significant difference between Y*-NKCC-C and
# 18

Higher FRET than cell
lines from groups B, C,
and D

Y*-NKCC-C: significantly higher than all lines
except # 18 and #16
# 18: significantly higher than all lines except Y*NKCC-C

Less FRET than group A Less FRET than in #18, but no significant
difference between #16 and Y*-NKCC-C
Higher FRET than
groups C and D

Higher FRET than # 12 (D), but no significant
difference from any cell line in group C

No significant
differences within C

No significant differences between # 5, # 11, and
# 14

Less FRET than groups
A and B

Significantly less FRET than group A, but no
significant difference to # 16 (B)

Higher FRET than D

# 11 and # 14: more FRET than # 12
# 5: difference to # 12 not significant

Less FRET than all other Significantly less FRET than all lines except # 5
cell lines (groups A, B,
and C)
Table 2. Results from paired t-test on the data from cotransfections of wt NKCC1 and Y*-NKCC-C.
Summarized results from a paired t-test performed on the data shown in Fig. 21B. Cell lines expressing similar
amounts of wt NKCC1 were grouped. The left column shows groups expressing only Y*-NKCC-C (group A),
and groups coexpressing Y*-NKCC-C with increasing levels of wt NKCC1 (groups B through D). The column
'cell lines' shows the different lines included in each group (compare with Fig. 21C). The column 'expectations'
states the expected effects of the different expression levels of tagged and wt NKCC1 on the FRET level. The
column 'results from paired t-test' shows whether the expectations for each cell line or each group was met by the
experimental results and whether the results were significant in a paired t-test. A result of p ≤ 0.05 from the t-test
was regarded as a significant difference.
D

#12

The FRET increase seen upon cell shrinkage was not affected by the amount of wt NKCC1
coexpressed, the only statistically significant difference was seen between the lines Y*NKCC-C and # 12. The difference between Y*-NKCC-C and # 18 which both do not express
wt NKCC1 (Fig. 21A and C) is not significant. Line # 18 (as well as the other cotransfected
lines) expresses a G-418 resistance while Y*-NKCC-C does not. In cells which are mocktransfected with the vector pJB, as a negative control for 86Rb+-uptake fluxes, the activation of
the HEK cell cotransporter is changed. The mechanism of the effect of a mock-transfection
on the endogenous cotransporter is unknown, but line # 18 probably is the better control in
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these experiments.
Fig. 21B shows the FRET levels in all lines. As expected, the FRET levels at all
osmolarities tested depend on the relative amount of tagged and wt NKCC1 expressed. In
order to check the statistical significance of the differences we performed a paired t-test, a
result of p ≤ 0.05 was regarded as significant difference. The results of the paired t-test are
summarized in Table 2, and confirm that the FRET level is affected by coexpression of wt
NKCC1 in a concentration-dependent manner. This shows that the FRET we detected
depends on the multimerization of NKCC1, and not merely on the dimerization of fluorescent
proteins.
In a cell line expressing equal amounts of wt NKCC1 and Y*-NKCC-C, one would expect
to see only 25% of the FRET seen in the absence of wt NKCC1. The differences between the
cell lines shown here are much smaller than that. This result indicates that, while part of the
FRET seen in Y*-NKCC-C-transfected cells is due to formation of cotransporter dimers and
can be competed by expression of wt NKCC1, another component of the FRET signal arises
between the C and N terminus of an NKCC1 monomer. This confirms the results from the
cotransfections of single-tagged NKCC1, which also show reduced adjusted FRET compared
to the double-tagged NKCC1 (see Fig. 18).
Fig. 22A shows a scatter plot of the data shown in Fig. 21. FRET in the different
cotransfected lines on the y-axis plotted against the ratios of wt NKCC to Y*-NKCC-C on the
x-axis (black data points). There is a dependence of FRET on the relative amounts of tagged
and untagged NKCC1, which can be fitted reasonably well with equation (3.11).
If FRET was caused by GFP dimerization rather than NKCC1 dimerization one would
expect a strong dependence of FRET on the total concentrations of CFP and YFP, and, in this
case, on the concentration of YFP because the concentrations of CFP and YFP are equal in
the double-tagged construct. We plotted the YFP concentration (measured relative to YFP
fluorescence in line # 11) against the FRET level (Fig. 22B). There is no obvious trend in this
data and we did not get a good fit with either a linear or a quadratic equation. Since we did
not select for cell lines with large differences in the total concentration of tagged
cotransporter we cannot rule out that there is some dependence of FRET on YFP
concentration. However, this does not affect the conclusion that, in the cell lines used for the
experiments shown here, FRET depends mainly on dimerization of NKCC1.
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Fig. 22 Relationship between blot-ratio and FRET. A Scatter plot of the ratios between wt NKCC1 and
Y*-NKCC-C and FRET in the cell lines shown in Fig. 21. The red curve shows a fit with equation (3.11). The
correlation coefficient from the fit is r=0.96, indicating good correlation between the two values. B Scatter
plot of the relative YFP concentrations in the different cell lines (normalized to YFP fluorescence in line #11)
against FRET in the same lines. The red lines show a linear and a quadratic fit of the data. The correlation
coefficient is r=0.56 for both fitting equations, indicating a poor correlation between the YFP concentration
and FRET.

4.8 Results from FP-tagged PASK and PP1
PP1 is the phosphatase which dephosphorylates and inactivates NKCC1. It is known from
immunoprecipitation experiments that PP1 binds to the N terminus of NKCC1 (Darman et
al., 2001). We have cotransfected CFP-tagged PP1 (C-PP1) into HEK cells which express
Y*-NKCC in order to use FRET to find conditions under which PP1 is bound to NKCC1, a
problem which could not be solved with immunoprecipitation experiments.
We also cotransfected C-NKCC cells with Y*-PASK, a kinase which binds to the N
terminus and, when overexpressed, modifies its phosphorylation and activation profile. In
immunoprecipitation experiments it was previously shown that PASK is bound to NKCC1
under both activating and inactivating conditions (Dowd and Forbush, 2003). Since FRET
experiments have better time resolution than immunoprecipitations, we were hoping to detect
subtle differences in the affinity of PASK to NKCC1.
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Fig. 23 PP1 and PASK. A,
FRET in cell lines cotransfected with Y*-NKCC+CPP1 and C-NKCC+Y*PASK. As a negative control
a 1:2 mixture of the lines CNKCC and Y*-PASK was
used. There was detectable
FRET in the line C-NKCC+
Y*-PASK, but no FRET in
Y*-NKCC+C-PP1 (n=4 CNKCC+Y*-PASK and n=5
for Y*-NKCC+C-PP1). B
shows a confocal image of
C-NKCC+Y*-PP1.
Y*NKCC is shown in green and
C-PP1 is shown in red. C
shows a transient transfection of C-NKCC with Y*PASK, C-NKCC is shown in
green, while Y*-PASK is
shown in red. The white bars
in B and C indicate 10 μm.

Fig. 23 summarizes the results from experiments with both PP1 and PASK. Fig. 23B
shows an image of a stable HEK cell line transfected with Y*-NKCC (green) and C-PP1
(red). While NKCC1 localizes to the cell membranes and, to a smaller extent, the ER, PP1 is
predominantly localized inside the nuclei. Though this is a rather strange finding, since PP1 is
not exclusively active in the nucleus of the cell, it matches with the results of another group
that has transfected mammalian cells with FP-tagged PP1 (Trinkle-Mulcahy et al., 2001). It is
possible that the nuclear localization of PP1 is an artifact caused by the FP tag. Interestingly,
we could select PP1-expressing stable cell lines in the presence of 5 nM of the phosphataseinhibitor calyculin A (Alexis Biochemicals), a concentration non-transfected cells did not
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survive in (data not shown). This indicates that the FP-tagged PP1 is at least partially active.
Fig. 23C shows a microscope image of the cell line C-NKCC transiently transfected with
Y*-PASK. As opposed to another report (Piechotta et al., 2002) we did not see PASK
localized to the cell membranes, but rather dispersed throughout the cells. This finding may
be caused by overexpression of PASK.
Fig. 23A shows an activation/inactivation experiment with the stable cell lines Y*NKCC+C-PP1, C-NKCC+Y*-PASK, and an equal mixture of the lines C-NKCC and Y*PASK as a negative control. The cell line Y*-NKCC+C-PP1 exhibited no significant FRET, a
likely result considering that the YFP-tagged PP1 apparently resides in the nucleus and cannot
bind to NKCC1 at the membrane. On the other hand C-NKCC+Y*-PASK showed a strong
FRET signal which underwent the same cell volume-sensitive changes as FRET in cell lines
expressing CFP- and YFP-tagged cotransporter (compare Fig. 13A and Fig. 23A). Though
this is initially a disconcerting result, it is not unlikely: in immunoprecipitations there was no
detectable difference in PASK binding under activating and inactivating conditions. If PASK
is strongly bound to the N terminus and remains there under all tested conditions, we would
expect C-NKCC+Y*-PASK to behave like a cell line transfected with NKCC1 with both tags
on the N terminus, i. e. similar to C-NKCC+Y*-NKCC. Since C-NKCC+Y*-NKCC indeed
shows cell volume-sensitive FRET changes it is not surprising to see the same in CNKCC+Y*-PASK.
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5 Discussion
Using FRET we wanted to show that NKCC1 is multimerized and were hoping to see
conformational changes which may be involved in ion transport or activation of NKCC1. We
could demonstrate multimerization of NKCC1 by FRET. We also detect phosphorylationindependent cell volume-sensitive FRET changes. There is no previous evidence for a
conformational change of NKCC1 upon cell volume changes, but because NKCC1 is
activated in a cell volume-sensitive manner such a conformational change may play a role in
cotransporter regulation. In the following it will be discussed why we believe that the FRET
and FRET changes we see reflect properties of the cotransporter, and how a cell volumesensitive conformational change may be involved in the regulation of NKCC1.

5.1 Structural implications
5.1.1 Experimental results
An equal mixture of two cell lines, one of which expresses only CFP-tagged NKCC1,
while the other line only expresses YFP-tagged NKCC1, yielded on average no FRET signal
(Fig. 11). This proves that there are no artifacts due to buffer or background fluorescence,
which would cause us to detect FRET where there is none.
There was detectable FRET in all the stable cell lines expressing CFP- and YFP-labeled
cotransporter we made. While this was unexpected, it may be explained the fact that the
domains of NKCC1 we tagged present the FP with a high flexibility. The N terminus in
particular has a very high prediction of flexibility (e. g. from programs like PONDR). This
may also be true for the C terminal loop we attached the FP to. The fact that this loop is not
very highly conserved and has no predicted secondary structure, together with the fact that
attaching FPs to this loop does not affect the function of NKCC1, shows that this part of the
C terminus is likely located on the outside of the structure and may also have some flexibility.
This flexibility may facilitate dimerization of the FPs, and dimerization likely explains part of
the FRET signal we detect. A significant portion of the FRET signal is most likely caused by
the organization of NKCC1 itself.
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From experiments with a cell line cotransfected with Y*-NKCC and a CFP-tagged large
conductance potassium channel we have evidence that there may be a significant background
from either spurious FRET or FP dimerization. While there was some steady-state FRET in
this cotransfection, no significant FRET increases could be observed due to cell shrinkage
(data not shown). It is very likely that there is some background FRET caused by FP
dimerization in our NKCC1 cell lines as well, however, there are two lines of evidence that, if
not all, at least a major component of the FRET we could see between our CFP- and YFPtagged NKCC1 constructs was caused by cotransporter dimerization.
FRET was higher in the cell lines transfected with the double-constructs (C-NKCC-Y*
and Y*-NKCC-C) than in any of the cotransfected lines. This can be explained because, in
addition to FRET within the dimer, FRET occurs between the N and C terminus of a single
cotransporter molecule.
In all cell lines it appears to be important at which position on the cotransporter which of
the two tags are located (see Fig. 18): in the C-NKCC-Y* construct CFP is located on the N
terminus and YFP on the C terminus. In hypotonic buffer this cell line shows a significantly
higher FRET level than the cell line expressing Y*-NKCC-C, where the tags are switched,
i. e. YFP on the N terminus and CFP on the C terminus. A similar difference was observed in
two corresponding cotransfected lines, C-NKCC+NKCC-Y*, with CFP on the N terminus of
the one construct and YFP on the C terminus of the other, showed a higher adjusted FRET
level than the cell line Y*-NKCC+NKCC-C, in which the tags were exchanged. Such effects
are expected with FRET, since FRET depends not only on the distance between donor and
acceptor, but also on the angle between the emission and excitation transition dipoles of
donor and acceptor, respectively (see the Förster equation (2.3)). These angles can change if
the dyes are attached to different locations on a protein.
This finding is not explicable by FP dimerization. CFP and YFP have different
chromophores, the other parts of the proteins are very similar. The chormophores are buried
inside a β barrel which is essential for fluorescence because it protects the fluorescent
moieties from the environment. Most mutations or truncations in these regions abolish
fluorescence. The dimerization interface of GFP is part of this β barrel, and it is similar in all
color variants of GFP. The dimerization of CFP and YFP could be affected by the location of
these tags on a protein, because there may be steric hindrances. However, in the experiments
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described here, the locations of the tags on NKCC1 are the same, and we merely exchanged
donor and acceptor. It is highly unlikely that such an exchange could modify the steric
hindrance of CFP-YFP dimerization because, in either case, the dimerization interfaces of the
two dyes should be in a similar orientation and location with respect to each other.
The second line of evidence that FRET is caused by NKCC1 dimerization and not FP
dimerization, comes from the cotransfection experiments with untagged NKCC1 and Y*NKCC-C (Fig. 21). These experiments clearly indicate that FRET is reduced by competition
of Y*-NKCC-C with untagged cotransporter in a concentration-dependent manner. Such a
result can only be explained in one way: a significant portion of the FRET detected in the
construct Y*-NKCC-C has its origin in NKCC1 multimerization.

5.1.2 Dimerization of NKCC1
From our FRET experiments we can conclude that functional shark NKCC1 is
multimerized in HEK cells. There are two lines of evidence confirming this conclusion: the
first one is the observation that FRET occurs between cotransfected single-tagged NKCC1
(Fig. 18). The second argument is that we can partially compete and prevent FRET in case of
double-tagged NKCC1 when cotransfected with untagged NKCC1. There is further evidence
for cotransporter multimerization from other studies: self-interacting domains were found on
the C terminus of NKCC1 in a yeast-two-hybrid screen (Simard et al., 2004a), non-functional
shark NKCC1 mutants exert a dominant negative effect on the endogenous HEK cell NKCC
(Darman and Forbush, 2002), and there is also evidence for NKCC1 dimerization from crosslinking experiments (Moore-Hoon and Turner, 2000). Because of the cross-linking results we
assume that in our cell lines FRET originates from NKCC1 dimerization rather than from
formation of larger multimers. Since our FP constructs function normally in
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experiments, are phosphorylated with no detectable differences to untagged NKCC1, and
FRET can be competed with coexpression of untagged cotransporter, we can assume that wt
NKCC1 also exists and functions as a dimer in cells.
Several studies show that NKCC can be regulated by interaction with homologous proteins
(Caron et al., 2000; D'Andrea et al., 1996; Meade et al., 2003; Plata et al., 1999; Simard et
al., 2004a), hence it is tempting to speculate that only activated NKCC1 is dimerized, while
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inactive NKCC1 exists as a monomer, or that the FRET changes we observed are driven by
dimerization. We do not see any evidence of this kind of behaviour: since cotransfection with
untagged NKCC1 did not affect the amplitude of the observed FRET changes, these changes
cannot be a result of enhanced cotransporter dimerization. In our system NKCC1 activity is
strongly linked to phosphorylation of NKCC1. We could show that there is no obvious
dependence of either FRET or FRET changes on the phosphorylation state of NKCC1, by
inhibiting phosphorylation with staurosporine. This result indicates that phosphorylation does
not drive dimerization.

5.1.3 Distances between the FP tags
The FRET efficiency strongly depends on the distance between the donor and the acceptor
(see equations (2.3) and 2.4)). For that reason one can draw conclusions on distances between
donor and acceptor from FRET data. In practice the accuracy of such conclusions is limited,
because the FRET efficiency is also determined by additional factors (equation (2.3)). For
FRET to occur the donor and acceptor have to be within ~ 100 Å of each other. From the
adjusted FRET data, shown in Fig. 18, we can tell that the C and N terminus of an NKCC1
monomer have to be within 100 Å of one another, because more FRET was found in the
double-tagged constructs than in the single-tagged cotransfected constructs. The additional
FRET intensity in the double-tagged lines has to originate from FRET within the monomer.
We can draw the same conclusion from the cotransfections of Y*-NKCC-C and untagged
cotransporter: since FRET from dimerization should be reduced by 75% percent if 50% of the
cotransporter is tagged and 50% is untagged, the much smaller FRET reduction we see in
experiments with these lines indicates that there has to be residual FRET from within the
monomer. Because FRET was also detected within a cotransporter dimer the two N termini,
the two C termini, as well as the N terminus of one and the C terminus of the other
cotransporter of a dimer have to be within 100 Å of one another (see Fig. 18).
From the lifetime data on C-NKCC-Y and Y-NKCC-C we calculated a distance of ~85 Å,
this value is an average between the two distances expected: the distances within an NKCC1
monomer and within a dimer. There is an additional reason why we cannot assume that this
value reflects the real distance: we know that the angle between the donor and acceptor
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affects our signal. Additionally the predicted high flexibility, particularly of the N terminus,
makes it likely that we are measuring a range of distances rather than a defined distance.
We have two different approaches from which we could, in theory, estimate how much of
the FRET signal we see in the double-tagged constructs originates from within the monomer
and how much originates from within the dimer. When looking at the adjusted FRET in Fig.
18, and comparing C-NKCC-Y* with C-NKCC+NKCC-Y* as well as Y*-NKCC-C with Y*NKCC+NKCC-C it appears that approximately 70% (for CFP on the N and YFP on the C
terminus) and 50% (for YFP on the N terminus and CFP on the C terminus) of the FRET we
measured originates within the dimer. We can make a similar estimate in Fig. 22. Equation
(3.11), which we used to fit the data, contains a constant term for FRET within a Y*-NKCCC monomer (Cmonomer). FRET in the monomer from this fit is 0.0236, which corresponds to
30% of the total FRET signal seen in the cell lines which do not express any wt NKCC1 (see
Fig. 21). From both experiments we get numbers for the percentage of the FRET signal which
arises from within a dimer of Y*-NKCC-C: 50% from cotransfections of single-tagged
cotransporter, and 70% from the cotransfections with wt NKCC1. These numbers are quite
different, but the experiments were performed at different osmolarities: the experiment shown
in Fig. 18 was performed at 170 mOsm, while the data in Fig. 21 and Fig. 22 was measured at
425 mOsm.
C-NKCC+Y*-NKCC and NKCC-C+NKCC-Y* show a higher adjusted FRET level than
both C-NKCC+NKCC-Y* and Y*-NKCC+NKCC-C (see Fig. 18). Assuming random
orientation of the dyes (which we know is not entirely true), we can speculate that in an
NKCC1 dimer the N termini and the C termini are closer to one another than to the opposite
termini.
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5.2 NKCC1 acts as a cell volume sensor
5.2.1 Experimental results
We see cell volume-sensitive FRET changes in cell lines expressing either double-tagged
NKCC1 or coexpressing single-tagged NKCC1. While one could think of various scenarios
that could cause similar FRET changes, they most likely reflect a cell volume-sensitive
conformational change of NKCC1.
Apart from a conformational change or dimerization of NKCC1, in our system FRET
changes could in theory be caused by FP dimerization, pH effects, and Cl- quenching of YFP.
Cl- quenching can be ruled out because we used the Cl--insensitive Q69M-mutation of YFP
and also used a mathematical normalization of FRET which excludes any artifacts caused by
YFP-quenching. The proof that these precautions were effective is demonstrated in Fig. 7. We
did not detect any Cl--quenching of CFP (Fig. 10).
When cells shrink or swell the concentrations of all intracellular solutes increase or
decrease at least temporarily. We have checked the pH change between cells in hypotonic
low-Cl- buffer and 'regular flux' buffer with the pH-sensitive fluorescence dye SNARF and
found no detectable difference in intracellular pH (data not shown). Additionally SNARF
indicated a pH of approximately 7.4 in both conditions and neither CFP nor Q69M-YFP are
very pH-sensitive around pH 7.4 (Griesbeck et al., 2001). In contrast to the result with
SNARF there is a large difference of FRET in these two buffers (Fig. 13). It is highly unlikely
that this difference is and artifact caused by changes in the intracellular pH.
FP dimerization could also produce a FRET-increase artifact. The most obvious reason
would be that upon cell shrinkage the concentration of all solutes inside the cells increases
and the increase in FP concentration could result in an increase in FP dimerization. However,
the fluorescent protein in our system is attached to NKCC1, which is a membrane protein.
The membrane area of cells does not change upon cell volume changes, it merely folds or
unfolds. Unless membrane invaginations become narrow enough for fluorescent proteins on
opposite sides to come into close contact no reason is given for cell shrinkage to increase
FRET by FP dimerization. The more likely mechanism, by which cell shrinkage could
increase dimerization of CFP and YFP attached to the cell membrane is ionic strength: when
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cells shrink the intracellular ionic strength increases and an increase in ionic strength is
known to facilitate FP dimerization (Zacharias, 2002).
There are, however, several lines of evidence indicating that the FRET increases are
caused by the cotransporter itself. The FRET increase was inhibited in the presence of
streptolysin O, and it is unlikely that large differences in the intracellular ionic strength will
occur in permeabilized versus non-permeabilized cells when Na/K/Cl-mix or NMG-gluconate
are added.
Additional evidence comes from the fact that in the cotransfections of Y*-NKCC-C with
wt NKCC1 no correlation of the FRET change with the concentrations of YFP and CFP was
observed. It is possible that the concentration differences in these cell lines were too small to
produce a significant effect (Fig. 22B), because we selected cell lines for different ratios
between tagged and untagged NKCC1 and not for differences in the FP concentration.
Since FRET and FRET changes caused by FP dimerization would be expected to depend
strongly on the concentrations of CFP and YFP, one could expect that the FRET changes
depend on the amount of FRET seen in the different cell lines. If that was the case then we
would also expect that the FRET changes depend on the total amount of FRET in the cell
lines coexpressing single-tagged NKCC1s with either donor or acceptor tag. This was clearly
not the case: while the cell line Y*-NKCC+NKCC-C has the lowest amount of steady state
FRET (both adjusted, see Fig. 18 and unadjusted, see Fig. 11), it also, together with Y*NKCC-C, shows the largest FRET increase (Fig. 20).
It is an interesting result that both, the double-tagged lines C-NKCC-Y* and Y*-NKCC-C
and the cotransfected lines C-NKCC+NKCC-Y* and Y*-NKCC+-NKCC-C behave
analogous to each other with respect to steady-state FRET and the amplitude of the FRET
change. Because CFP and YFP have similar structures except for the chromophore, this is
only explicable by a difference in the angle of the two dyes on NKCC1, but not by FP
dimerization.
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5.2.2 Possible mechanisms inducing a cell volume-sensitive
conformational change
While we have evidence that NKCC1 undergoes a conformational change upon cell
volume changes and it somehow is able to sense cell volume, we could not determine what
signal NKCC1 senses. Since the conformational change still occurs in the presence of
staurosporine we can probably exclude phosphorylation of threonine and serine residues. To
date no phosphorylation of tyrosine residues on NKCC1 has been shown, making
phosphorylation of tyrosine residues an unlikely signal, as well. We tested several
cytoskeletal inhibitors for an effect on either FRET or the FRET changes induced by cell
shrinkage or swelling, and again found no effect (Fig. 17). Since there is evidence for an
effect of Ca2+ on NKCC1 and since calcium-signaling in some tissues mediates cell volume
sensing (Jakab et al., 2002; Shin et al., 2004), we checked whether ionomycin has any effect,
and it had not (Fig. 17). In some cells effects of direct binding of nucleotides or changes in
intracellular pH have been shown to affect the activation of NKCC1, we did not test whether
these mechanisms may induce the conformational changes we see.
The most direct pathways by which proteins, and membrane proteins in particular, can
sense cell volume are changes in membrane stretch or curvature, changes in the intracellular
ionic strength, and macromolecular crowding. All three mechanisms have been suggested to
regulate KCC (Colclasure and Parker, 1992; Kracke and Dunham, 1990; Parker et al., 1995).
In order to prevent cell volume changes upon addition of solutes we performed
experiments with the pore-forming toxin streptolysin O. Apart from inhibiting cell shrinkage
streptolysin O also prevented the FRET increases we see when solutes are added (see Fig.
15). From the streptolysin O experiments we can rule out changes in intracellular ionic
strength or chloride concentration as the signal, because upon addition of Na/K/Cl mix the
intracellular ion concentrations increase, but the FRET increase due to cell shrinkage was
prevented (see Fig. 15).
Since the cells were initially in hypotonic buffer addition of streptolysin O should induce
cell shrinkage, which is detected as an increase of light scatter (Fig. 15). Therefore FRET
should also increase when cells are permeabilized in hypotonic buffer. Instead we saw an
initial FRET decrease upon addition of streptolysin O to cells (Fig. 15). However, it is known
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that streptolysin O can form pores large enough to allow small proteins to diffuse out of the
cells. Hence one could speculate that loss of protein may lower macromolecular crowding,
and that may cause the FRET signal to decrease while cell volume decreases as well. We have
only tested the permeability for ions through the streptolysin O pores in our cells and cannot
be sure that the pores are large enough to pass any proteins, so we cannot rule out membrane
stretch or curvature or another mechanism as the stimulus for the conformational change we
see.
It is interesting that the cell volume-sensitive conformational change we monitor seems to
involve NKCC1 dimers, not merely single cotransporter molecules. It has been previously
shown that cotransporter activity can be modulated by cotransfection with inactive homologs
(Caron et al., 2000; Meade et al., 2003; Plata et al., 1999). However, the conformational
change we monitored is not caused by an increased formation of NKCC1 dimers when cells
shrink, because the amplitude of the FRET change is not affected by cotransfection with
untagged NKCC1 (see Fig. 21A). From our experiments it appears that NKCC1 forms stable
dimers and that dimerization is maybe not merely necessary for cotransport but also for
regulation.

5.2.3 Possible physiological roles for a cell volume-sensitive
conformational change of NKCC1
The most interesting result of these FRET studies is that NKCC1 appears to act as a cell
volume sensor. The NKCC1, which was used for these experiments, was cloned from the
rectal gland of dogfish shark (Squalus acanthia) (Xu et al., 1994). In the rectal gland and
other secretory epithelia NKCC1 works in concert with Cl- channels, K+ channels and the Na+,
K+-ATPase to mediate salt excretion (Riordan et al., 1994). NKCC1 also regulates cell
volume and the steady-state intracellular chloride concentration in both epithelial and nonepithelial cells (Alvarez-Leefmans et al., 1988; Greger et al., 1984; Haas, 1994; Lytle and
Forbush, 1996; Willumsen et al., 1989). NKCC1 can be activated by different stimuli which
change the phosphorylation of the cotransporter by influencing the activities of a kinase and
PP1 (Lytle and Forbush, 1996; Russell, 2000). NKCC1 is activated when cells shrink, when
PP1 is inhibited, and when the intracellular chloride concentration is lowered. In some cell
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types NKCC1 is activated upon cell swelling, presumably due to lowering of the intracellular
chloride concentration. In secretory epithelia hormones activate secretion, in these tissues
NKCC1 is likely activated secondary to apical Cl- channels, again due to lowering of the
intracellular chloride concentration.
The activation of NKCC1 by both lowering of intracellular [Cl-] and cell shrinkage poses a
problem: if cells shrink NKCC1 is activated despite intracellular Cl- levels which would
inactivate NKCC1 under isotonic conditions. Adding to this discrepancy it is difficult to vary
intracellular [Cl-] without affecting cell volume or to change cell volume without affecting
intracellular [Cl-] in experiments. Two different models were presented to explain activation
of NKCC1.
The volume-coupling hypothesis states that NKCC1 is activated by a cell-volume sensitive
kinase. In shark rectal gland hormones activate apical CFTR and NKCC1 is activated
secondary due to the loss of Cl-. Greger et al. (1999) showed that Cl- loss through CFTR,
causes slight shrinkage of the rectal gland cells and argued that it is this transient shrinkage
which activates NKCC1 and that the intracellular Cl- concentration has no effect (Greger et
al., 1999). These results do not explain phosphorylation and activation of shark rectal gland
NKCC1 upon cell swelling which was reported in other studies (Lytle et al., 1992). There is,
however, additional evidence that cell volume influences the phosphorylation state and the
activity of NKCC1 independently of the intracellular Cl- concentration (Lytle, 1997; Lytle and
McManus, 2002; Lytle et al., 1998).
The Cl--coupling hypothesis states that NKCC1 is activated by lowering of intracellular
Cl-. Cl- sensing is achieved by a chloride-sensitive kinase and also by chloride-dependent
modulation of PP1 activity (Lytle and Forbush, 1996).
The most likely model for NKCC1 activation is a combination of Cl- coupling and volume
coupling: NKCC1 activity is modulated by the intracellular Cl- concentration and by cell
volume changes in a way that makes NKCC1 less Cl- sensitive in shrunken cells and more Clsensitive in swollen cells. This model can explain different modes of cotransport activation
observed in different tissues: in shark rectal gland and other secreting epithelia cotransport is
activated by Cl- loss which is only accompanied by minor cell shrinkage. In several tissues
NKCC1 can be activated by isosmotic shrinkage, but not by hypertonic shrinkage which
increases the intracellular chloride concentration. Finally, this model can explain activation of
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NKCC1 by hypotonic cell swelling seen in some cell types, and is presumably caused by a
decrease of [Cl-]i. Evidence for this model comes from experiments with frog skin cells, duck
red blood cells, shark rectal gland and squid giant axon (Breitwieser et al., 1996; Lytle and
Forbush, 1996; Lytle and McManus, 2002; Palfrey and Pewitt, 1993; Ussing, 1985). It is
unknown whether NKCC1 itself can sense cell volume and/or [Cl-]i (e. g. via direct Cl-binding to an inhibitory site), or whether one or both of the signals are sensed by the kinase
(and perhaps also PP1) via unknown signaling cascades.
There are several possibilities how a conformational change of NKCC1 upon cell
shrinkage could influence the regulation of NKCC1. Such a conformational change might
prevent inhibitory Cl- binding, change the ion affinities, or change rate constants in the
transport cycle to make cotransport more efficient. It could also be involved in cell volume
signaling, and not have any direct effect on cotransport. Because NKCC1 is activated by Cl-and cell volume-sensitive phosphorylation it is most likely that such a conformational change
plays a role in regulating phosphorylation. This could be achieved by facilitating or inhibiting
binding to NKCC1 or access to the phosphorylation sites for the kinase, the phosphatase, or
both. These different possibilities in which a cell volume-sensitive conformational change
may be involved in cotransporter regulation will be discussed in more detail in the following.
Aside from a modulating phosphorylation of NKCC1, another effect of intracellular Cl- on
NKCC1 has been suggested: in some cell types it was found that NKCC1 activated by cell
shrinkage will not mediate net ion uptake, but rather ion-exchange fluxes (Breitwieser et al.,
1996). This effect is dependent on the intracellular Cl- concentration and may be caused by
inhibitory Cl- binding to the activated cotransporter. It has also been suggested, that direct Cl-binding might influence cotransporter phosphorylation, e. g. by inhibiting access for the
kinase to the phosphorylation sites (Lytle and Forbush, 1996). Theoretically the observed
conformational change could change the affinity of an intracellular inhibitory Cl--binding site.
A conformational change induced by cell shrinkage, may also directly affect the ionbinding affinities of the transport sites, or change the kinetics of ion transport, thereby causing
faster or more efficient ion uptake by the cells. FRET was not significantly affected by the
intracellular ion concentration or by locking the conformation of NKCC1 with bumetanide.
Additionally, we did not see a detectable effect of phosphorylation, which causes a
conformational change, that activates ion transport via NKCC1. These observations together
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with the fact that the fluorescent tags were localized on the intracellular N and C terminus, far
away from the transmembrane domains involved in ion binding and translocation, make it
more likely that we detect a conformational change which changes the properties of
regulatory domains.
NKCC1 is phosphorylated and activated upon cell shrinkage in various different cell types.
The fluorescent probes in our experiments were located on the intracellular N and C terminal
domains of NKCC1. The N terminus of NKCC1 is known to be a regulatory domain of
NKCC1 and contains several phosphorylation sites (Darman and Forbush, 2002), a
phosphatase-binding site, and a kinase-binding site (Darman et al., 2001; Dowd and Forbush,
2003; Piechotta et al., 2002). It is possible that a conformational change of the intracellular
domains may increase phosphorylation of the cotransporter by either facilitating
phosphorylation of NKCC1 by the kinase or by inhibiting dephosphorylation by the
phosphatase. This could either be achieved by modification of the affinity of the kinase- or
phosphatase-binding sites, or by changing the accessibility of the phosphorylation sites. It is
likely that such an effect would be detected with our GFP constructs, because particularly the
N-terminal fusion site is located in close proximity to the phosphorylation sites as well as to
the kinase- and phosphatase-binding sites.
Most cells have a resting state in which the cotransporter is inactive. If either the intracellular Cl- concentration decreases from its resting level, or the cell volume decreases from
its resting level, NKCC1 is activated. At the resting level both the kinase and the phosphatase
are active, however, the phosphatase usually outweighs the action of the kinase, and the
cotransporter remains inactive. There is evidence for both the kinase being activated and the
phosphatase being inactivated in response to changes of [Cl-]i (Lytle and Forbush, 1996; Lytle
and McManus, 2002). Cell volume sensing may also be achieved via modulation of both the
kinase and the phosphatase activity. It could be shown that when NKCC1 is activated by
hypertonic shrinkage it remains active even if cells are subsequently depleted of intracellular
ATP or Mg2+, or treated with the kinase inhibitor K252a. This indicates that the phosphatase
may be inactivated when the cells shrink (Palfrey and Pewitt, 1993). There is also evidence
that the activity of the kinase phosphorylating NKCC1 increases. In the presence of the
phosphatase inhibitor calyculin A the cotransporter is maximally phosphorylated and
activated. Lytle et al. (1998) showed that the rate of phosphorylation is inversely related to
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cell volume in the presence of calyculin A. This indicates that the activity of the kinase
increases in shrunken cells. The data could be fitted by a model for an autocatalytic reaction
in which the kinase is stimulated by a product of its own reaction. This product could be
either the phosphorylated cotransporter or the phosphorylated kinase itself (Lytle et al., 1998).
Interestingly, such an autocatalytic effect may be responsible for phosphorylating PASK
(Dowd and Forbush, 2003).
A cell volume-sensitive conformational change could increase phosphorylation level of
NKCC1 by either increasing phosphorylation by the kinase or by inhibiting dephosphorylation by PP1. If the cotransporter kinase is stimulated by the phosphorylated NKCC1, a
small shift in the phosphorylation/dephosphorylation equilibrium could in theory fully
activate the kinase and cotransport.
If the kinase itself were cell volume-sensitive or gets activated by a cell volume-sensitive
signaling cascade, it is also possible that a conformational change upon cell shrinkage may
increase the rate of phosphorylation by a cell volume- and Cl--sensitive kinase. Such an effect
could cause more rapid phosphorylation or facilitate phosphorylation at higher intracellular
Cl- concentrations.
There is evidence that different sites on NKCC1 are phosphorylated, depending on the
mode of activation (by [Cl-]i or cell shrinkage) (Darman and Forbush, 2002). A
conformational change may also selectively affect the accessibility of certain phosphorylation
sites and in that way perhaps serve to modulate cotransport activity under different
conditions.
From our results it seems that NKCC1 can sense cell volume via a mechanism that is
entirely independent of the intracellular chloride concentration, e. g. macromolecular
crowding or membrane stretch or curvature. Two separate mechanisms for sensing the two
main activating stimuli could facilitate a more dynamic regulation of the cotransporter and
may explain why each of the two stimuli can override the other.
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5.3 Binding of PASK and PP1
It has been previously shown that PASK and PP1 bind to the N terminus of NKCC1
(Darman et al., 2001; Dowd and Forbush, 2003; Piechotta et al., 2002). What is unknown is
under which conditions (e. g. low intracellular chloride concentration) PASK and PP1 bind to
NKCC1 or whether binding is stronger under certain conditions. We attempted to address
these issues with FRET. We cotransfected HEK cells with either YFP-tagged PASK or YFPtagged PP1 and with NKCC1 with an N-terminal CFP tag. Since both PASK and PP1 interact
with the N terminus of NKCC1 it was very likely that FRET would be detectable in these cell
lines.
In cells cotransfected with C-NKCC and Y*-PASK we saw significant FRET and changes
in the FRET level. Interestingly the FRET changes were cell volume sensitive and probably
caused by the same conformational change we observed in cell lines expressing only tagged
NKCC1. Dowd and Forbush (2003) have previously shown in immunoprecipitation
experiments that PASK binds to NKCC1 under both activating and inactivating conditions,
similar to the conditions used in this study (Dowd and Forbush, 2003). With FRET we get a
similar result: if PASK remains bound to NKCC1 under all conditions tested, we expect CNKCC+Y*-PASK to behave like a cell line expressing NKCC1 tagged with both CFP and
YFP on the N terminus, i. e. similar to the line C-NKCC+Y*-NKCC. Such behavior was
found in our experiments, as both lines show similar cell volume-sensitive FRET changes
(see Fig. 23). The experimental findings are in agreement with the concept that FP-tagged
PASK is stably bound to FP-tagged NKCC1 under all activating and inactivating conditions
tested. We cannot rule out small shifts in the binding-affinity for PASK which may be
overpowered by the larger effect of cell volume on FRET. In choroid plexus PASK localizes
to the cell membrane where it is presumably bound to NKCC1 (Piechotta et al., 2002), a
finding which we could not reproduce with either tagged (see Fig. 23C) or untagged PASK
overexpressed in HEK cells (Dowd and Forbush, 2003). Hence, we may have expressed an
over-saturating concentration of PASK, which saturates the binding-sites on NKCC1 under
activating and inactivating conditions despite small shifts in the affinity for PASK that might
occur. Our experiments confirm previous results obtained from immunoprecipitation
experiments.
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While there was a strong FRET signal in C-NKCC+Y*-PASK, there was no detectable
FRET in C-NKCC+Y*-PP1. This may be due to steric hindrance of PP1 binding to NKCC1
due to the FP tags, or due to an unfavorable angle between CFP and YFP in PP1-NKCC1
dimers. The most likely explanation is, however, that most of the FP-tagged PP1 was
localized to the cell nucleus (see Fig. 23B), and there was not enough, if any, tagged PP1 near
the membrane and near NKCC1. We do not know why FP-PP1 localized to the nucleus, but
this was previously reported in another FRET study with FP-PP1 constructs (Trinkle-Mulcahy
et al., 2001). Probably, FP-tagged PP1 is not as active as wt PP1, because cells survive the
overexpression of tagged PP1 but not of untagged PP1. On the other hand, there must have
been some residual activity since we could select stable cell lines with the phosphatase
inhibitor calyculin A. Maybe, the FP tag causes a steric hindrance for interaction of PP1 with
some of its targeting subunits or target proteins but not for other targets. This might also
explain the nuclear localization of FP-PP1, because there are target proteins for PP1 inside
the nucleus. The interaction of NKCC1 and PP1 is probably not very strong, because coimmunoprecipitations of NKCC1 and PP1 are weak, and destruction of the PP1-binding motif
on did not completely prevent dephosphorylation of NKCC1 (Darman et al., 2001). This may
also explain the lack of FRET in the cotransfections with PP1.

5.4 Conclusions
As far as tested it appears that our observations using FRET between CFP and YFP are
caused by effects on NKCC1. Our constructs are useful for measuring effects on NKCC1
itself, as well as for monitoring changes in intracellular pH and chloride concentration.
NKCC1 apparently exists and functions as a dimer in intact cells, but, under the conditions
tested, dimerization was not dependent on either the intracellular chloride concentration, cell
volume, or the phosphorylation state of NKCC1. We also found a cell volume-sensitive
conformational change. While there are no previous reports of such an effect, it is well known
that NKCC1 is activated in a cell volume-sensitive manner. To date, the mechanism of cell
volume-sensing by NKCC1 is unknown, and it is possible that a conformational change upon
cell shrinkage may be involved in the regulation of NKCC1.
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6 Appendix
6.1 Abbreviations
A.U.

Arbitrary Units

cAMP

cyclic Adenosine monophosphate

CCC

Cation Chloride Cotransporter

CFTR

Cystic Fibrosis Transmembrane conductance Regulator

cGMP

cyclic Guanosine monophosphate

CIP

Cotransporter Interacting Protein

CK2

Casein Kinase II

CNP

Cardiac Natriuretic Peptide

DMEM

Dulbecco's Modified Eagle's Medium

DMSO

Dimethyl sulfoxide

DNA

Deoxyribonucleic acid

DTT

Dithiothreitol

(E)GFP

(Enhanced) Green Fluorescent Protein

(E)CFP

(Enhanced) Cyan Fluorescent Protein

(E)YFP

(Enhanced) Yellow Fluorescent Protein

FBS

Fetal Bovine Serum

FP

Fluorescent Protein (either CFP or YFP)

FRET

Fluorescence Resonance Energy Transfer

GABA

γ-aminobutyrate

Gluconate D-gluconic acid
HBS

Hank's Buffered Saline

HEK

Human Embryonic Kidney

HEPES

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

KCC

K-Cl cotransporter

MLC

Myosine Light Chain

MLCK

Myosine Light Chain Kinase
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NCC

Na-Cl cotransporter

NHE

Na+/H+ exchanger

NKCC

Na-K-Cl cotransporter

NMG

N-methyl-D-Glucamine

OSR

Oxidative Stress Responsive Kinase

PASK

Proline-Alanine-rich STE20-related Kinase

PAGE

Polyacrylamide Gel Electrophoresis

PBS

Phosphate Buffered Saline

PCR

Polymerase Chain Reaction

PKA

Protein Kinase A

PKC

Protein Kinase C

PP1

Protein Phosphatase 1

RNA

Ribonucleic acid

RVD

Regulatory cell Volume Decrease

RVI

Regulatory cell Volume Increase

SDS

Sodium Dodecyl Sulfate

SLO

Streptolysin O

TM

Transmembrane domain

VIP

Vasoactive Intestinal Peptide

wt

wild type
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6.2 Macros
6.2.1 Subtract spectral bleed
Macro 'Gauss Filter 5x5 [F]';
VAR

width,height:integer;
Fil:string;

BEGIN
SelectWindow(GetString('enter name of dye filterset image','Cfp1b'));
Convolve('C:\Documents and Settings\Meike_2\My Documents\Gss5x5.txt');
GetPicSize(width,height);
MakeROI(2,2,width-4,height-4);
SetNewSize(width-4,height-4);
Copy;
MakeNewWindow('CFPfilter');
Paste;
KillROI;
SelectWindow(GetString('enter name of FRET filterset image','YFP1b'));
Convolve('C:\Documents and Settings\Meike_2\My Documents\Gss5x5.txt');
MakeROI(2,2,width-4,height-4);
SetNewSize(width-4,height-4);
Copy;
MakeNewWindow('FRETfilter');
Paste;
KillROI;
END;
Macro 'Calculate background [B]';
VAR

left,top,width,height,b:integer;
background,sum,dfm,stddev,mean,n,mode,min,max,minCFP,maxCFP,minYFP,maxYFP:real;

BEGIN
SelectWindow('CFPfilter');
ResetCounter;
Measure;
GetRoi(left,top,width,height);
GetResults(n,mean,mode,min,max);
b:=Round(mean);
KillRoi;
AddConstant(-b);
ResetCounter;
MakeROI(left,top,width,height);
Measure;
GetResults(n,mean,mode,min,max);
minCFP:=min;
maxCFP:=max;
KillROI;
ChangeValues(0,max,0);
ResetCounter;
SelectWindow('FRETfilter');
MakeROI(left,top,width,height);
Measure;
GetResults(n,mean,mode,min,max);
b:=Round(mean);
KillRoi;
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AddConstant(-b);
ResetCounter;
MakeROI(left,top,width,height);
Measure;
GetResults(n,mean,mode,min,max);
minYFP:=min;
maxYFP:=max;
KillROI;
ChangeValues(0,max,0);
ShowMessage('CFPbackground:',minCFP,' to',maxCFP,'\YFPbackground:',minYFP,'to',maxYFP,);
END;
Macro 'Std Dev Threshold [T]';
VAR
Count, Threshold:integer;
StdDev, TheMean, MultFactor:real
BEGIN
ResetGrayMap;
MultFactor:= GetNumber('StdDevs past the mean to threshold?',0.0);
ResetCounter;
Measure;
StdDev := rStdDev[rCount];
TheMean :=rMean[rCount];
Threshold := TheMean+ round(MultFactor*StdDev);
ChangeValues(0,Threshold,0);
Showmessage('Threshold level=',Threshold,'\\Using',MultFactor:4:2,' standard of deviations','\from the mean');
END;
Macro 'CFP bleedthrough [C]';
VAR

pidCFP,pidYFP,Median:integer;
Pixel,s:real;
CFPfilterset,YFPfilterset:string;

BEGIN
SelectWindow('CFPfilter');
Duplicate('CFPcfpfilter');
Median:= GetNumber('Maximum background pixel',0.0);
ResetGrayMap;
ResetCounter;
Measure;
ChangeValues(0,Median,255);
EnhanceContrast;
pidCFP:=PidNumber;
SelectWindow('FRETfilter');
Duplicate('CFPyfpfilter');
Median:= GetNumber('Maximum background pixel',0.0);
ResetGrayMap;
ResetCounter;
Measure;
ChangeValues(0,Median,0);
EnhanceContrast;
pidYFP:=PidNumber;
ImageMath('div',pidYFP,pidCFP,100,0,'result');
Pixel:=Abs(GetPixel(235,287));
ShowMessage('Pixel=',Pixel,);
END;
Macro'Average bleedthrough [A]';
VAR
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vertsize,horsize,width,hight,i,j,n,nn,Pixel:integer;
s,realpix,average,dfm,sum,stddev:real;

BEGIN
GetPicSize(width,hight);
horsize:=(width-1);
vertsize:=(hight-1);
n:=0;
s:=0;
for j:=0 to vertsize do begin
ShowMessage('s=',s:4,'n=',n:0,'j=',j:0);
for i:=0 to horsize do begin
Pixel:=GetPixel (i,j);
if Pixel>0 then begin
realpix:=Pixel/100;
s:=(s+realpix);
n:=(n+1);
end;
if Pixel=0 then begin
s:=s;
n:=n;
end;
end;
i:=0;
end;
average:=(s/n);
sum:=0;
nn:=0;
for j:=0 to vertsize do begin
ShowMessage('s=',s:4,'n=',nn:0,'j=',j:0);
for i:=0 to horsize do begin
Pixel:=GetPixel (i,j);
if Pixel>0 then begin
realpix:=Pixel/100;
dfm:=sqr(average-realpix);
sum:=(sum+dfm);
end;
if Pixel=0 then begin
sum:=sum;
end;
end;
i:=0;
end;
stddev:=sqrt(sum/n);
ShowMessage('bleedthrough=',average,'Stddev=',stddev,);
END;

6.2.2 Correction for FRET
Procedure AssignPidNumbers;
BEGIN
SelectWindow('CFP');
CFP:=PidNumber;
SelectWindow('FRET');
FRET:=PidNumber;
SelectWindow('YFP');
YFP:=PidNumber;
END;

95

Appendix
Procedure Gauss5x5;
BEGIN
Convolve('C:\Documents and Settings\Meike_2\My Documents\Gss5x5.txt');
MakeROI(2,2,508,508);
END;
Procedure Open8bit;
VAR

i,j,stack:Integer;
filename,path,filterset,imagename:string;

BEGIN
path:=GetString('enter path','C:\My Music\');
filename:=GetString('enter filename',filename);
For i:=0 to 2 do begin
If (i=0) then filterset:='CC';
If (i=1) then filterset:='CY';
If (i=2) then filterset:='YY';
If (i=0) then imagename:='CFP';
If (i=1) then imagename:='FRET';
If (i=2) then imagename:='YFP';
Open(path,filename,filterset,'.tif');
stack:=nSlices;
SetNewSize((512-Gauss+1),(512-Gauss+1));
MakeNewStack(imagename);
For j:=1 to stack do begin
SelectWindow(filename,filterset);
SelectSlice(j);
Invert;
If (Gauss=5) then begin
Gauss5x5;
end;
If (Gauss=15) then begin
Gauss15x15;
end;
If (Gauss=0) then SelectAll;
Copy;
KillROI;
SelectWindow(imagename);
SelectSlice(j);
Paste;
AddSlice;
End;
ChooseSlice(stack+1);
DeleteSlice;
SelectWindow(filename,filterset);
Dispose;
end;
END;
Procedure Import16bit;
VAR

i,j:Integer
n,mean,mode,min,max,cmin,cmax,Allmin,Allmax:real;
filename,path,filterset,pidnum:string;

BEGIN
stack:=GetNumber('number of sclices',6);
filename:=GetString('enter filename',filename);
path:=GetString('enter path','C:\My Music\');
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SetNewSize((512-Gauss+1),(512-Gauss+1));
MakeNewStack('CFP');
MakeNewStack('FRET');
MakeNewStack('YFP');
AssignPidNumbers;
For i:=0 to (stack-1) do begin
AllMax:=0;
AllMin:=4096;
SetImport('TIFF;16-bits Unsigned;Calibrate');
SetCustom(512,512,8,1);
For j:=0 to 2 do begin
If (j=0) then filterset:='CC';
If (j=1) then filterset:='CY';
If (j=2) then filterset:='YY';
Import(path,filename,filterset,i:3,'.tif');
Measure;
GetResults(n,mean,mode,min,max);
cmax:=cValue(min);
cmin:=cValue(max);
Dispose;
ShowMessage('min',cmin,'max',cmax);
if (cmax>=Allmax) then Allmax:=Round(cmax);
if (cmin<=Allmin) then Allmin:=Round(cmin);
ResetCounter;
end;
SetImport('TIFF;16-bits Unsigned');
SetCustom(512,512,8,1);
ShowMessage('Allmin',Allmin,'Allmax',Allmax);
SetImportMinMax(Allmin,Allmax);
For j:=0 to 2 do begin
If (j=0) then begin
Import(path,filename,'CC',i:3,'.tif');
Invert;
If (Gauss=5) then Gauss5x5;
If (Gauss=0) then SelectAll;
Copy;
Dispose;
ChoosePic(CFP);
ChooseSlice(i+1);
Paste;
AddSlice;
end;
If (j=1) then begin
Import(path,filename,'CY',i:3,'.tif');
Invert;
If (Gauss=5) then Gauss5x5;
If (Gauss=0) then SelectAll;
Copy;
Dispose;
ChoosePic(FRET);
ChooseSlice(i+1);
Paste;
AddSlice;
end;
If (j=2) then begin
Import(path,filename,'YY',i:3,'.tif');
Invert;
If (Gauss=5) then Gauss5x5;
If (Gauss=0) then SelectAll;
Copy;
Dispose;
ChoosePic(YFP);
ChooseSlice(i+1);
Paste;
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end;

AddSlice;

end;
end;
For j:=0 to 2 do begin
ChooseSlice(stack+1);
DeleteSlice;
NextWindow;
end;
END;
Macro 'ImportFRETstacks';
VAR

CFP,YFP,FRET,bit,stack,Gauss,Pixel:Integer;
BEGIN
SaveState;
Gauss:=GetNumber('5 for 5x5Gss, 15 for 15x15Gss or 0 for no filter',5);
bit:=GetNumber('8bit or 16bit',8);
If bit=8 then begin
Open8bit;
end;
If bit=16 then begin
Import16bit;
end;
If (bit<>8) and (bit<>16) then begin
beep;
PutMessage('8 or 16 stupid!!!');
wait (5);
exit;
end;
Pixel:=GetPixel(507,507);
ShowMessage(Pixel);
END;
Macro 'NameStacks';
VAR

i,j,stack,wide,high:integer;
filename,path,filterset,imagename:string;

BEGIN
path:=GetString('enter path','C:\My Music\');
filename:=GetString('enter filename',filename);
For i:=0 to 2 do begin
If (i=0) then filterset:='CC';
If (i=1) then filterset:='CY';
If (i=2) then filterset:='YY';
Open(path,filename,filterset,'.tif');
stack:=nSlices;
GetPicSize(wide,high);
SetNewSize(wide,high);
If (i=0) then imagename:='CFP';
If (i=1) then imagename:='FRET';
If (i=2) then imagename:='YFP';
MakeNewStack(imagename);
For j:=1 to stack do begin
SelectWindow(filename,filterset);
ChooseSlice(j);
Invert;
SelectAll;
Copy;
SelectWindow(imagename);
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ChooseSlice(j);
Paste;
AddSlice;

end;
END;

End;
ChooseSlice(stack+1);
DeleteSlice;
SelectWindow(filename,filterset);
Dispose;

Procedure Background;
VAR

i,j,h,w,b,wide,high,result:integer;
n,mean,mode,min,max:real;

BEGIN
ResetCounter;
GetPicSize(wide,high);
MakeROI(left,top,width,height);
Measure;
GetResults(n,mean,mode,min,max);
b:=Round(mean);
KillROI;
For h:=0 to (high-1) do begin
GetRow(0,h,wide);
For w:=0 to (wide-1) do begin
result:=LineBuffer[w]-b;
If (result>=0) then LineBuffer[w]:=result;
If (result<0) then LineBuffer[w]:=0;
end;
PutRow(0,h,wide);
end;
MakeROI(left,top,width,height);
ResetCounter;
Measure;
GetResults(n,mean,mode,min,max);
KillROI;
ChangeValues(0,max,0);
ResetCounter;
END;
Procedure thresori;
VAR

CFP,FRET,YFP,resultA,result,slices,width,height,slices,k:integer;
o:real;

BEGIN
o:=1/255;
AssignPidNumbers;
GetPicSize(width,height);
slices:=nSlices;
SetNewSize(width,height);
MakeNewWindow('resultA');
resultA:=PidNumber;
MakeNewWindow('result');
result:=PidNumber;
For k:=1 to slices do begin
ChoosePic(CFP);
ChooseSlice(k);
ChoosePic(FRET);
ChooseSlice(k);
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ChoosePic(YFP);
ChooseSlice(k);
ImageMath('add',CFP,FRET,0.5,128,resultA);
ImageMath('add',YFP,resultA,0.5,128,result);
Autothreshold;
ApplyLUT;
PutMessage('k=',k,);
MultiplyByConstant(o);
ImageMath('mul',CFP,result,1,0,CFP);
ImageMath('mul',FRET,result,1,0,FRET);
ImageMath('mul',YFP,result,1,0,YFP);

end;
ChoosePic(resultA);
Dispose;
ChoosePic(result);
Dispose;
END;
Procedure Thres;
VAR

n,j,i,threshold:integer;
average,StdDev:real;

BEGIN
ResetCounter;
Measure;
StdDev:=rStdDev[rCount];
average:=rMean[rCount];
threshold:=round(average);
ChangeValues(0,threshold,0);
ResetCounter;
END;

Macro 'BackgroundFRETstacks';
VAR

left,top,width,height,CFP,FRET,YFP,stack,zero,i,j,b:Integer;
n,mean,mode,min,max:real;
CheckThres,orithres:boolean;

BEGIN
GetROI(left,top,width,height);
KillROI;
stack:=nSlices;
AssignPidNumbers;
zero:=GetNumber('1 for threshold, 0 for not, 2 for thres of original image',2);
CheckThres:=(zero=1);
orithres:=(zero=2);
For i:=0 to 2 do begin
If (i=0) then SelectPic(CFP);
If (i=1) then SelectPic(FRET);
If (i=2) then SelectPic(YFP);
For j:=1 to stack do begin
SelectSlice(j);
Background;
If checkThres then Thres;
end;
end;
If orithres then thresori;
END;
Procedure CollectRows;
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BEGIN
ChoosePic(CFPnobleed);
ChooseSlice(k);
GetRow(0,i,width);
For j:=1 to width do begin
rUser1[j]:=Cbleed*Linebuffer[j-1];
end;
ChoosePic(YFP);
ChooseSlice(k);
GetRow(0,i,width);
For j:=1 to width do begin
If (LineBuffer[j-1]=0) then rUser2[j]:=255
else rUser2[j]:=LineBuffer[j-1];
end;
ChoosePic(FRET);
ChooseSlice(k);
GetRow(0,i,width);
END;
Procedure FindRealResult;
BEGIN
Checkzero:=(LineBuffer[j-1]>0);
realresult:=(LineBuffer[j-1]-rUser1[j])/rUser2[j];
END;
Macro 'FRETratio';
VAR

CFP,YFP,FRET,width,height,CFPnobleed,Result,Resultcopy,Slices,i,j,k,
nobleed,final,minfinal,maxfinal:integer;
Ycbleed,Cbleed,Ybleed,minresult,maxresult,mindiff,sum,sumval,realresult,
average,sumdfm,dfm,stdev,range:real;
Checkzero:boolean;

BEGIN
ResetCounter;
ResetGrayMap;
AssignPidNumbers;
GetPicSize(width,height);
Slices:=nSlices;
MakeNewStack('CFPnobleed');
CFPnobleed:=PidNumber;
MakeNewStack('Result');
Result:=PidNumber;
MakeNewStack('Result_copy');
Resultcopy:=PidNumber;
YCbleed:=GetNumber('YFP to CFP bleedthrough percentage',0.344,3);
Cbleed:=GetNumber('CFP bleedthrough percentage',0.149,3);
Ybleed:=GetNumber('YFP bleedthrough percentage',0.293,3);
For k:=1 to Slices do begin
For i:=0 to (height-1) do begin
ChoosePic(YFP);
ChooseSlice(k);
GetRow(0,i,width);
For j:=1 to width do begin
rUser1[j]:=round(YCbleed*LineBuffer[j-1]);
end;
ChoosePic(CFP);
ChooseSlice(k);
GetRow(0,i,width);
For j:=1 to width do begin
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nobleed:=Linebuffer[j-1]-rUser1[j];
If (nobleed<0) then nobleed:=0;
If (nobleed>=0) then nobleed:=nobleed;
LineBuffer[j-1]:=nobleed;

end;
SelectPic(CFPnobleed);
SelectSlice(k);
PutRow(0,i,width);

end;
AddSlice;

end;
ChooseSlice(k+1);
DeleteSlice;
ResetCounter;
For k:=1 to slices do begin
minresult:=255;
maxresult:=0;
sum:=0;
sumval:=0;
For i:=0 to (height-1) do begin
CollectRows;
For j:=1 to width do begin
FindRealResult;
if realresult<minresult then minresult:=realresult
else minresult:=minresult;
if realresult>maxresult then maxresult:=realresult
else maxresult:=maxresult;
If checkzero then begin
sum:=sum+1;
sumval:=sumval+realresult;
end;
end;
ShowMessage('row',i);
end;
average:=sumval/sum;
ResetCounter;
sumdfm:=0;
For i:=0 to (height-1) do begin
CollectRows;
For j:=1 to width do begin
FindRealResult;
If checkzero then begin
dfm:=sqr(average-realresult);
sumdfm:=sumdfm+dfm;
end;
end;
ShowMessage('row',i);
end;
stdev:=sqrt(sumdfm/sum);
range:=255/maxresult;
ResetCounter;
minfinal:=255;
maxfinal:=0;
For i:=0 to (height-1) do begin
CollectRows;
For j:=1 to width do begin
FindRealResult;
Final:=round(realresult*range);
if (final<minfinal) then minfinal:=final
else minfinal:=minfinal;
if (final>maxfinal) then maxfinal:=final
else maxfinal:=maxfinal;
if (final<0) then final:=0;
if (final>255) then final:=255;
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LineBuffer[j-1]:=Final;
end;
ChoosePic(result);
ChooseSlice(k);
PutRow(0,i,width);
SelectPic(ResultCopy);
SelectSlice(k);
PutRow(0,i,width);

end;
SetForegroundColor(255);
SetBackgroundColor(0);
SetFont('Geneva');
SetFontSize(18);
SetText('with background,Plain,Center');
SetFontSize(18);
MoveTo(150,10);
Writeln('Average=',average,'+/-',stdev,);
Writeln('maxresult=',maxresult,' minresult=',minresult,);
Writeln('range=',range);
Writeln('maxfinal=',maxfinal,' minfinal=',minfinal,);
AddSlice;
ChoosePic(result);
AddSlice;

end;
ChoosePic(result);
ChooseSlice(k+1);
DeleteSlice;
ChoosePic(ResultCopy);
ChooseSlice(k+1);
DeleteSlice;
END;

Macro 'Adjust brightness';
VAR

stack,i,j,images,k,l,width,height,check,toosmall,toolarge,smallcounter,
largecounter:integer;
maximum,range,YFPbleed,YFPstdev,newrange,minimum,fun:real;

BEGIN
GetPicSize(width,height);
maximum:=GetNumber('max for scaling:',2.52,2);
YFPbleed:=GetNumber('YFPbleed:',0.255,3);
minimum:=YFPbleed;
newrange:=254/(maximum-minimum);
ShowMessage('minimum:',minimum,'\maximum:',maximum,'\newrange:',newrange);
images:=nPics;
stack:=nSlices;
For i:=1 to images do begin
For j:=1 to stack do begin
SelectSlice(j);
range:=GetNumber('range of image:',0.5,4);
toosmall:=0;
toolarge:=255;
smallcounter:=0;
largecounter:=255;
For k:=0 to (height-1) do begin
GetRow(0,k,width);
For l:=0 to (width-1) do begin
fun:=LineBuffer[l]/range;
If (fun>=0) and (fun<minimum)
then LineBuffer[l]:=0;
If (fun>=minimum) and (fun<=maximum)
then begin
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check:=round(fun*newrange);
if (check<0) then begin
if (check<toosmall) then begin
toosmall:=check;
smallcounter:=smallcounter+1;
end;
LineBuffer[l]:=0;
end;
if (check>254) then begin
if (check>toolarge) then begin
toolarge:=check;
largecounter:=largecounter+1;
end;
LineBuffer[l]:=254;
end;
if (check>=0) and (check<=254)
then LineBuffer[l]:=check;

end;
If (fun>maximum) then LineBuffer[l]:=254;

end;
PutRow(0,k,width);

end;
ShowMessage('Maximum:', toolarge,'number:',largecounter,
'\Minimum:', toosmall,'number:',smallcounter);

end;
END;

end;
NextWindow;

Macro 'changevalues';
VAR

x,y,r:integer;
BEGIN
x:=GetNumber('min for change',0);
y:=GetNumber('max for change',0);
r:=GetNumber('change to:',255);
ChangeValues(x,y,r);
END;
macro 'Import Text LUT';
{
Imports a LUT stored as three column (red, green, blue)
text file. If there are four columns then the first column
is assumed to conatin sequence numbers and is ignored.
}
var
i,r,g,b, width, height, start, row:integer;
begin
RequiresVersion(1.53);
SetImport('Text');
Import('');
GetPicSize(width,height);
if width=3 then begin
r:=0;
g:=1;
b:=2
end else if width=4 then begin
r:=1;
g:=2;
b:=3
end else begin
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PutMessage('The text file must have either 3 or 4 columns.');
exit;

end;
if height=255 then
start:=1
else if height=256 then
start:=0
else begin
PutMessage('The text file must have either 255 or 256 rows.');
exit;
end;
i:=start;
row:=0;
repeat
RedLut[i]:=GetPixel(r,row);
GreenLut[i]:=GetPixel(g,row);
BlueLut[i]:=GetPixel(b,row);
if (i mod 10) = 0 then UpdateLUT;
i:=i+1;
row:=row+1;
until row>=height;
UpdateLUT;
PropagateLUT;
END;
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