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Intestinal ion and fluid transport

An important function of the human intestinal tract is the absorption of water and
electrolytes. Daily, approximately 9 L of fluid enters the intestinal tract; on average 2 L
from ingested food and drinks and 7 L from secretion of salivary, gastric, biliary, pancreatic
and intestinal fluids. Of the 9 L, only 1 L passes into the colon, implying that 8 L is absorbed
across the small intestinal epithelium (1).

The intestinal tract consists of two anatomically and functionally different
compartments, the small and large intestine. The small intestine is further subdivided
into duodenum, jejunum and ileum, while the large intestine is separated into cecum and
colon. The gastrointestinal tract digests and absorbs nutrients from the ingested food that
passes through the lumen. All segments of the intestine, from duodenum to distal colon,
have mechanisms for absorbing and secreting water and electrolytes (3). Along the entire
length of the intestine, mucus secreting goblet cells are present to lubricate the passage
of food and to protect the gut from digestive enzymes. Tiny finger-like structures, called
villi, protrude from the wall of the intestine and increase the absorptive area. The villi are
lined by a single layer of epithelial cells, that contain extrusions at the luminal side, called
microvilli. Together, the microvilli form the brush border (Figure 1) (4). The microvilli
further increase the surface area of the intestine to 200-500 m?, which is a 600-fold
increase over the projected surface area of the human bowels (5). The entire lining of the
intestine is continuously replaced by newly generated epithelial cells. The new epithelial
cells divide from stem cells that lie in the crypts beneath the villi (see Figure 1 for the
position of the crypts). These stem cells produce precursor cells, that go through four to
six divisions before they stop dividing and differentiate into mature epithelial cells (4). In
mice, the cells reach the tips of the villi within 2-5 days after emerging from the crypts.
At the tips the cells undergo the initial stages of apoptosis and are finally discarded into
the gut lumen (6, 7). The cells in the crypts fulfill a major role in the secretion of ions and
water, whereas the epithelial cells that line the villi display a high rate of ion and water
absorption.
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Figure 1. Schematic illustration of the intestinal morphology. Overview of the localization of crypt, villus, brush
borders, apical- and basal-lateral membranes and tight junctions in the small intestine. Figure is adapted from
Nelson et al., 2004 (8).

The mechanisms leading to absorption and secretion of ions in the gut are
interconnected, but in the 1960s they were discovered separately (3). In those days, it
was found that the sodium gradient is the driving force for absorption of amino acids,
oligopeptides and sugars (glucose and galactose) (9). Na* coupling permits organic
solutes to be transported uphill (from low luminal concentrations to higher intracellular
concentrations), because the Na* gradient is opposite to that of the organic solutes (10).
During transport of organic solutes and ions, water follows the osmotic gradient. Water can
be transported through the cell membrane, via water channel proteins (aquaporins) (11),
or paracellularly through a complex network of proteins called the tight junction.

Initial knowledge about ion and water secretion mechanisms in the intestine
originates from ion transport studies in rabbit ileum. In rabbit ileum, cyclic AMP (cAMP)
and agents that increase cAMP levels in the cell (e.g. cholera toxin) stimulate chloride and
water secretion and inhibit NaCl absorption (12-14). Since these observations in the early
seventies, the knowledge about intestinal ion and water transport, and the transporters
that are involved in these processes, has expanded rapidly.



Key transporters involved in transepithelial ion transport

Disruption of the balance between absorption and secretion of fluids and ions may lead
to pathological states. Reduced salt and water absorption from the lumen, or excessive
secretion, results in diarrhea. Diarrheal diseases cost millions of lives every year (mostly
of children), especially in developing countries. But also traveler’s diarrhea is a common
problem, affecting more than 15 million travelers worldwide every year (15). Insufficient
secretion of ions and water, on the other hand, can result in intestinal obstruction, as
exemplified by the occurrence of meconium ileus in a subgroup of cystic fibrosis (CF)
patients (as will be discussed later in this chapter).

Toxins from enterotoxigenic Escherichia coli strains (STa) and cholera toxin both
enhance intestinal Cl" secretion and inhibit Na* absorption, resulting in osmotic flow of
water into the lumen of the gut (12, 13). The key intestinal Cl- transporter, located in
the apical membrane and targeted by these toxins, has been identified as CFTR (cystic
fibrosis transmembrane conductance regulator). CFTR is a channel that permits the flow
of chloride (and bicarbonate) from the epithelial cells into the lumen. The previously
mentioned toxins override the tight and complex control normally imposed on CFTR
function. As shown in Figure 2, cholera toxin irreversibly increases intracellular levels of
CAMP, inducing prolonged hyperactivation of CFTR. STa, on the other hand, overstimulates
the cGMP-dependent pathway. The cGMP-dependent pathway is endogenously regulated
by the paracrine hormone guanylin (secreted by goblet cells) (16). Guanylin (or STa) binds
to the receptor GC-C (guanylate cyclase C) and induces the production of cGMP at the cell
interior. The increased levels of cGMP result in activation of the cGMP dependent protein
kinase Il (cGKIl), which phosphorylates and activates CFTR (see Figure 2, left panel).

Concomitantly with the activation of CFTR, increased levels of cAMP and/or cGMP
lead to the inhibition of Na*/H*exchanger type 3 (NHE3) activity. NHE3 is an antiporter
that absorbs Na* in exchange for H* secretion. Inhibition of NHE3 results in a reduction
of sodium and water absorption (Figure 2, right panel). Prolonged inhibition of NHE3,
induced by STa or cholera toxin, increases diarrheal water loss. The involvement of NHE3 in
intestinal water transport is clearly demonstrated in mice lacking NHE3, which suffer from
chronic diarrhea (17). Also patients with a defect Na*/H* exchange in the jejunum develop
secretory diarrhea (18, 19).
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Figure 2. Overview of cAMP- and cGMP-dependent phosphorylation of the key transporters involved in
transepthelial ion transport. Left panel (depicting a crypt enterocyte) - Under normal conditions, CFTR activity
is stimulated by the phosphorylation of the chloride channel by PKA (cAMP-dependent protein kinase) and/or cGKll
(cGMP-dependent protein kinase). Bacterial toxins (cholera toxin and STa) induce endured increased levels of CAMP
and cGMP respectively, leading to hypersecretion of chloride (and water) from the enterocyte into the lumen of
the gut, resulting in diarrhea. Right panel (depicting a villus enterocyte) - NHE3 is phosphorylated by cAMP- and/or
cGMP-activated kinases in a similar way as CFTR. Phosphorylation of NHE3 inhibits its activity. Increased cAMP and/
or cGMP levels result in inhibition of electroneutral NaCl absorption and, as a consequence, of fluid absorption.
Prolonged, toxin-induced inhibition of NHE3 results in the absence of fluid absorption from the lumen of the gut,
enhancing diarrhea. AC, adenylate cyclase; GC-C, guanylate cyclase C; DRA, downregulated in adenoma; PAT1,
putative anion transporter 1.

Two other exchangers linked to diarrheal disorders, are the Cl'/HCO, antiporters
DRA (down regulated in adenoma or SLC26A3) and PAT1 (putative anion transporter 1
or SLC26A6), it is dependent of the intestinal segment which of these two antiporters
is involved (Figure 2, right panel). Severe diarrhea in patients with congenital chloride
diarrhea (CLD) was shown to be caused by mutations in the DRA gene (17, 20). NHE3
and the Cl'/HCO, antiporters are functionally linked and take part in electroneutral NaCl
absorption (21, 22). In cultured cells, DRA and PAT1 were also found to be linked to CFTR.
In HEK293 cells, activation of CFTR stimulates the chloride/bicarbonate exchange by the
SLC26 transporters (23), and binding of DRA to the phosphorylated R domain of CFTR
increases CFTR activity (24, 25).

Until now, diarrhea is mostly treated with antibiotics and/or antimotility agents,
but these therapeutics do not target the primary cause of secretory diarrhea. Further
study of antisecretory agents and compounds that enhance absorption may improve



pharmacologic therapy of diarrhea. Pharmacological targeting of both the Cl secretory
and Na* absorptive pathway would be an effective approach to limit the excessive salt and
water loss typifying diarrheal diseases. Further exploring the regulation of CFTR and NHE3
activity by cAMP and cGMP-dependent pathways in epithelial cells of the intestine was the
main purpose of the research described in this thesis.

CFTR and cystic fibrosis

The cystic fibrosis transmembrane conductance regulator (CFTR) acts both as a chloride
channel and as a regulator of other transporters. CFTR is most prominently expressed in
epithelia lining the airways, secretory glands, epididymis, bile ducts and intestine. The
genetic disease cystic fibrosis (CF) is caused by mutations in the CFTR gene (26).

Cystic fibrosis is a life-threatening autosomal recessive disease, affecting one in
2500 newborn children in the western world. Although the disease remained unknown until
the middle of the 20 century, a poem from the 18" century already referred to cystic
fibrosis stating that “the child will soon die whose brow tastes salty when kissed”, meaning
that children with a salty taste suffered from a deadly disease (27). Indeed, elevated
sweat salt concentration became the prime diagnostic criterion for the diagnosis of CF.
The majority of the CF patients have elevated sweat electrolytes (chloride concentrations
above 60 mEq/l). In 1938, CF was called “cystic fibrosis of the pancreas” because most
of the clinical features associated with CF were related to abnormal functioning of the
pancreas at that time (27). Later on, when pancreatic problems were treated more
successfully, patients survived longer and the disease phenotype was also found to affect
other mucus-secreting glands and tissues, including the intestinal tract, the intrahepatic
bile ducts, the gall bladder and in particular the lungs. Because of these findings, the name
was changed to the more general term “cystic fibrosis”. Nowadays, 1550 mutations in the
CFTR gene have been described (Cystic fibrosis Mutation Database: http://www.genet.
sickkids.on.ca/cftr/). CF patients show highly variable clinical symptoms, even if they
harbor identical mutations (28).

Although CF infants are born with unaffected lungs, lung disease forms the most
life-threatening symptom of cystic fibrosis. CFTR chloride channels in lung epithelium
ensure the secretion of chloride ions and, as a consequence, of water in the airway fluid.
In CF airway epithelia, chloride secretion is decreased and sodium absorption is increased,
resulting in the formation of dry and thick mucus (29). Because of this thick mucus, CF
patients display an impaired mucus clearance and an enhanced sensitivity to infection
by pathogenic bacteria (Pseudomonas aeruginosa and Staphylococcus aureus), resulting
in inflammatory responses that leads to the formation of even more rigid mucus and
irreversible lung damage. Approximately 85 percent of the CF patients display pancreatic
insufficiency as a result of cyst formation and obstruction of the pancreatic ducts.
Dysfunction of CFTR in the pancreas of CF patients reduces the secretory activity of the
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tubular duct cells, which leads to blockage of the ductal system and eventually to fibrosis
of the whole gland (30). Pancreatic insufficiency can be treated by oral supplementation
of pancreatic enzymes.

Due to reduced water secretion in the gut, approximately 15% of the CF patients

suffers from obstruction of the distal ileum or proximal colon in the neonatal period
(meconium ileus). Adult patients may suffer from intestinal obstruction, known as DIOS
(distal intestinal obstruction syndrome) (31). The majority of the male CF patients have
reduced fertility, or infertility, due to congenital bilateral absence of the vas deferens
(32, 33).
The cystic fibrosis transmembrane conductance regulator (CFTR) gene was cloned in 1989
(34-37). It consists of 27 exons and is located on the long arm of chromosome 7 (7q31). The
CFTR gene encodes a 1480 amino acid chloride channel that consists of 2 membrane spanning
domains (MSD1 and MSD2, each consisting of 6 transmembrane helices), two nucleotide-
binding domains (NBD1 and NBD2) and a hydrophilic regulatory domain (R-domain) (38).
The membrane spanning domains together form the chloride-selective pore. The fourth
extracellular loop in MSD2 contains two glycosylation sites (39). Both the N-terminus and
the C-terminus of CFTR are localized at the cytosolic side (see Figure 3).

Cl- Yr
[ MSD1 MSDZ]
lumen
membrane
| | | cytosol

Figure 3. Domain organization of the cystic fibrosis transmembrane conductance regulator (CFTR). CFTR has
the typical structure of an ABC transporter with two membrane spanning domains (MSD) and two nucleotide binding
domains (NBD) at the cytoplasmic side. The regulatory domain (R) is unique for CFTR. Glycosylation of the fourth
extracellular loop (of MSD2) is indicated.




CFTR is a member of the superfamily of ATP-binding cassette transporters (ABC
transporters). The ABC transporters form a large superfamily of proteins that share extensive
sequence similarity and a common structural organization. They consist in general of two
cytoplasmatic ATP-binding domains with ATPase activity, and two membrane-spanning
domains each composed of six or more transmembrane segments (40, 41). Although the
general architecture of CFTR resembles the structure of most ABC transporters, the presence
of the regulatory (R) domain is unique. CFTR is the sole ABC transporter that functions as
a chloride channel (42). The transporters are relatively specific for a single substrate (or a
group of related substrates), which can be a small molecule such as an amino acid or sugar,
or a large molecule such as a polysaccharide or peptide. The human genome contains 49
ABC transporter encoding genes, and over 40 ABC family proteins have been characterized
(42). The ABC transporter family includes the P-glycoprotein that is associated with multi
drug resistance in tumors (MDR). MDR transporters are frequently expressed at high levels
in cancer cells where they export a variety of drugs out of cells, rendering the tumor
resistant to a broad spectrum of chemotherapeutic agents and posing a major obstacle to
successful cancer treatment (43). Another member of the ABC transporter family is MRP4
(multidrug resistance protein 4, also named ABCC4), which was very recently found to be
functionally coupled to CFTR via NHERF-3 (44).

The regulation of the CFTR chloride channel is complex and not fully understood.
Opening and closing of the channel is controlled by the activity of kinases and phosphatases,
the ATP levels in the cell, intermolecular interactions between the CFTR domains, and
interactions with other proteins (45). Multiple kinases (e.g. PKA, cGKIl and PKC) can
activate the CFTR chloride channel, although the activation by protein kinase A (PKA) has
been described most extensively (46). After phosphorylation of multiple serine residues in
the R domain, the channel gating is regulated via ATP hydrolysis by the NBDs. The R domain
contains multiple consensus PKA phosphorylation sites, of which 6 are known to be used in
vivo (position 660, 700, 737, 768, 795 and 813). The channel is restored to its resting state
after dephosphorylation of the R-domain by protein phosphatases, such as PP2A and PP2C
(26, 47, 48).

Mutations in the CFTR gene can result in different structural and functional
defects of the CFTR protein. Based on these differences, the CFTR-mutations have been
subdivided in six classes, as shown in Figure 4 (49-51). Class | includes mutations that leads
to premature degradation of the CFTR protein (e.g. nonsense mutations or frameshift
mutations). Most of the mutations that are found in CF patients are classified in Class II.
These mutations affect the folding of the CFTR protein. A large amount of the misfolded
proteins remains associated with molecular chaperones and is targeted for degradation by
the proteasomes or lysosomes (52, 53). This class also includes the most common F508del
(deletion of phenylalanine at position 508) mutation. More than 90% of the CF patients
carries this F508del mutation on at least one allele and these patients suffer from a severe
form of CF (http://www.genet.sickkids.on.ca) (35). The third class of mutations (Class Ill)
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gives rise to a CFTR protein that is normally sorted to the apical membrane, but displays
an impaired phosphorylation or ATP hydrolysis, resulting in reduced activity of the channel.
Class IV mutations affect the amino acids in the membrane spanning domains of the CFTR
protein and result in a reduced Cl conductance. Because the CFTR cannel can still function
partially, these Class IV mutations results in a mild clinical phenotype of CF (54). The
fifth class of mutations (Class V) are often found in splice sites of the CFTR gene and
cause a reduction in the production of normal CFTR protein. Atypical (non-CF) diseases
associated with the CFTR gene are commonly caused by Class V and/or Class IV mutations.
Examples are patients with congenital bilateral absence of the vas deferens (CBAVD) (55),
obstructive azoospermia (56), disseminated bronchiectasis (57, 58) and hypertrypsinaemia
(59). Class VI mutations harbors nucleotide alterations that affect the turnover of CFTR at
the apical membrane. CF patients that harbor C-terminal truncations are classified in this
class (28, 51).

Cl-

Class IV
Defective conductance

Class VI
Accelerated turnover

Defective regulation

ClassV
Reduced protein production
and/or processing

protein production

Class I " ‘ﬂ
Defective processing <

Figure 4. Schematic presentation of the different classes of CFTR mutations. Figure modified from Vankeerberghen
et al., 2002 (27) and Rowe et al., 2005 (51).

Defective

Some mutations affect CFTR function in more than one way and therefore belong
to more than one mutation class. The F508del mutation, for example, causes an arrest
in maturation (Class Il), slightly reduces the gating of the F508del channel (Class Ill) and
destabilizes the protein in the plasma membrane (Class VI).



Several domains of CFTR interact, intra-molecularly, with another domain. The
N-terminus of CFTR directly binds to the R domain, thereby controlling the PKA-dependent
channel gating (60). In addition, the R domain can bind distal regions of CFTR, promoting
R domain phosphorylation and CFTR activation (61).

As mentioned previously, apart from its role as a chloride channel, CFTR also
regulates other channels and transporters. The amiloride-sensitive Na* channel ENaC is
more active in the airways CF patients, resulting in an enhanced dehydration of the mucus
layer due to increased sodium absorption (62, 63). The presence of CFTR in the kidney
enhances the sensitivity of the renal potassium channel ROMK2 to the ATP-sensitive K*-
channel blocker glibenclamide (64, 65). Other proteins that are regulated by CFTR are
ORCC (outwardly rectifying chloride channel), NHE3 (Na*/H* exchanger 3), Kir6.1 (inwardly
rectifying K* channel 6.1), DRA (downregulated in adenoma) and PAT-1 (putative anion
transporter 1) (23, 66-71).

Besides its presence in the apical membrane, CFTR is also localized in the
membranes of intracellular compartments, including the Golgi-network, pre-lysosomes
and endosomes, where it is involved in the maintenance of the pH. It is still unclear by
which mechanism CFTR is able to affect the pH of these compartments, but it is known
that changes in vacuolar pH (alkalization or acidification) result in altered (undersialylated)
glycosylation patterns (72, 73). In the lungs of CF patients Pseudomonas aeruginosa
preferentially attaches to these undersialylated glycoproteins (74).

The role of CFTR in intestinal chloride secretion has been demonstrated by
bioelectric measurements of transepithelial chloride currents in rectal biopsies from
CF patients and intestinal fragments from CFTR deficient mice. Intestinal current
measurements (ICM) on rectal suction biopsies in Ussing chambers were introduced more
than a decade ago as new ex vivo diagnostic method for CF (75, 76). The Ussing chamber
technique is an established method for measuring electrogenic ion transport across
epithelial surfaces. This technique takes advantage of the fact that electric charge over
a biological membrane leads to a shift in the transmembrane potential difference (PD).
These changes in PD can be measured, allowing quantitative, real-time assessment of the
activity of such electrogenic ion transport system (77). Rectal biopsies from CF patients
show a reduced cAMP- and calcium-mediated chloride secretion (75, 76). In the study
described in Chapter 2 of this thesis, we used the Ussing Chamber technique to measure
both cAMP- and cGMP-stimulated CFTR-mediated chloride currents in different segments
of the mouse intestine.

Na*/H* exchanger 3 (NHE3)

Electroneutral salt absorption (followed by osmotically coupled uptake of water) in the
intestinal tract and kidney is mediated, and highly regulated, by proteins from the Na*/
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H* exchanger (NHE) family (3). The NHEs transport Na*into the cells in exchange for
intracellular H* with a stoichiometry of 1:1 (78).

In 1989, the first mammalian Na*/H* exchanger was cloned by Sardet et al. and
named NHE (79). The mammalian NHE family consists of nine isoforms that are primarily
localized in the plasma membrane (NHE1-5 and -8) or reside in the intracellular organelles
(NHE6, -7 and -9) (78, 80-83). All the mammalian NHE isoforms have two structurally and
functionally distinct domains: an N-terminal domain consisting of 10-12 transmembrane
helices and a long cytoplasmatic C-terminal domain (see Figure 5 for a schematic overview
of NHE3).

NHE3

Actin

Figure 5. Schematic overview NHE3 and its C-terminal binding partners. NHE3 associating proteins and the
area of their binding sites on the C terminus of NHE3 are depicted. The site of acute inhibition of NHE3 by PKA
and PKC is indicated by the arrow. CHP, calcineurin B homologous protein; NHERF, NHE3 regulatory factor; CaM,
Ca? calmodulin; CaM Kll, CaM kinase 2; DPPIV, dipeptidyl peptidase IV; PP2A, type 2 protein serine/threonine
phosphatase. Figure is modified from Donowitz et al., 2007 (2).

The first Na*/H*exchanger found in the intestine, NHE1, is present in the basolateral
membrane of epithelial cells, where it is required for the regulation of cell volume and
intracellular pH (81, 84). NHE2 and NHE3 are both expressed in the small intestine and
colon and are localized in the apical membrane (85). The physiological function of NHE2
in the intestinal tract is not yet resolved. Colon from NHE2 null mice displays normal
histology and absorptive function, however, the NHE3 expression level is twice as high in
NHE2 deficient mice as compared to wild-type littermates (86).



NHE3, the NHE isoform focused on in this thesis, is an 89 kD protein that has been
cloned from numerous species, including rat (87) and human (88). NHE3 can be found in
the apical membrane of epithelial cells in the small and large intestine, the gallbladder,
pancreatic ducts and the kidney proximal tubule (86, 89-93).

In conjunction with the Cl'/HCO, exchangers DRA and PAT-1, NHE3 is responsible
for the majority of electroneutral NaCl absorption in the intestine and kidney (see Figure 2,
right panel) (94-96). The Cl'/HCO, exchanger involved in the NaCl absorption process varies
between intestinal segments; PAT-1 dominates in Na* absorptive cells in the duodenum
and jejunum, while DRA is the major anion exchanger in ileum and colon (although this
is species dependent) (2, 90). In the kidney, the anion exchanger involved in bicarbonate
secretion appears to be PAT-1 (97).

Regulation of NHE3 activity occurs at two interrelated levels. First, the presence
of NHE3 in the apical membrane is coordinated by endo- and exocytosis, and secondly the
activity of the individual NHE3 molecules in the membrane is regulated by phosphorylation
and dephosphorylation (98-100). In the intestinal tract, the amount of NHE3 present in the
membrane is increased by end-products of digestion, like glucose and short-chain fatty
acids (2). Glucose induces, via the Na*-glucose co-transporter SGLT1, a signaling pathway
that results in the stimulation of NHE3 exocytosis and lead to an increased NHE3 activity
(101, 102). Apart from regulation via endo- and exocytosis, the activity of NHE3 is directly
affected by phosphorylation catalyzed by cAMP-, cGMP- and Ca*-dependent kinases (PKA,
cGKIl and PKC respectively). The major phosphorylation of NHE3 by these kinases is on
serine, with a minor phosphorylation on threonine (103). Phosphorylation of NHE3 results
in inhibition of the transporter (104-106). In contrast, phosphorylation of NHE3 by the
serum- and glucocorticoid-induced protein kinase (SGK1) results in stimulation of the
antiporter. The C-terminal binding partner of NHE3, NHERF-2, anchors SGK1 to NHE3 and
is required for SGK1-mediated phosphorylation and activation of NHE3 (107). NHERF-2 is a
member of the NHERF family of proteins (NHERF-1, -2, -3 and 4-) which will be discussed
thoroughly later in this thesis.

The C terminus of NHE3 is important for the regulation of its activity because it
is phosphorylated by several kinases and this phosphorylation alters the activity of the
channel. Furthermore, the C terminus of NHE3 is involved in multiple interactions with
other proteins (108, 109). A schematic overview of NHE3, including the known C-terminal
binding partners, is shown in Figure 5.

The PDZ proteins NHERF-1 and NHERF-2 (NHE3 regulatory factor 1 and 2) were
shown to bind NHE3 and are required for its phosphorylation by PKA, cGKIl, PKC and SGK1
(110-112). Furthermore, the NHERF proteins link NHE3 to the cytoskeleton via ezrin binding,
thereby associating NHE3 with the actin cytoskeleton and decreasing its lateral mobility
(105, 113). In addition to binding ezrin indirectly (via the NHERF proteins) NHE3 can also
directly bind to ezrin (114). The presence of, and connection to, an intact cytoskeleton
is required for optimal trafficking and function of NHE3 (114-116). The role of the NHERF
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proteins in regulation of NHE3 phosphorylation and inhibition will be discussed in more
detail later in this introduction.

NHE3 activity is also regulated via dephosphorylation by phosphatases. The
phosphatase PP2A (type 2 protein serine/threonine phosphatase) binds to the C terminus
of NHE3 and possibly inhibits NHE3 activity. NHE3 activity was stimulated after inhibition of
PP2A phosphatase activity by okadiaic acid (a PP2A inhibitor) in rabbit fibroblasts (108).

Other proteins that, so far, have been reported to directly interact with the
C-terminus of NHE3 are CHP (calcineurin B homologous protein), CaM (Ca?* calmodulin),
CaM kinase Il, DPPIV (dipeptidyl peptidase V), megalin and Shank2 (SH3 and multiple
ankyrin repeat domains 2) (see Figure 5) (2). CHP binding is required for basal NHE activity,
because mutants of NHE1, NHE2 and NHE3 that can not bind to CHP showed a ~90% reduced
Na*/H* activity (117). The binding partners CaM and CaM kinase Il are present in ileum and
kidney and (Ca%-depenently) inhibit basal NHE3 activity (118, 119). DPPIV was identified
as a binding partner for NHE3 via immunoprecipitation studies in OK cells. DPPIV inhibitors
inhibited NHE3 activity, indicating that DPPIV activity is required for NHE3 activity (120,
121). Megalin was shown to bind NHE3, but the function of this binding has not been
studied yet (122).

The most recently found C-terminal binding partner of NHE3 is Shank2. Shank2
increases the abundance and basal activity of NHE3 in the membrane of PS$120 cells,
whereas downregulation of native Shank2 decreased NHE3 protein expression and NHE3
activity in Caco-2 cells. Together these results suggest that Shank2 is important for NHE3
abundance and activity (123).

Consistent with its association with multiple binding partners, density gradient
centrifugation indicates that NHE3 exists in ~400-900kD protein complexes. NHE3 is present
in protein complexes in early endosomes and in the brush border membrane (BBM). The
phosphorylation state of NHE3 affects the amount of NHE3 present in the complexes and
therefore the size of the complexes (124, 125). Exposure of rabbit ileum to carbachol
(which increases intracellular Ca2* levels resulting in PKC-mediated phosphorylation and
inhibition of NHE3) decreases the amount of NHE3 present in the BBM and increases the
amount of NHE3 in the early endosomes. In addition, the size of NHE3 complexes in the
BBM increased in carbachol-exposed ileum, suggesting that carbachol treatment enhanced
the association of proteins with NHE3. Indeed, NHERF-2, a-actinin-4 and PKC were co-
immunoprecipitated more efficiently from BBM after carbachol treatment (126).

PDZ domain proteins

PDZ domains are one of the most commonly found protein-protein interaction domains in
organisms ranging from bacteria to mammals. In humans, 1163 PDZ domains have been
identified in 484 different proteins (127, 128). PDZ proteins can be found at any location in
the cell and serve a key role in the formation of functional protein complexes (129, 130).



PDZ is an acronym of the first letter of the three proteins in which these modules
were originally characterized: the postsynaptic density protein PSD95/SAP90, its Drosophila
homologue Discs-large and the tight junction protein ZO-1. PDZ domains are globular
structures consisting of two oa-helixes and six B-sheets, with a length of 90-100 amino acids
(131). Because many PDZ domains have been crystallized with their corresponding ligands,
the structural basis for PDZ interaction is well understood. The PDZ domain forms a groove
with a structurally conserved Gly-Leu-Gly-Phe (GLGF) sequence between their second
a-helix and their second B-sheet. These residues form hydrogen bonds with a short piece
of the target protein, usually the extreme C-terminal residues (127). Some PDZ domains,
however, are able to interact with internal sequences, e.g. the PDZ protein NHERF-1 binds
to an internal sequence of NHE3 (111). The PDZ domains are subdivided into three classes,
based on the amino acids at position 0 (the last amino acid of the C-terminus) and -2 of the
ligand protein: Class | (S/T-X-®), Class Il (®-X-®) and Class Il (¥-X-®), where ® represents
a hydrophobic amino acid, ¥ a negatively charged residue and X can be any amino acid
(132). However, other data has suggested that these designations are too restrictive,
therefore additional classes have been proposed (133, 134). A recent study characterized
the binding selectivity of 157 mouse PDZ domains with respect to 217 C-terminal peptides.
In this study, the above mentioned classes were recognized, but there was much overlap
between the classes. Therefore, it was concluded that PDZ domains do not fall into discrete
classes, but are optimized across the proteome (135).

Binding partners of PDZ proteins are of many categories and include growth factor
receptors, G protein-coupled receptors, neurotransmitter receptors, transport proteins,
adhesion molecules, cytoskeletal elements and transcription factors (129, 131, 132).
The organizational capacity of a PDZ protein in clustering and anchoring transmembrane
proteins, was for the first time shown in case of the PDZ protein PSD-95 and the Shaker K*
channel. Expression of both proteins in a heterologous cell type resulted in the formation
of a complex containing the PDZ protein and its ligand on the cell surface. This clustering
was eliminated when the PDZ-binding motif in the K* channel was mutated (136).

The binding affinity of the ligand protein and the PDZ domain can be influenced by
phosphorylation (137-141). For example, phosphorylation of the PDZ binding motif of the
multidrug resistance protein 2 (MRP2) significantly increases binding of MRP2 to the PDZ
proteins NHERF-1 and NHERF-4 (137).

The NHERF family of proteins

The NHE3 regulatory factor (NHERF) family of PDZ proteins consists of four members:
NHERF-1, NHERF-2, NHERF-3 and NHERF-4. The NHERF proteins are expressed in numerous
tissues, including the small intestine, colon and renal proximal tubules. One important
function of the NHERF proteins is the regulation of CFTR and NHE3 activity (142-147). An
overview of the NHERF family members is shown in Figure 6.
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NHERF-1 Ne=C_| D=C Il =rC 358 aa

(NHERF, EBP50)

NHERF-2 N | D=C Il =pC 337 aa

(E3KARP, SIP-1,TKA-1)

NHERF-3 N1 D=C Il D=Cill >=—=CIV )=—=<c 519aa

(PDZK1, CLAMP, DIPHOR-1, NaPi-CaP1)

NHERF-4 N—==C_| D)=C 1l D=Cl D>=C IV D»C 505aa

(IKEPP, DIPHOR-2, NaPi-CaP2)

Figure 6. Overview of the NHERF family members. The N- and C-termini, PDZ domains (I, I, Ill and IV), the
number of amino acid residues (aa), and the presence of ERM domains (ezrin-radixin moesin binding domain) are
indicated. Modified from Donowitz et al., 2007 (2).

NHERF-1 (also named NHERF and EBP50) was first cloned as a cofactor required
for PKA-mediated inhibition of NHE3, whereas NHERF-2 (also named E3KARP, SIP-1 or
TKA1) was identified as a protein that binds to the C-terminus of NHE3 in yeast two-
hybrid screens (142, 143, 148). NHERF-1 and NHERF-2 are highly homologous proteins
(-52% sequence identity for the human orthologs). They both contain two PDZ domains
and a C-terminal ezrin-radixin-moesin (ERM) binding domain which anchors the proteins
(via ezrin) to the actin cytoskeleton (149). Although several binding partners interact
exclusively with NHERF-1 or NHERF-2, numerous others are capable of binding both NHERF
proteins, including CFTR and NHE3 (111, 143, 147, 150). NHERF-1, in contrast to NHERF-2,
is a phosphoprotein (151) and can be phosphorylated by GRK6A (G protein-coupled
receptor kinase 6A), PKA, PKC and cdc2 (cyclin dependent kinase 2) (152, 153). Protein
phosphatase 1 (PP1) and PP2A are able to dephosphorylate NHERF-1 (154). Phosphorylation
of NHERF-1 can affect its affinity for binding to other proteins. For example, parathyroid
hormone (PTH)-induced phosphorylation of Ser77 in PDZ domain | of NHERF-1 by PKA or
PKC results in the dissociation of NHERF-1/Npt2a complexes. Infection of renal proximal
tubule cells from NHERF-1 -/- mice with mutated NHERF-1 (Ser77 substituted with Ala)
resulted in increased Npt2a-mediated phosphate transport, indicating that inhibition of
renal phosphate transport is affected by NHERF-1 phosphorylation and the dissociation of



NHERF-1/Npt2a complexes (155). Very recently, it was demonstrated that phosphorylation
of the C terminus of NHERF-1 (at Ser339 and 340) by PKC results in a conformational
change of NHERF-1 and a abolishment of autoinhibitory intramolecular interactions. The
phosphorylated NHERF-1 showed an increased binding affinity for CFTR, indicating that
PKC phosphorylation might affect the ability of NHERF-1 to assemble macromolecular
complexes (156).

NHERF-1 and NHERF-2 are both able to form homo- and heteromultimers via PDZ
domain-mediated interactions (152, 157, 158). NHERF-1/NHERF-1 association has a low
affinity, but the binding of a ligand protein can increase this affinity. For example, binding
of the B,-adrenergic receptor or the platelet-derived growth factor receptor to NHERF-1
facilitates oligomerization of NHERF-1. NHERF-2/NHERF-2 association, on the other hand,
has a relatively high affinity and is hardly affected by interaction with ligand proteins
(152). NHERF-1 was also shown to form heterodimers with NHERF-2 or NHERF-3, thereby
facilitating the formation of protein complexes that contain binding partners of both PDZ
proteins (152, 159).

The expression levels of the NHERF proteins differ per tissue. Western blots
revealed a high expression level of NHERF-1 in kidney and small intestine of mice, whereas
lower levels of expression were detected in liver and stomach. NHERF-1 is also expressed
(often mutated) in several breast cancer tumors and has been indicated to function as
a tumor suppressor in mammary epithelial cells (160, 161). NHERF-2 expression in mice
is most abundant in the lung, while its expression in kidney, small intestine, liver and
stomach is considerably lower (162).

NHERF-3 was first discovered as a protein that is upregulated in rats kept on a low
phosphate diet and was called diphor-1 (dietary Pi-regulated RNA-1) (144). Other names
for NHERF-3 are: PDZK1, CLAMP, CAP70 and NaPi-Cap1. NHERF-3 is localized in or near the
apical membrane of epithelial cells in the kidney, the pancreas, the liver and the intestinal
tract (159, 163, 164). NHERF-3 contains four PDZ domains but no other interaction domains
and is phosphorylated at serine 509 by PKA (165). The closest homologue of NHERF-3 is
NHERF-4 (IKEPP), their 4 PDZ domains share an identity of ~30-50% (145). More than 20
binding partners of NHERF-3 have been identified thus far, including CFTR, CLC-3B (chloride
channel 3B) and the transmembrane mucin MUC17 (166-169).

NHERF-4 is the most recently discovered member of the NHERF family. It was
found in a search for interactors of GC-C (guanylate cyclase C) (170). GC-C is the intestinal
receptor for guanylin and heat-stable enterotoxin (STa). As shown in Figure 2, binding of
guanylin or STa to the receptor stimulates GC-C and increases intracellular cGMP levels
(171). NHERF-4 was originally named intestinal and kidney enriched PDZ domain protein
(IKEPP), based on domain organization and mRNA distribution (145). Other names for
NHERF-4 are: DIPHOR-2 and NaPi-CaP2 (172). Interaction of NHERF-4 with GC-C significantly
reduced STa-induced GC-C activation in heterologous overexpression systems (145). The
mechanism by which NHERF-4 inhibits the production of cGMP by GC-C is unknown. It has
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been suggested that NHERF-4 fulfills a role in recruiting inhibitory factors to the activated
GC-C receptor (170). NHERF-4 is also reported to interact with the type lla sodium-
phosphate co-transporter (NaPi lla) (172) and the multidrug resistance protein MRP2 (137).
Based on these interactions, NHERF-4 is predicted to regulate epithelial transport and
signaling similar to the other NHERF proteins.

Regulation of CFTR by PDZ domain interactions

Several mechanisms were found by which the NHERF family of PDZ proteins are capable
of regulating the CFTR chloride channel. These mechanisms include: regulation of CFTR
phosphorylation, anchoring to the actin cytoskeleton, dimerization of CFTR, targeting
to and/or retention in the apical membrane, and linking CFTR to other NHERF binding
partners (45). An overview of the putative PDZ protein mediated mechanisms involved in
regulating CFTR activity is given in Figure 7.

PDZ proteins and phosphorylation of CFTR - NHERF-1 and/or NHERF-2 are thought
to be involved in the regulation of phosphorylation of the regulatory (R) domain of CFTR,
thereby affecting the activation of the channel. NHERF-1 and/or NHERF-2 can bind both
the C terminus of CFTR and indirectly also to the kinase protein. As shown in panel A of
Figure 7, the NHERF proteins may serve as bridging proteins for the coupling of PKA (bound
to ezrin) and CFTR (149, 173-175). The mechanism for the activation of CFTR by the Ca*-
dependent kinase PKC (protein kinase C) is similar: NHERF binds to the PKC-interacting
protein RACK1 (receptor for activated C kinase), bringing this protein complex in close
proximity of CFTR (176).

Shank2 is a PDZ protein introduced earlier as a binding partner of NHE3 (page 22).
It competes with NHERF-1 for the binding of CFTR and negatively regulates CFTR activity.
Shank2 is a member of the Shank family of synaptic proteins, which contain multiple
domains for protein-protein interaction, including ankyrin repeats, a SH3 domain and a
PDZ domain (177). An association between Shank2 and CFTR was found in yeast two-hybrid
studies and verified by co-immunoprecipitation in mammalian cells (178). Shank2 functions
as a bridging protein for the phosphodiesterase PDE4D and CFTR. It brings PDE4D in close
proximity of CFTR, thereby decreasing the local cAMP concentration near CFTR and
reducing CFTR-mediated chloride currents (178, 179). Recently, it was found that NHERF-3
might reduce the cAMP-dependent phosphorylation of CFTR by a comparable mechanism:
via coupling of CFTR and MRP4. As mentioned before, MRP4 is a cAMP transporter which
transports cAMP out of the cell. NHERF-3 was shown to bring MRP4 in close proximity of
CFTR, resulting in reduced CFTR activity, probably via a reduction in local cAMP levels
(44). However, the CFTR-dependent short circuit current and bicarbonate secretion in the
jejunum of NHERF3 null mice were reduced rather than increased (180), suggesting that
this mechanism is not important for CFTR regulation in the murine intestine.

Dimerization of CFTR - NHERF-1 and NHERF-3 are able to bind 2 CFTR molecules



simultaneously (Figure 7a) (140, 181). Patch clamp studies showed that CFTR dimers were
more active upon PKA stimulation than monomers (167).

Linking of CFTR to other NHERF binding partners - Linking CFTR to various NHERF
binding partners, including NBC3 (Na*/HCO, cotransporter 3) (182), NHE3 (183) and Kir1.1
(inward rectifier potassium channel 1.1) (184) may contribute to regulation of ion transport.
In airway epithelial cells, CFTR is coupled physically and functionally to the ,-adrenergic
receptor (see Figure 7b) by NHERF-1. Deletion of the PDZ motif from CFTR resulted in
reduced CFTR activity (185). Furthermore, it was shown that the long acting 3,AR-agonist
salmeterol, in a cAMP/PKA independent way, increased the amount of CFTR expressed in
the membrane of human airway epithelial cells (HAEC) (186).

Anchoring of CFTR to the actin cytoskeleton - By binding CFTR and ezrin, NHERF-1
and NHERF-2 were shown to anchor CFTR to the actin cytoskeleton (149, 173, 174) (see
also Figure 7). Coupling of CFTR to the actin cytoskeleton may limit the lateral mobility of
CFTR in the membrane (187). CFTR was shown to have a strongly reduced half-life and in
increased mobility in the cell membrane after deletion of the PDZ binding site (187-189).

Figure 7. Model depicting the various
mechanisms of NHERF-mediated
regulation of CFTR activity. A. NHERF
binds to the C-terminus of CFTR and
indirectly (via ezrin) to PKA (protein kinase
A). Phosphorylation by PKA stimulates
CFTR activity. NHERF-1 might function as
a bridging protein to bring PKA and CFTR
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Targeting of CFTR to, and retention in, the apical membrane - The role of the
C-terminal PDZ binding domain for trafficking of CFTR to the apical membrane has been
subject to debate and remains controversial. Several studies, using CFTR proteins with a
mutated C-terminus indicated that interaction of CFTR with PDZ domain proteins is required
for correct sorting (targeting) of CFTR to the apical membrane because these mutants
were also localized in the basolateral membrane of MDCK and airway cells (190-192).
However, these results were not confirmed in several very similar other studies. (188, 193,
194). A major disadvantage of the use of C-terminally mutated CFTR is that the interaction
with all PDZ domain proteins is lost and the role of individual binding partners could not be
studied. The first studies of CFTR function in mice lacking individual PDZ domain proteins
were therefore eagerly awaited.

CFTR is endocytosed and recycled back to the membrane continuously and the
NHERF proteins may affect these processes. It has been suggested that the PDZ protein CAL
(CFTR associated ligand) competes with NHERF-1 for CFTR binding and thereby negatively
regulates the amount of CFTR in the membrane (Fig. 7c). CAL (also named PIST or FIG)
contains one PDZ domain and is most abundantly localized in the Golgi apparatus. CAL
expression can reduce the total and cell-surface protein expression of CFTR by targeting
CFTR for degradation in the lysosomes (195).

It has been found that NHERF-1 might not only affect the targeting of CFTR, but
also the targeting of F508del-CFTR to the apical membrane. Over-expression of NHERF-1 in
CF airway cells resulted in redistribution of F508del-CFTR from the cytoplasm to the apical
membrane and increased the PKA-dependent chloride secretion (196). Furthermore, it was
recently shown that B-estradiol upregulates NHERF-1 expression and increases functional
expression of F508del-CFTR in cultured cells (197). Rescue of functional F508del-CFTR is of
clinical relevance to CF patients.

Regulation of NHE3 inhibition by PDZ proteins

Regulation of NHE3 via the NHERF proteins was first studied in several cell lines. Studies
with a PS120 cell line (stably transfected with NHE3) demonstrated that neither NHERF-1
nor NHERF-2 are required for basal NHE3 activity (143), but (as shown in Figure 8) the NHERF
proteins are required for the cAMP-, cGMP-, and Ca?*-dependent inhibition of NHE3.
NHERF-1 or NHERF-2 enable the formation of a complex containing NHE3 and
ezrin, bringing PKA (bound to ezrin) in close proximity to NHE3, resulting in inhibition
of NHE3 via its direct phosphorylation (Figure 8a) (111, 198, 199). In contrast, cGMP-
mediated regulation of NHE3 is exclusively NHERF-2 dependent. NHERF-2 binds both NHE3
and the cyclic GMP dependent kinase Il (cGKIl), which phosphorylates NHE3, leading to its
inhibition (Figure 8b). NHERF-1 is not able to bind cGKIl and therefore can not facilitate
the cGMP-dependent inhibition of NHE3 (105, 112). As shown in Figure 8c, in response to
increased intracellular Ca?*-levels a complex is formed, including NHE3, PKC, NHERF-2 and



o-actinin-4. This complex may be involved in the endocytosis of NHE3 (200). Stimulation
of NHE3 activity can occur as a consequence of competition of NHE3 and the B,-adrenergic
receptor for NHERF-1 binding. Because only activated B,AR interacts with NHERF-1,
activation of the receptor can lead to the disruption of NHERF-1/NHE3 interactions and
reduced PKA-mediated NHE3 inhibition (201, 202).

Figure 8. Model of putative NHE3
complexes promoting NHERF-
mediated inhibition of NHE3. A.
NHERF-1 or NHERF-2 links NHE3
via ezrin to PKA and actin. cAMP
activates PKA which phosphorylates
NHE3 resulting in its inhibition.
B. NHERF-2 binds both NHE3 and
cGKIl and is required for the cGMP-
mediated inhibition of NHE3.
cGMP levels are increased after
activation of guanylate cyclase C
(GC-C). Ezrin is not necessary for
the cGMP-dependent inhibition of
NHE3, perhaps because the complex
is fixed to the apical membrane by
myristoylation of cGKIl. C. Ca*-
activated PKC phosphorylates and
inhibits NHE3. Complex formation
of NHE3, NHERF-2, a-Actinin-4
and PKC may induce endocytosis
of NHE3. Figure is modified from
/ Donowitz et al., 2007 (2).
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Recently, it has become clear that cAMP-mediated inhibition of NHE3 is regulated via
different mechanisms in kidney and ileum of mice (203). As mentioned before, increased
levels of cAMP stimulate PKA, but they also activate EPAC (exchange protein directly
activated by cAMP). EPAC acts as a GDP/GTP exchange factor (GEF) for the small GTPases
Rap1 and Rap2 and activates these proteins (204). EPAC is involved in various processes,
including cAMP-regulated insulin secretion, regulation of the H*/K*-ATPase in the kidney
cortical collecting duct and NHE3 inhibition in OK cells (205-207). The EPAC-mediated
inhibition of NHE3 is phosphorylation independent (208). In the proximal tubule of mice,
NHE3 activity is inhibited by cAMP via both PKA and EPAC, and both inhibitory pathways
are NHERF-1 dependent. In contrast, cCAMP inhibits ileal NHE3 only by a PKA-dependent
pathway, which unexpectedly was independent of NHERF-1 (203). A final mechanism
whereby one of the NHERF proteins affect NHE3 regulation is the NHERF-2-dependent
NHE3 stimulation by LPA (lysophosphatidic acid). In opossum kidney (OK) cells expressing
NHERF-2, LPA treatment increased the surface expression of NHE3. Most likely, NHERF-2 is
required to increase LPA-induced phospholipase C (PLC) activity in these cells, resulting in
PLC-dependent Ca? elevation and increased exocytosis of NHE3 (209, 210).

29



30

NHEREF deficient mice

Different mouse strains that are deficient for NHERF-1, NHERF-2 or NHERF-3
have been generated. For NHERF-1 two independently generated knockout models have
been described. The first NHERF-1-deficient mouse model was generated by Shenolikar
et al.(2002), by using homologous recombination targeting exon 1 of the mouse NHERF-1
gene. These NHERF-1-deficient mice displayed increased secretion of phosphate in the
urine, due to a redistribution of Npt2a in the proximal tubule (211). Decreased membrane
abundance of Npt2a in the absence of NHERF-1 resulted in reduced Na‘*-dependent
phosphate reabsorption compared to wild-type controls (155, 212, 213). NHERF-1 was not
only required for the apical targeting of Npt2a, but also for the rapid reduction of Npt2a
membrane abundance that is induced by PTH. NHERF-1 phosphorylation at Ser 77 (by PKC)
was recently shown to lead to dissociation of the Npt2a/NHERF-1 complex and resulted in
internalization of Npt2a in the membrane of the proximal tubule cells (155).

Female NHERF-1 null mice exhibited a lower body weight and a reduced lifespan.
Some of these NHERF-1-deficient females suffered from severe osteoporosis and bone
fractures, whereas other female NHERF-1 null littermates looked normal. These “normal”
NHERF-1-deficient females (i.e. not suffering from osteoporosis) were used to establish a
NHERF-1 null mouse colony (211, 214).

The level of NHE3 protein and its localization were unaltered in the NHERF-1
null mice, both in the proximal tubule and in enterocytes. However, the cAMP-dependent
inhibition of NHE3 in the proximal tubule was strongly reduced and the cAMP-stimulated
phosphorylation of NHE3 was no longer observed, confirming the model in which NHERF-1
facilitates the formation of a complex containing NHE3 and PKA (211, 215).

The second NHERF-1-deficient mice strain, generated by Morales et al. (2004),
did not suffer from increased mortality, but (as in the first mentioned NHERF-1 null mice)
serum phosphate was decreased. The animals demonstrated a strong down-regulation of
ezrin protein levels and had disorganized intestinal microvilli, dispersed actin-rich terminal
webs and an increased number of goblet cells in the small intestine (216).

NHERF-2-deficient mice were generated in our lab and are described for the first
time in this thesis (see Chapter 2).

NHERF-3 null mice were generated by Kocher et al, (2003), they developed
normally and did not display any gross phenotypic abnormalities (146). However, reduced
expression of the HDL receptor SR-B1 in the liver resulted in two-fold increased plasma
cholesterol levels (217). Furthermore, similar to NHERF-1-deficient mice, NHERF-3 null
mice demonstrated a reduced level of Npt2a in the apical membrane leading to increased
renal phosphate excretion when fed on a high-phosphate diet, but in contrast to NHERF-1
null mice the downregulation of Npt2a by PTH was normal (218). Levels of CFTR mRNA
expression were unaltered in the NHERF-3 null mice, but the small intestine displayed
a mild reduction in maximal CFTR-mediated chloride currents (180). Furthermore, the
forskolin-mediated duodenal anion secretion (reflecting CFTR activity) was slightly



decreased in these mice, whereas in jejunum the basal and forskolin-inhibited NHE3-
mediated sodium absorption was profoundly reduced (180, 219). NHE3 mRNA expression
level was significantly increased in small intestinal mucosa of NHERF-3 null mice. However,
total enterocyte and BBM abundance of NHE3 was not significantly different, suggesting an
increased NHE3 turnover (180).

cGMP-dependent protein kinase anchoring proteins (GKAPs)

cGKIl is bound to the plasma membrane via a N-terminal myristoyl group. This
insertion in the membrane is required for cGKIl to cGMP-dependently phosphorylate and
stimulate CFTR (220, 221). Various GKAPs (cGMP-dependent protein kinase anchoring
proteins) are known that bind to cGKI and target it to the proper substrate proteins. It was
unknown whether protein interactions were also required to target cGKIl to its substrates
until it was observed that NHERF-2 is required for the cGMP-dependent inhibition of NHE3.
By acting as a GKAP, NHERF-2 is required to bring cGKIl in close proximity of NHE3 and to
allow cGMP-mediated phosphorylation of NHE3 (105, 112)(Chapter 4 of this thesis). To
learn more about the functions of cGKIl and to find novel binding partners for this kinase
we used cGKIl as a bait in a yeast two-hybrid screen, and identified glial fibrillary acidic
protein (GFAP) as a new interaction partner.

GFAP is an intermediate filament (IF) protein expressed in glial cells and belongs
to the type Il subclass of IF proteins. Intermediate filament proteins are composed of an
amino-terminal head domain, a central rod domain and a carboxy terminal tail domain.
Multimerization of GFAP is regulated by phosphorylation and dephosphorylation of the
head domain (222). Various protein kinases are known to phosphorylate the N-terminus
of GFAP, including PKA, Ca?/calmodulin-dependent protein kinase Il (CaMK II), protein
kinase C (PKC) and cdc-2 kinase (223, 224). Dephosphorylation of GFAP has received less
attention. In the rat hippocampus GFAP dephosphorylation is mainly catalyzed by protein
phosphatase 1 (PP1) (225). GFAP is mainly expressed in astrocytes in the central nervous
system (226). Intriguingly, hardly any specific function has been attributed to GFAP. Mice
lacking GFAP develop normally and show no obvious anatomical abnormalities in their
central neural system, behavior or memory. However, they display post-traumatic reactive
gliosis, a deficiency in long-term depression and exhibit a significant impairment of eyeblink
conditioning (227-229). Furthermore, glutamate transport activity is reduced in GFAP
null mice (230). Formation of a complex containing GFAP and the glutamate transporter
GLAST (as well as NHERF-1 and ezrin) was recently observed and co-expression of GFAP
and NHERF-1 was shown to increase the transport of the glutamate analogue D-aspartate
(231). Regulation of glutamate transporters, including GLAST, is important to protect the
brain against glutamate-mediated excitotoxicity and the regulation of GLAST is the first
function of GFAP identified at the molecular level (231).
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cGKIl has several known functions in the brain (232). cGKIl deficient mice display
changes in the resetting of the circadian clock in the suprachiasmatic nucleus (SCN) at
the base of the hypothalamus (233). Furthermore, cGKIl deficient mice display a strong
increase in anxiety-like behavior and a reduced sensitivity to the hypnotic effect of ethanol
(234). Although a physiological role of binding of GFAP to cGKIl remains to be determined,
we observed that the amount of GFAP protein is increased in cells expressing active cGKll
(Chapter 6).

Scope of this thesis

The present study was inspired by the research reviewed in this introduction. Whereas
the knowledge about the function of PDZ proteins based on studies in numerous cell
lines has expanded rapidly, their physiological function in native intestinal epithelia was
never studied before. A major goal of our research was to fill in this gap of knowledge
by focusing on the possible roles of the NHERF proteins in intestinal ion transport, using
mice lacking one or more of the NHERF proteins. We exploited NHERF-1 and generated
NHERF-2 and NHERF-1/-2 double deficient mice to investigate the roles of these proteins
in the cyclic nucleotide dependent regulation of both CFTR and NHE3. CFTR and NHE3 are
the key transporters of Cl- and Na* across the intestinal epithelial layer (Chapter 2 and
3 respectively). By this approach we attempted to avoid some major disadvantages of
cultured cell studies, i.e. the use of over-expression models and/or poorly polarized cells
(often of non-epithelial origin) and to gain a better understanding of the physiological
mechanisms of intestinal ion transport.

In our studies we were especially interested in the function of the PDZ proteins
NHERF-1 and NHERF-2, as previous research in cultured cells had indicated that these
proteins could play a role in the regulation of both CFTR and NHE3, and therefore might
affect both secretion and absorption processes in the gut. Another new approach in our
studies on the roles of the NHERF proteins in the regulation of CFTR and NHE3 activity was
to downregulate NHERF-1 and/or NHERF-2 expression in polarized epithelial cells and to
examine the consequences for CFTR-mediated chloride efflux and NHE3 activity in these
cells (Chapter 4).

To better understand the unique aspects of the system biology of the gastro-
intestinal epithelia we also considered it important to know the structural composition
of the apical region of these epithelial cells. To this aim we started off by identifying the
proteome of the murine jejunal brush border (Chapter 5). Knowledge of the brush border
proteome of wild-type mice is a prerequisite for future comparisons with the proteome of
NHERF deficient mice, which will learn us more about the function of NHERF proteins in the
expression, localization and stabilization of brush border membrane proteins.

Finally, we were interested to identify novel binding partners and/or substrates for
the cGMP-dependent kinase Il (cGKIl). cGMP-dependent protein kinase anchoring proteins



(GKAPs) can improve the efficiency and specificity of target protein phosphorylation. To
date, most of the GKAPs known are specific for cGKI (the cytosolic cGK), whereas binding
of cCKll to anchoring proteins has received less attention. Membrane anchoring of cGKIl via
an N-terminal myristoyl-group was previously found to be a prerequisite for the efficient
phosphorylation of both NHE3 and CFTR. In addition, cGMP-mediated phosphorylation of
NHE3 requires expression of NHERF-2 as GKAP. Because it is still unclear if cGKIll binding
partners are essential to allow cGMP-dependent phosporylation and activation of CFTR, we
searched for novel cGKIl binding partners using the yeast two-hybrid system (Chapter 6).
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Abstract

Binding of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel to the Na*/H* exchanger 3 regulatory factor 1 (NHERF-1) and NHERF-2 scaffolding
proteins has been shown to affect its localization and activation.We have for the first
time studied the physiological role of these proteins in CFTR regulation in native tissue
by determining CFTR-dependent chloride current in NHERF-1- and NHERF-2-deficient
mice. The cAMP- and cGMP-activated chloride current and the basal chloride current in
basolaterally permeabilized jejunum were reduced by ~30% in NHERF-1-deficient mice
but not in NHERF-2-deficient mice. The duodenal bicarbonate secretion was affected in a
similar way, whereas no significant differences in CFTR activity were observed in ileum.
CFTR abundance as determined by Western blotting was unaltered in jejunal epithelial
cells and brush border membranes of NHERF-1 and NHERF-2 mutant mice. However, semi-
quantitative detection of CFTR by confocal microscopy showed that the level of apically
localized CFTR in jejunal crypts was reduced by ~35% in NHERF-1-deficient and NHERF-1/2
double deficient mice but not in NHERF-2 null mice. Together our results indicate that
NHERF-1 is required for full activation of CFTR in murine duodenal and jejunal mucosa
and that NHERF-1 affects the local distribution of CFTR in or near the plasma membrane.
These studies provide the first evidence in native intestinal epithelium that NHERF-1 but
not NHERF-2 is involved in the formation of CFTR-containing functional complexes that
serve to position CFTR in the crypt apical membrane and/or to optimize its function as a
CAMP- and cGMP-regulated anion channel.

Introduction

Cystic fibrosis, the most common inherited lethal disorder among Caucasians, is caused by
mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel, resulting in abnormal electrolyte transport in epithelial tissues,
most notably in airways, pancreas, and intestine (1). CFTR is the major cAMP- and cGMP-
activated anion transporter in various epithelia including intestinal crypt cells, where it
is essential for electrolyte and fluid secretion, as is apparent from the occurrence of life-
threatening intestinal obstruction in ~10% of newborn cystic fibrosis patients. On the other
hand, overstimulation of CFTR by bacterial enterotoxins causes secretory diarrhea, leading
to the death of millions of children per year in the developing world (2).

The abbreviations used are: CFTR, cystic fibrosis transmembrane conductance regulator; BBMV, brush border
membrane vehicles; I, short circuit current; NHE3, Na*/H* exchanger 3; PDZ, Postsynaptic Density 95/Drosophila
Disks large/Zonula Occludens | binding domain; NHERF, NHE3 regulatory factor; PDZK1, PDZ domain protein
kidney 1; WT, wild type.
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The C terminus of CFTR can bind to several PDZ domain containing proteins
(3-5). PDZ domains are protein-protein interaction modules that bind to short stretches of
amino acids, usually at the extreme C terminus of their target proteins. Most PDZ domain
proteins contain more than one PDZ domain or other protein interacting modules, thereby
facilitating the formation of macromolecular complexes, which is important for targeting,
trafficking, and multi-protein complex formation of their binding partners.

Several studies have indicated that binding of CFTR to members of the NHERF
family of PDZ domain proteins may be important for regulation of activity and for
maintaining correct localization in the apical membrane where the NHERF proteins as well
as CFTR are localized. Three of the four members of the NHERF family of PDZ proteins
present in the intestinal brush border are known to bind to CFTR (5, 6). NHERF-1 (also
named NHERF and EBP50) and NHERF-2 (also named E3KARP, SIP-1, and TKA-1) share a
structural homology; they contain tandem PDZ domains and a C-terminal ezrin-radixin-
moesin binding domain, which anchors the proteins to the actin cytoskeleton. PDZK1 (also
known as CAP70, NaPi-CAP1, and more recently as NHERF-3) contains four PDZ domains but
no ezrin-radixin-moesin binding domain (7-9).

The multiple (potential) roles of the CFTR C terminus in the regulation of its
function have recently been reviewed and are still controversial (10). These roles include:
1) increasing cAMP-dependent activation of CFTR by positioning the cAMP-dependent
protein kinase in the vicinity of CFTR where it can efficiently phosphorylate its substrate
(11, 12). This corresponds to the mechanism whereby NHERF-1 and NHERF-2 facilitate
formation of a NHE3/NHERF/ezrin/cAMP-dependent protein kinase complex, which is
required for inhibition of NHE3 (Na*/H* exchanger 3) (9, 13, 14). 2) Coupling of CFTR to
the cytoskeleton (via NHERF-1 or NHERF-2 binding to ezrin), resulting in a strong reduction
in the lateral mobility of CFTR in the membrane (15, 16). 3) NHERF-1-or PDZK1-induced
CFTR dimerization by binding of two CFTR molecules to either NHERF-1 or PDZK1, which
allosterically enhances the open probability of the channel (17, 18). 4) Targeting of CFTR
to the apical membrane and/or its retention in the membrane was shown to require PDZ
domain interactions in several studies (19—21); however, various highly similar studies
failed to show this effect (12, 22); 5) Linking CFTR to various NHERF binding partners (which
include many channels, transporters, and G protein-coupled receptors) may contribute to
temporal and spatial specificity and efficiency of signal transduction.

Whether CFTR-NHERF interactions are exploited as a mechanism for CFTR regulation
in native tissue has not been studied yet. All of the previous studies were performed
using cell culture systems expressing different amounts and members of the NHERF family
proteins (endogenously or using overexpressing systems) or recombinant proteins (e.g.
C-terminally truncated CFTR or CFTR fragments), which may have contributed to the
different outcomes of similar experiments.

To further investigate the role of the NHERF proteins as regulators of CFTR in
a physiological context and to study the functions of the isoforms separately, we have



studied CFTR regulation in native intestinal epithelia from mice lacking NHERF-1,
NHERF-2, or both. We demonstrate that NHERF-1, but not NHERF-2, is essential for full
activation of transepithelial chloride and bicarbonate secretion by cAMP and cGMP and
that the immunostaining intensity of CFTR in the jejunal crypts of NHERF-1 deficient mice
is reduced.

Experimental procedures

Animals - Using a previously described retroviral trapping method (23), Lexicon Genetics
generated NHERF-2-deficient mice using Omnibank clone OST2298. The retroviral gene trap
cassette pVICTR22, containing an optimal splice acceptor sequence that causes mis-splicing of
the targeted gene and puromycin resistance as a selectable marker was found to be inserted 157
bp 3’ of the second exon (see Fig. 1A). The mice were genotyped by two-allele three-primer PCR,
using genomic DNA isolated from tail clips; primers 1 (5’-TTCTATAAGCCTCCATTTCCTCT-3’) and 3
(5’-CCCACCCCCATCGCTGCTC- 3’) were used for detection of the wild type (WT) allele. Primer 2
(5-GCGCCAGTCCTCCGATTGA-3') is complementary to a sequence in the 5" long terminal repeat
of the retroviral insert and serves to amplify the mutant allele in combination with primer 1. PCR of
tail clips was performed using 0.4 uM of each primer, 1 mM MgCl,, 0.2 mM dNTPs (Promega), 0.3
units of RedTag DNA polymerase (Sigma), and the supplied buffer. The sizes of the PCR products
were 303 bp for the wild type and 231 bp for the mutant allele (see Fig. 1C).

NHERF-1-deficient mice were originally generated at the Duke University Medical Center
and have been described before (24). NHERF-1 and NHERF-2 mice were backcrossed for at least
five generations into the FVB/n genetic background. Furthermore, NHERF-1-deficient mice were
crossed with NHERF-2-deficient mice and with mice carrying a targeted disruption in the CFTR gene
described previously (also from the FVB genetic background) (25). In contrast to previous reports
(24), the viability and fertility of female NHERF-1 null mice was not different from wild type, probably
because of breeding into the FVB/n genetic background.

The mice were housed in the animal facilities of the Erasmus Medical Centre of Rotterdam
and the Medical School of Hannover under standardized light and climate conditions and ad libitum
access to water and chow. All of the animal experiments were approved by the Dutch Animal Welfare
Committee and followed the protocols at the Hannover Medical School and the local authorities for
the regulation of animal welfare (Regierungsprasidium). Both male and female animals were used
for studies at 12—20 weeks of age. The mice were anesthetized with ketamine and xylazine (100
and 20 mg/kg respectively, intraperitoneally) and euthanized by cervical dislocation after removal of
tissue.

Bioelectric Measurements - Short circuit currents (/) of muscle-stripped ileal and jejunal
sheets mounted in Ussing chambers were measured as described previously (26). Transepithelial
PD was clamped at 0 mV, and /. was measured using a DVC-1000 voltage/current clamp (World
Precision Instruments), digitized by a Digidata 1320, and analyzed using AxoScope 9.2 software
(Axon Instruments). After stabilization of the base-line current or the previous response the following
agents were added: 8-Br-cGMP (serosal, 200 uM), forskolin (serosal, 10 uM), and D-glucose (mucosal,
10 mM). To determine whether the observed changes in the NHERF-1-deficient mice (see “Results”)
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were the direct consequence of reduced CFTR activity or whether NHERF-1 deficiency affects
activity of basolateral ion transporters and/or the driving force for chloride secretion, the basolateral
membrane was permeabilized to monovalent ions using nystatin during the /. measurements (27).
After stabilization of the base-line current, an inward transepithelial chloride gradient was generated
by iso-osmotic replacement of chloride in the serosal bath by mannitol. The ionophore nystatin was
added at the serosal side at 0.36 g/ml. Forskolin (serosal, 10 uM) and glucose (mucosal, 10 mM)
were subsequently added after stabilization of the current.

Bicarbonate Secretion - Isolated proximal duodenum was stripped of external serosal
and muscle layers. Duodenal mucosa was mounted in a gas-lifted Ussing chamber and maintained
at 37 °C. The mucosal side was bathed with unbuffered bicarbonate-free Ringer’s solution, and the
serosal side was bathed with buffered gassed Ringer’s solution (pH 7.4) containing 22 mM HCO,".
Under control of a pH-stat system (PHM290, pH-Stat Controller, Radiometer Copenhagen), the
luminal pH was maintained at 7.4 by continuous infusion of 1 mM HCI. The amount infused/time unit
was used to quantitate HCO, secretion (umol/cm?/h™'). After measuring basal secretion for 30 min,
forskolin (10 uM) or 8-Br-cGMP (200 uM) was added at the serosal side, and changes in bicarbonate
secretion were determined during a 40-min period.

Isolation of Intestinal Epithelial Cells and Brush Border Membrane Vesicles (BBMVs)
- Mechanical high frequency vibration was used to isolate epithelial cells from mouse jejunum in
isotonic buffer as described before (28). BBMVs were isolated from epithelial cell homogenates
by differential magnesium precipitation (29). Epithelial tissue and BBMVs were resuspended in
SDS-PAGE loading buffer containing protease inhibitors (Complete; Roche Applied Science) and
homogenized by brief sonication on ice. The protein concentrations were determined using the RC
DC protein assay kit (Bio-Rad).

Western Blot Analysis - For quantitative analysis of the relevant proteins in epithelial cells
and BBMVs, samples from at least two mice were pooled. Crude extracts from other tissues were
prepared by snap-freezing and homogenization in Laemmli sample buffer (containing Complete
protease inhibitor) followed by brief sonication on ice. The samples were separated by SDS-PAGE
and transferred to Protean nitrocellulose membrane (Schleicher & Schuell Bioscience Hybond-P) or
polyvinylidene difluoride membrane (Amersham Biosciences). The membranes were blocked with
2.5% nonfat dried milk for 1 h at room temperature and incubated overnight with primary antibody
at 4 °C. The primary antibodies used were anti-CFTR antibody R3195 (dilution 1:1000) (30), anti-
NHERF-1 antibody (dilution 1:3000) (31), anti-NHERF-2 antibody R2570 (dilution 1:1000) (32),
and anti-actin antibody MAB1501 (Chemicon; dilution, 1:15000). An antibody against PDZK1 was
generated in rabbit against a peptide (amino acids 339-354 of mouse PDZK1), and serum was affinity-
purified on peptide-bound agarose beads. The signal on Western blots was completely blocked by
the peptide (0.5 mM; data not shown). After incubation with primary antibody and washing, the
membranes were incubated with secondary antibody. Horseradish peroxidase-conjugated donkey
anti-rabbit 1gG-horseradish peroxidase (Amersham Biosciences; dilution, 1:3000) was employed
for detection of all primary antibodies except anti-actin, which was detected using horseradish
peroxidase-conjugated goat antimouse IgG (BIOSOURCE International; dilution, 1:5000). The
secondary antibody was detected by chemiluminescence (Supersignal West Pico substrate;
Pierce) by exposing to light sensitive imaging film (Biomax MR film; Kodak). The imaged bands



were quantified using a calibrated GS-800 densitometer (Bio-Rad) and analyzed using Quantity-one
software (version 4.2.1; Bio-Rad).

Immunohistochemistry and Confocal Microscopy - Formalin-fixed, paraffin-embedded
tissue sections (5 uym) from mice of different genotypes were prepared on the same slide. After
deparaffinization with xylene and treatment with 0.01 M sodium citrate solution, endogenous
peroxidase activity was blocked with 0.6 %H,O, and 0.12% sodium azide. Sections were incubated
with anti-CFTR (R3195, 1:100) or anti-NHERF-1 (1:500) antibodies in phosphate-buffered saline
with 2% bovine albumin for 1.5 h at room temperature. The sections stained with monoclonal anti-
villin antibody (Santa Cruz; SC-58897; dilution, 1:50) were incubated overnight. The slides were
subsequently incubated for 2 h with fluorescein isothiocyanate labeled anti-rabbit secondary
antibody and/or Cy3-labeled anti-mouse IgG (1:100, both secondary antibodies were from Jackson
Immunoresearch Laboratory, West Grove, PA) and mounted with Vectashield (Vector Laboratories
Inc., Burlingame, CA). Immunofluorescence micrographs were captured using a Zeiss LSM510
confocal microscope equipped with a 25 milliwatt argon laser. Fluorescence emission after excitation
(488 nm for CFTR, 543 nm for villin) was detected using 10x/0.3 or 40x/1.3 numerical aperture
oil immersion lenses, a dichroic beam splitter reflecting 488-nm excitation light, and a 505-530
bandpass emission filter (560—615 nm for villin). The images were scanned using a 75-um pinhole.
Initial analysis of images was performed double-blind by at least two investigators. For (semi)
quantification of signal from jejunal crypts, images from longitudinal sections at Z-steps of 0.5 pm
were analyzed by determining total background-subtracted fluorescent signal using KS400 Zeiss
software. The same threshold was utilized for all images from one slide. Three individual crypts from
three age- and sex-matched mice of each genotype were analyzed.

Data Analysis - The data are the means + S.E. Statistical significance was established
using Student’s unpaired two-tailed t test.

Results

Generation and Characterization of NHERF-2-deficient Mice - NHERF-2-deficient mice
were generated as described under “Experimental Procedures”. Insertion of the retroviral
cassette resulted in a complete absence of NHERF-2 protein in all tissues studied (kidney,
lung, stomach, heart, brain, and colon; a representative example of a Western blot is
shown in Fig. 1B). NHERF-2 null mice developed normally and were born at Mendelian
ratios. They showed no obvious alterations in gross morphology, body size, and fertility. No
abnormal behavior or signs of distress were apparent. Histological analysis of various tissues
(lung, kidney, jejunum, ileum and colon, and nasal and tracheal epithelium) displayed
comparable morphology in wild type and NHERF-2-deficient mice (data not shown).
cAMP- and cGMP-dependent Activation of CFTR-mediated lon Transport in
NHERF-1- and NHERF-2-deficient Mice - Several studies using cultured cells have indicated
an important role for the NHERF proteins in the activation of CFTR (10). By using mice
deficient in NHERF-1, NHERF-2, or both, we were able to analyze native epithelia ex vivo,
avoiding potential artifacts introduced by using overexpression systems or recombinant
proteins. First, cCAMP- and cGMP-activated CFTR transepithelial short circuit currents (/)
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were measured in mice of the different genotypes. As shown in Fig. 2A (panel 1), the
response to the adenylyl cyclase activator forskolin was significantly reduced in jejunum
of NHERF-1-deficient mice (34% reduction, p<0.05), whereas the response in NHERF-2-
deficient mice was not altered. The response to forskolin in NHERF-1/2 double deficient
mice was reduced by 37% (p<0.05) compared with wild type. Thus, additional absence of
NHERF-2 did not result in a stronger effect or different characteristics of transepithelial

current in response to cAMP, suggesting that an absence of NHERF-1 was not compensated
by NHERF-2.
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We subsequently examined whether cGMP-dependent regulation of CFTR was
affected similarly. As shown in a previous study, cGMP-dependent inhibition of another
intestinal ion transporter in the apical membrane, NHE3, is selective in its requirement for
the NHERF proteins in comparison with cAMP-dependent inhibition. Whereas NHERF-1 and
NHERF-2 were interchangeable as mediators of cAMP-mediated inhibition of NHE3, only
NHERF-2 could act as a cofactor for cGMP-mediated inhibition (33). In contrast, our results
show that CFTR activation by cAMP and cGMP in the jejunum was reduced to a similar
extent in NHERF-1-deficient mice (Fig. 2). Stimulation of | by the membrane-permeable
analog 8-Br-cGMP was significantly decreased (31%, p<0.05) in NHERF-1-deficient mice as
compared with wild type, whereas no change was observed in NHERF-2-deficient mice.



Again, the phenotype of NHERF-1/2 null mice was similar to that of NHERF-1-deficient
mice (32% reduction in I compared with NHERF-2 deficient mice, p<0.05).

To compare the relative functional quality of the various sheets of muscle stripped
epithelia, stimulation of the short circuit current by glucose (monitoring sodium transport
mediated by the Na*/glucose cotransporter SGLT1) was determined as a measure for CFTR-
independent electrogenic transport. The response to glucose was not significantly different
in mice lacking NHERF-1 or NHERF-2, with the exception of the NHERF-1/2 double-mutant
mice, in which the response in jejunum was increased by 25% (p<0.05) (Fig. 24, panel 3).

An identical series of experiments was performed using ileal tissue. In contrast to
jejunum, the response to forskolin or 8-BrcGMP was not significantly reduced in epithelium
from ileum of mice lacking NHERF-1, NHERF-2, or both (Fig. 2B). Finally, the glucose-
stimulated /. was not affected by NHERF-1 or NHERF-2 deficiency (Fig. 2A, panel 3).

To test whether cAMP- and cGMP-dependent responses in NHERF-1-deficient
mice were entirely CFTR-dependent, as they are in wild type mice, short circuit current
measurements were performed in mice lacking both NHERF-1 and CFTR. As shown in Fig.
2, the response to forskolin and 8-Br-cGMP was completely abolished in both jejunum and
ileum of these mice, demonstrating that the currents measured in NHERF-1 null mouse
intestine were fully CFTR-mediated and that no compensatory anion channel is active.
Altogether, these results demonstrate that NHERF-1, but not NHERF-2, is required for full
CAMP- and cGMP-dependent activation of CFTR-dependent anion transport in jejunum but
not in ileum.

The reduced forskolin- and 8-Br-cGMP-activated CFTR-dependent chloride current
in NHERF-1 null mice could either result from a direct effect on the amount and/or gating
of CFTR in the apical membrane or by reduction of the required driving force for chloride
secretion, which is generated by several basolateral ion transport proteins (34). To
discriminate between these possibilities, nystatin was used to permeabilize the basolateral
membrane during short circuit current measurements. First, an inwardly directed chloride
gradient was generated by iso-osmotic replacement of chloride to mannitol at the serosal
side. Subsequent permeabilization of the basolateral membrane to monovalent ions by
addition of nystatin generates a condition in which the Cl' concentration gradient is the
sole driving force for chloride transport when the voltage is clamped to zero. This will result
in chloride influx (i.e. a negative current) upon activation of apical anion channels. As
shown in Fig. 3, the response of jejunal epithelium to the addition of nystatin was reduced
by ~40% (p<0.05) in the NHERF-1-deficient mice compared with wild type controls. This
suggests that prior to CFTR stimulation by cAMP-induced phosphorylation, a large pool of
CFTR is already present in the membrane in the active state and that either the size of the
pool or the activity is reduced in the NHERF-1-deficient mice. In contrast, the subsequent
activation of the current by forskolin was not significantly different between NHERF-1
and wild type mice. The measured currents were almost completely CFTR-dependent as
evidenced by its virtual absence in CFTR null mice. Stimulation of the I by glucose was
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Figure 2. Ex vivo CFTR-mediated short circuit current (I ) measurement in Ussing chambers using jejunal
(A, panels 1-3) and ileal (B, panels 1-3) tissue. Activation of short circuit current by forskolin (10uM) (panels
1), 8-Brc-GMP (200 uM) (panels 2), and glucose (10 mM) (panels 3) was measured in WT and NHERF-1-deficient
(N1-/-), NHERF-2-deficient (N2-/-), NHERF-1/2 double deficient (N1/2-/-), and NHERF-1/CFTR double deficient
(N1/CFTR-/-) mice. The data represent average values from at least seven mice/genotype and are expressed as
the means = S.E. Forskolin-stimulated I_ is significantly reduced in jejunum of NHERF-1- and NHERF-1/2-deficient
mice, but not in NHERF-2 null mice. The near absence of CFTR activity in NHERF-1/CFTR double deficient mice
shows that no alternative anion channel is active in NHERF-1 null mice. Stimulation of I__ by glucose showed full
preservation of this marker of villus function in the NHERF-1- and NHERF-2-deficient mice. The glucose-stimulated
I was actually slightly higher in the jejunum from NHERF-1/2-deficient mice (25%) compared with wild type mice
(A, panel 3). Identical experiments were performed using ileal intestinal epithelial tissue (B, panels 1-3). ns, not
significant. *, p<0.05.

comparable in wild type (28.4 + 4.9), NHERF-1-deficient (28.1 + 3.8), and CFTR-deficient
(27.0 £ 9.6) mice, demonstrating that the functional quality of the tissues examined was
similar during nystatin treatment.

Duodenal Bicarbonate Secretion in NHERF-1 and NHERF-2 Null Mice - It is
estimated that 50% of bicarbonate secretion in mouse duodenum is directly mediated
by CFTR (8, 35, 36). The role of NHERF-1 and NHERF-2 in the regulation of bicarbonate
secretion was determined by measuring stimulation of the HCO," secretory rate (J, ;) by



forskolin and 8-Br-cGMP in duodenal epithelium of control and NHERF-1- and NHERF-2-
deficient mice. Forskolin- and cGMP-stimulated bicarbonate secretion in NHERF-1-deficient
mice was reduced by 35 and 30% compared with wild type, respectively (p<0.05; Fig. 4).
The response in NHERF-2 null mice on the other hand was not altered. Together these
results suggest that CFTR activation in duodenum is in part dependent on NHERF-1, as it
is in jejunum.

Expression and Localization of CFTR in the Intestine of NHERF-1- and NHERF-
2-deficient Mice - CFTR expression and localization in mice lacking NHERF-1, NHERF-2, or
both were studied in isolated jejunal enterocytes and BBMVs. No significant difference was
observed in the level of CFTR protein in mice from the various genotypes (Fig. 5A). The
maturation of CFTR also appeared to be unaffected in NHERF-1- and NHERF-2-deficient
mice, because there was no difference in the ratio of mature, complex-glycosylated (band
C) and immature, core-glycosylated CFTR (band B) in epithelial cell extracts. Furthermore,
staining of an SDS-PAGE gel loaded with total jejunal epithelial cell homogenate or BBMVs
by Coomassie Brilliant Blue did not display obvious differences in the overall protein
composition of enterocytes of NHERF-1 or NHERF-2 mice (data not shown). We subsequently
analyzed the immunostaining pattern of CFTR in jejunal crypts of the NHERF-1-, NHERF-2-,
and NHERF-1/2-deficient mice by confocal microscopy. Importantly, CFTR staining
remained confined to the apical border in all mice examined, and no evidence was found
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permeabilization by nystatin in WT, NHERF-
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for redistribution to a perinuclear area or the basolateral membrane (Fig. 58). However,
the intensity of CFTR staining at or near the apical membrane was reduced in NHERF-1 and
NHERF-1/2 double deficient mice, but not in NHERF-2 null mice. The absence of staining
in CFTR null mice proved that the antibody is specific for CFTR. (Semi)quantitative image
analysis in crypts from NHERF-1 and NHERF-1/2 null mice showed the reduction in both
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mean and total fluorescence intensity in the surface area in which signal was detected was
~35% (p<0.05; Fig. 5C).

Double staining of CFTR and the microvillus marker villin was performed to more accurately
determine whether the subcellular localization of CFTR was altered in NHERF-1 null
mice. Colocalization with villin confirmed that CFTR was confined mostly to the microvilli
both in WT and NHERF-1 null mice (Fig. 5D). Image analysis of sections from five age
and sex-matched couples from WT and NHERF-1 mutant mice showed no evidence for a
relocalization of CFTR in jejunal crypts at the resolution obtained by confocal microscopy.

o~ Forskolin 8-Br-cGMP
s
e 1.4
()
E 1.2 4
Figure 4. Stimulation of the HCO, secre- = 1.0 4
tory rate (J,,.,,)) by forskolin and 8-Br-cGMP S 0.8
in duodenal epithelium of control (N1+/+ 5 06
and N2+/+),NHERF-1-deficient (N1-/-), and 3] ]
NHERF-2-deficient (N2-/-) mice. Stimula- S 04
tion of net bicarbonate secretion by forskolin éDm 0.2
(10 uM) and 8-Br-cGMP (200 uM) was reduced 18]
by 35 and 30%, respectively, in NHERF-1-de- % 0
ficient mice (p<0.05), whereas no difference N1 N1 N2 N2 N1 N1 N2 N2
was detected in NHERF-2-deficient mice. ++ -~ H+ /- ++ -~ +H+ /-

Combined with the observation that the total amount of CFTR in BBMVs is not altered,
these data suggest that CFTR localization at the apical cell surface in jejunal crypts of
NHERF-1- and NHERF-1/2-deficient mice has become more diffuse (see “Discussion”).
Expression and Localization of NHERF Proteins in Jejunal Epithelial Cells
of Wild Type and NHERF-1- and NHERF-2-deficient Mice - Because many functions of
the NHERF proteins are redundant, we determined whether absence of NHERF-1 and/
or NHERF-2 causes compensatory overexpression, down-regulation, or mislocalization of
the other NHERF proteins, including PDZK1 (NHERF-3), the third NHERF protein known to
bind to CFTR. As shown in Fig. 6A, the localization of NHERF-1 in epithelial cells lining
the jejunal crypts and villi was very similar in wild type and NHERF-2 null mice. NHERF-1
is expressed along the entire crypt-villus axis, with the most abundant NHERF-1 staining
in the villus tips. No compensatory overexpression of NHERF-1 was detected in jejunal
epithelial cell extracts and BBMVs from NHERF-2-deficient mice (Fig. 6B). We were not able
not detect any NHERF-2 protein by confocal microcopy or by Western blotting using 10 ug
of BBMV sample from wild type or NHERF-1-deficient mice, employing the frequently used
R2570 antibody. Under our conditions, the detection threshold of this NHERF-2 antibody
in Western blots is ~0.1 ng of purified His-tagged NHERF-2 protein. We conclude that the
amount of NHERF-2 is less than 0.001% of the total protein content in BBMVs and that no



up-regulation of NHERF-2 to a level beyond the detection limit has taken place in NHERF-
1-deficient mice (data not shown; see also “Discussion”). Unexpectedly, PDZK1 protein
levels in extracts from jejunal epithelial cells and BBMVs of NHERF-1-deficient mice were
reduced by 80 and 40%, respectively (Fig. 7), whereas no change was detected in NHERF-2
null mice.

Figure 5. Western blot analysis of A epithelial cell extracts BBMV Relative signal intensity (%)
CFTR expression in jejunal epi- - : ; §\ o : ; S\ 150, MBand C OBand B EBBMYV
thelium and immunocytochemical 2z Z 23 2 Z Z ZT 455
detection of CFTR in jejunal crypt 100
-1-defici Band C
cells from WT, NHERF-1-deficient  Band c Il ) I8 ‘ omwme.
(N1-/-), NHERF-2-deficient (N2-/-), BandB . --
and NHERF-1/2-deficient (N1/2-/-) — %0
mice. A, Western blot analysis Of  Actin ueie— - 2
CFTR in jejunal epithelial cell ex- 0

WT N1/~ N2~ 40

tracts (20 pug/lane) and BBMVs from B e e

jejunum (5 pg/lane) displayed no
significant difference in the amounts
of CFTR protein among mice of the
different genotypes. The positions of
band B (immature CFTR) and band
C (mature, complex glycosylated
CFTR) are indicated. Actin was used
as a loading control. Representa-
tive Western blots from at least
five independently isolated samples
are shown at the left, and the av-
erage amounts of CFTR levels rela-
tive to wild type mice are shown in
the right panel. The data represent
relative signal intensity of at least
eight Western blots. The error bars
indicate the S.E. B, confocal micro-
scopic analysis of CFTR abundance
and localization in jejunal crypts
of wild type, NHERF-1-deficient,
NHERF-2-deficient, NHERF-1/2-defi-
cient, and CFTR-deficient (CFTR-/-)
mice. CFTR-dependent fluorescence
was significantly (p<0.05) reduced
in NHERF-1-and NHERF-1/2-deficient
mice. No signal was detected in sec-
tions from CFTR-deficient mice, demonstrating the high specificity of the antibody. C, quantitative analysis of con-
focal microscope datasets of three sex- and age-matched couples of wild type, NHERF-1-, NHERF-2-, and NHERF-
1/2-deficient mice. Three jejunal crypts from each section were analyzed, and the total and average intensities
from all Z-stacks with detectable CFTR signal were calculated for each individual crypt. The average intensity was
significantly lower in NHERF-1 and NHERF-1/2 null mice compared with wild type (left panel). Likewise, the total
intensity per crypt was reduced in NHERF-1 and NHERF-1/2 but not in NHERF-2-deficient mice (right panel). *,
p<0.05 versus wild type. D, CFTR and villin abundance in jejunal crypts was studied by confocal microscopy in wild
type (left three images) and NHERF-1-deficient mice(right three images). CFTR (shown in green) colocalization
with villin (shown in red) in the apical border is unaltered in NHERF-1 null mice compared with wild type control.
(Color figure on page 164.)
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Discussion

The exploitation of NHERF-1- and NHERF-2-deficient and NHERF-1/2 double-mutant
mice in this study has enabled us to investigate, for the first time, the role of these PDZ
domain proteins in CFTR expression and regulation in native small intestinal epithelium.
Because most previous studies used NHERF overexpression systems and because the level
of endogenous expression of the different NHERF proteins varies widely among different
cell lines, little is known about the relative contribution of each individual CFTR-binding
PDZ protein to CFTR regulation in native epithelia. In addition to NHERF-1 and NHERF-2,
PDZK1 and the single PDZ domain proteins CAL (CFTR-associated ligand) and Shank2 are
known binding partners of CFTR and candidate PDZ proteins binding to CFTR in vivo in
enterocytes (37). Each of these PDZ domain proteins may affect CFTR function in different
ways in epithelial cells from different tissues (18, 37, 38).

Our study demonstrated clearly that NHERF-1 is required for full activation of
the CFTR-dependent chloride current by cAMP- and cGMP-linked agonists. Forskolin-
activated duodenal bicarbonate secretion, CFTR-dependent short circuit current (/) in
jejunum, and basically active chloride current in nystatin-permeabilized jejunum were all
significantly reduced in NHERF-1 null mice. In contrast, ablation of NHERF-2 had no effect
on bicarbonate secretion and short circuit current, and NHERF-1 deficiency did not affect
the CFTR-dependent short circuit current in the ileum. The normal response to glucose in
the NHERF-1-deficient mice (Fig. 2, A and B, panels 3) showed that the altered response
to forskolin and 8-pCPT-cGMP is CFTR-specific and that no general changes in ion transport
capacity have occurred.

The observed reduction (approximately 30%) in cAMP- and cGMP-stimulated
transepithelial current in jejunum of NHERF-1-deficient mice could be caused either by
a functional loss of CFTR in the apical membrane or by a direct or indirect effect of
NHERF-1 deficiency on the electrochemical driving force for chloride exit across the apical
membrane. This was further investigated by measuring macroscopic currents through
apical CFTR channels at a fixed electrochemical gradient for chloride in short circuit
measurements of jejunal tissue permeabilized by nystatin. Basolateral permeabilization
was found to induce, or unmask, a basically active pool of CFTR in wild type mice that
amounted to ~70% of the total activity in the presence of forskolin (Fig. 3). This implies
that a significant fraction of the total CFTR pool is already in the open state, a situation
similar to that observed in the sweat gland and nasal epithelium (39, 40). Furthermore,
it suggests that under non-stimulated conditions the basolateral chloride entry in the cell
limits the transcellular chloride current. Surprisingly, the basically active pool, but not the
cAMP-activated fraction of CFTR was strongly reduced (~40%) in nystatin-permeabilized
jejunum from NHERF-1-deficient mice. Because cAMP activation of chloride current under
nystatin conditions more directly reflects the ability of cCAMP to activate CFTR channels in
the apical membrane than activation under nonpermeabilized conditions, the outcome of
these experiments argues against a major role of NHERF-1 in positioning cAMP-dependent
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Figure 6. Localization and quantification of
NHERF-1 in jejunum by immunocytochemi-
cal and Western blot analysis. A, immunocy-
tochemical staining shows that NHERF-1 lines
the apical border of epithelial cells along the
entire crypt-villus axis. No alterations were
observed in NHERF-2-deficient (N2-/-) mice.
No staining was detected in tissue sections
from NHERF-1-deficient (N1-/-) and NHERF-1/2
double deficient (N1/2-/-) mice. B, Western blot
analysis of NHERF-1 in pooled BBMV extracts
from jejunum (5 ug/lane) and pooled jejunal
epithelial cell extracts (10 pg/lane). NHERF-1
expression was not significantly altered in
NHERF-2-deficient mice. Actin was used as a
loading control.
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Figure 7. A, Western blot analysis of PDZK1 in jejunal epithelial cell extracts (20 ug/lane) and jejunal BBMVs
(2.5 pg/lane) of WT and NHERF-1-deficient (N1-/-) mice. NHERF-1-deficient mice displayed reduced PDZK1
abundance in both jejunal cell extracts and BBMVs. A representative Western blot is shown. Actin was used as a
loading control. B, quantification of PDZK1 abundance relative to wild type. The data are the means + S.E. from
at least five Western blots using five independently isolated pools of enterocytes or BBMVs. *, p <0.05 versus

wild type.
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protein kinase in the vicinity of CFTR and improving CFTR phosphorylation and activation.
This differs from the functional role of NHERF-1 and NHERF-2 in the regulation of NHE3 in
PS120 and OK cell lines and the role of NHERF-1 in the kidney brush border. Both NHERF-1
and NHERF-2 are able to mediate cAMP-dependent inhibition of NHE3 by facilitating
formation of a NHERF/NHE3/ezrin complex. Ezrin then acts as AKAP (cAMP dependent
protein kinase anchoring protein) and tethers cAMP-dependent protein kinase near its
phosphorylation target (13,14, 41).

The role of NHERF-1 and NHERF-2 in the cGMP-dependent regulation of CFTR has
not been described previously. Our results indicate that absence of NHERF-1 affected cGMP-
dependent activation of CFTR to a similar extent as cCAMP-dependent activation in jejunal
epithelial cells (Fig. 2). NHERF-2 ablation on the other hand did not affect CFTR stimulation
by cGMP. This is a second line of evidence suggesting that the mechanism of regulation by
the NHERF proteins differs between CFTR and NHE3, because cGMP-dependent inhibition
of NHE3 in PS120 and OK cell lines requires NHERF-2 but not NHERF-1 (33).

The major controversial issue concerning the function of the NHERF proteins as
CFTR regulators is their possible involvement in apical targeting or retention. Our results
demonstrate that the total amount of CFTR present in the brush borders of epithelial cells
as measured by Western blotting was unaltered, arguing against a key role of NHERF-1
and NHERF-2 in targeting CFTR to the apical membrane in native intestinal tissue. The
ratio of CFTR band B to band C was also unaltered, suggesting that CFTR maturation
and glycosylation were not grossly affected by NHERF-1 ablation. Furthermore, confocal
microscopy showed no evidence for an alteration in the localization of CFTR in jejunal
crypts of NHERF-1 -/- mice, but it should be added that not all CFTR present in the cell is
detected by this technique; in general, even the best CFTR antibodies fail to detect CFTR
in the endoplasmic reticulum and Golgi, although it is known to be present there as well
(42). Based on analysis of CFTR abundance in jejunal crypts by confocal microscopy, we
estimate that the mean fluorescence intensity and the total level of fluorescence per crypt
were reduced by ~35% in NHERF-1- and NHERF-1/2-deficient mice. This differs from the
result obtained by Western blotting. To account for both seemingly paradoxical results,
we assume that not the amount but the distribution of CFTR in the apical membrane
and/or the subapical compartment is altered in NHERF-1 null mice. CFTR is known to be
continuously endocytosed and recycled back to the plasma membrane, and interaction
with PDZ proteins has been shown to increase endocytic recycling in MDCK cells (21, 43).
NHERF-1 deficiency could therefore lead to a redistribution of CFTR between apical and
subapical compartments, possibly resulting in a more diffuse pattern and reduced local
fluorescence levels that may drop below the detection limit. Attempts to reduce this limit
by increasing the pinhole size caused overexposure in areas where the fluorescence was
the most intense. Unfortunately, the resolution of the microscope was not sufficient to
clearly distinguish between CFTR localized in the apical membrane and in submembrane
vesicles.



Various recent investigations have shown that C-terminally mutated CFTR
has a higher mobility in the membrane, as measured by fluorescence recovery after
photobleaching of GFP-labeled CFTR and by single particle tracking of individual CFTR
molecules labeled with quantum dots (15, 16, 44). The lateral mobility of CFTR was also
increased by overexpression of dominant-negative NHERF-1 lacking the ezrin-binding
domain, suggesting that coupling of CFTR to the cytoskeleton limits its mobility (15).
Importantly, a reduction in the amount of ezrin and phospho-ezrin was reported in the brush
border membrane of kidney and intestinal homogenates from a different line of NHERF-1
null mice (45). Uncoupling of CFTR from the cytoskeleton and an altered migration pattern
could potentially explain relocalization and a more diffuse distribution.

Alternatively, it may be that the changes in CFTR immunostaining and activity
reflect a loss of NHERF-1-driven CFTR dimerization. Possibly, CFTR dimers are more readily
detected by immunostaining (because of the higher local density of the signal), and the
formation of dimers by the action of NHERF-1 (or PDZK1) is known to increase the open
probability of the CFTR channel. Future CFTR crosslinking studies on native intestinal
epithelium may help to further evaluate this model.

Whereas our data indicate that NHERF-1 is an important factor for regulation of
CFTR activity in jejunal epithelial cells, we could not identify a similar role for NHERF-2.
This may be indicative for a functional difference between these sister proteins or,
alternatively, might be explained by the low levels of NHERF-2 protein in murine small
intestinal epithelium. Unexpectedly, we failed to detect NHERF-2 in jejunal BBMVs by
Western blot despite previous claims of NHERF-2 protein expression in rabbit small intestine
and more recently also in the small intestine of CD1 mice (46, 47). Although we did observe
a prominent band in our NHERF-2 blots of jejunal BBMVs isolated from FVB and CD1 mice,
it was attributed to a cross-reactivity of the antibody with abundantly expressed NHERF-1,
based on its higher molecular weight and its detection in BBMVs from NHERF-2-deficient
but not NHERF-1-deficient mice (data not shown).

The reduced PDZK1 abundance that we observed in NHERF-1-deficient mice (Fig.
7) suggests that NHERF-1 may be important for the stabilization of PDZK1. In contrast,
NHERF-1 RNA and protein abundance were not altered in the jejunum of PDZK1-deficient
mice (48). Most plausibly, NHERF-1 and PDZK1 form a complex in vivo, in line with the
observation that the proteins can form heterodimers in vitro (49). The notion that
expression and/or stability of PDZK1 and NHERF-1 are interconnected is supported by the
observation that the NHERF-1 abundance in proximal kidney tubules of PDZK1-deficient
mice was increased by ~50%, but only when mice were kept on a high phosphate diet (50).
This might be a compensatory mechanism to counteract the reduced Npt2a abundance in
the membrane, which has been observed in both NHERF-1- and PDZK1-deficient mice (24,
50). Our data indicates that PDZK1 and NHERF-1 function also overlaps in the duodenum,
where the bicarbonate secretion was recently shown to be reduced (by approximately
20%) in the PDZK1-deficient mice (48). In contrast, the jejunal forskolin-activated anion
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secretion was not affected in PDZK1-deficient mice compared with wild type controls (48),
suggesting that in this segment PDZK1 is not required for normal CFTR function or that
NHERF-1 is able to fully compensate for PDZK1 loss. Because a total absence of PDZK1
does not affect I, we conclude that the reduction in CFTR-dependent activation of anion
transport in the NHERF-1 null mice (Fig. 2) is the direct consequence of NHERF-1 ablation
and not secondary to the lowered PDZK1 abundance in these mice.

In summary, we have shown that NHERF-1 is important for full activity of CFTR in
native duodenal and jejunal epithelial tissue as well as in nystatin-permeabilized epithelium.
Whereas NHERF-1 is not required for targeting CFTR to the apical membrane (as evidenced
by normal CFTR levels in the brush borders), it is responsible for placing or keeping more
active CFTR in the apical membrane, most likely by affecting the local distribution of CFTR
and/or by linking CFTR to the actin cytoskeleton. Our observations provide new insight into
the role of NHERF-1 in the formation of CFTR-containing functional complexes in the apical
membrane of jejunal enterocytes and in the pathophysiology of cystic fibrosis in patients
expressing C-terminally truncated CFTR. Interestingly, it was reported recently that small
molecules fitting in the binding pocket of PDZ domains can be used to disrupt interactions
with peptide ligands. By using a newly developed reversible inhibitor, a reduction of CFTR
activation by CPT-cAMP in bronchial airway cells was achieved (51). In line with our finding
that CFTR interaction with NHERF-1 is important for its full activation in native epithelium,
this suggests that a novel class of anti-diarrheal drugs could potentially be developed that
targets interactions of NHERF-1 with its binding partners. This would possibly lead not only
to reduced chloride secretion by CFTR but also to enhanced salt absorption by NHE3.
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Abstract

Background and aims: We investigated the effect of genetic ablation of the NHE3-
binding PDZ adapter protein NHERF-1 on intestinal salt and water absorption, NHE3 mRNA
expression, NHE3 protein abundance, and transport activity in the murine intestine.
Results: NHERF-1-deficient mice displayed reduced jejunal fluid absorption in vivo, as well
as a attenuated Na* absorption in isolated mucosa of jejunal and colonic tissue but not of
ileal mucosa. However, cAMP-mediated inhibition of both parameters remained intact. The
acid-stimulated NHE3 transport rate was decreased in BCECF-loaded surface colonocytes,
whereas inhibition by intracellular cAMP or cGMP was normal. Immunodetection of NHE3
revealed a normal NHE3 localization in the brush border membrane (BBM) of NHERF-1
null mice, but NHE3 abundance was significantly reduced as measured by Western blot
analysis of isolated BBM from the small and large intestine. Additional knockout of PDZK1
(NHERF-3), another member of the NHERF family of adapter proteins, which binds to both
NHE3 and NHERF-1, further reduced acid-activated NHE3 activity and caused a complete
loss of cAMP-mediated NHE3 inhibition. However, NHERF-3 ablation did not further reduce
NHE3 membrane abundance. An activator of the exchange protein activated by cAMP
(EPAC) had no effect on jejunal fluid absorption in vivo, but slightly inhibited NHE3 activity
in surface colonocytes in vitro. Conclusion: The absence of NHERF-1 has segment-specific
effects on intestinal salt absorption, acid-activated NHE3 transport rates and NHE3 protein
membrane abundance without affecting mRNA levels. However, in contrast to PDZK1,
NHERF-1 is not required for NHE3 regulation by cyclic nucleotides.

Introduction

Electroneutral NaCl absorption is the major mechanism for intestinal salt and water
absorption and is primarily mediated via the Na*/H* exchanger NHE3 (1) and the Cl'/HCO,
exchangers DRA (Slc26a3) (2) and PAT1 (Slc26a6) (3). The agonist-induced inhibition of this
transport process causes diarrhea and is operative in diarrheal diseases of most etiologies.
An increase in the enterocyte intracellular cyclic nucleotide levels, elicited by a multiple
enterotoxins, hormones, and paracrine mediators, inhibits intestinal fluid absorption in
vivo (4), and sodium as well as chloride absorption in isolated small and large intestinal
mucosa in vitro in the presence but not in the absence of NHE3 (3). NHE3-binding proteins
were identified as cofactors required for cAMP-mediated inhibition and were later called
NHERF-1 (EBP50) and NHERF-2 (E3KARP) (reviewed in (5, 6)). It was shown that cAMP-
mediated inhibition of NHE3 expressed in PS120 fibroblasts required co-expression of either
NHERF-1 or NHERF-2 (7, 8).

These early studies were the first steps towards the understanding that NHE3,
like many other transport proteins, is regulated within a multiprotein complex containing
the ion transporter as well as anchoring proteins, the cytoskeleton, and the required
protein kinases (5, 9, 10). It has since then been formulated that using drugs to target
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the PDZ-domain interaction could theoretically be a highly efficient antidiarrheal strategy
(5, 11). One cornerstone of future drug development targeting NHERF-mediated protein-
protein interactions is an understanding of their function in different tissues of the living
organism. In this study, we examined the effect of NHERF-1 ablation on fluid absorption in
the intestine in vivo and observed a decreased fluid absorption in the jejunum of NHERF-
1-deficient mice corresponding to a decreased sodium and chloride absorption in isolated
jejunal mucosa. Furthermore, we studied the regulation of NHE3 activity in colonic and
small intestinal enterocytes of NHERF-1-deficient mice and found decreased acid-activated
NHE3 transport rates in surface enterocytes, whereas the inhibition of NHE3 transport
rates by cyclic nucleotides was still intact in the absence of NHERF-1. NHE3 brush border
membrane localization was unaffected by NHERF-1 deficiency, but the NHE3 brush border
abundance was reduced. Because PDZK1 (NHERF-3) binds both NHERF-1 and NHE3 (12),
we also studied the effect of combined NHERF-1 and PDZK1 ablation on intestinal salt and
water transport, and the regulation of NHE3 transport rates. Absence of both PDZ proteins
did not result in further reduction of jejunal fluid absorption or NHE3 abundance in the
BBM, but it severely interfered with NHE3 regulation by acid and second messengers.

Material and methods

Animals - NHERF-1 null mice were generated in the laboratory of E.J. Weinman as described (13),
and were bred for at least 6 generations into the FVB/N genetic background in the animal houses
of the Erasmus University of Rotterdam and the Hannover Medical School. PDZK1 -/- mice were
generated in the laboratory of O. Kocher at Harvard Medical School as described (14). For the purpose
of this study, they were crossed into the FVB/N background and bred for several generations, before
breeding NHERF-1/PDZK1 double-deficient mice. Wild-type control mice were bred from the same
founders. Mice used in experiments were sex- and age-matched and were littermates in the case of
the single-deficient mice, and no more than two generations apart (same great-grandparents) in the
case of the double-deficient mice. Animal experiments followed approved protocols at the Medical
School of Hannover and local authorities for the regulation of animal welfare (Regierungsprasidium)
and the Dutch Animal Welfare Committee. Animals had ad libitum access to water and chow, but
were fasted overnight before the in vivo perfusion experiments.

Single pass jejunal and ileal perfusion experiments in vivo - Induction of anaesthesia
was achieved by the administration of 10 uL/g intraperitoneal (IP) haloperidol/midazolam/fentanyl
cocktail (haloperidol 12.5 mg/Kg, fentanyl 0.325 mg/Kg and midazolam 5 mg/Kg body weight),
and maintained using the cocktail at 20% of the initial dose every 30—45 minutes as indicated by
respiratory rate and toe pinch reflex. The abdomen was opened by a small central incision, and
approximately 10-15 cm of the jejunum or last part of the ileum, was exposed for the subsequent
ligation. A polyethylene tube (PE100) with a distal flange was advanced to the jejunum (first incision
3-4 cm distal to the stomach, one PE200 tube was advanced into the proximal part to allow drainage
of proximal secretions, then another PE100 tube was advanced into the mid jejunum (6-8 cm distal
to pylorus) and secured by a ligature. The 10-15 cm isolated jejunal segment with intact blood supply
was gently flushed and then perfused (Perfusor compact, BRAUN) at a rate of 3 mL/hr with 150



mmol/L NaCl. Effluents from the isolated segment were free of blood (visually and by haemocult test)
throughout all experiments. Animals were maintained at 37°C using a heating pad controlled by a
rectal thermistor probe. After an initial 30-minute washout, basal fluid absorption was measured for
30 minutes, followed by a 30 min perfusion with 150 mM NaCl containing 100 uM forskolin (FSK).
At the end, mice were sacrificed by cervical dislocation and the length of the perfused jejunum was
measured. The perfusate was collected in a pre-weighed 4.5 mL collecting tube. The amount of fluid
absorbed was calculated by subtracting the amount of fluid recovered after 30 min from the amount
perfused during the 30 min (1.5 ml) and absorption rates are expressed in millilitres of fluid absorbed
per cm jejunum length per hour (mL-cm-"-hr").

Isolated loop experiments for in vivo measurement of intestinal fluid uptake -

Fluid absorption was determined in mice (12-20 weeks) under ketamine/xylazine anesthesia (100
and 20 mg/Kg respectively, IP). An incision was made along the abdominal midline. The small
intestine was rinsed with PBS (37°C) through a small distal incision and divided in three loops (10-12
cm each) which were closed by sutures and filled with isotonic PBS (37°C; ~90 pl/cm). The abdomen
was closed with clips and animals were placed in a humidified 37°C incubator. After 1 h, mice were
euthanized and the loop length and remaining fluid were measured. When indicated, 8-Br-cAMP (2
mM) or 8-Br-cGMP (0.5 mM) was added to the luminal solution; in that case the experiment was
terminated after 2h instead of 1h. Absorption was determined as the difference between the amount
of fluid injected and the remaining amount of fluid and expressed as mL-cm'-hr".

2Na* and %*ClI- flux studies in isolated mucosa in vitro - The preparation of the isolated
jejunal mucosa and the 22Na* and *¢CI- flux studies were performed exactly as recently described (3).
For the colonic flux measurements, the serosal to mucosal and the mucosal to serosal fluxes were
determined in equivalent segments of proximal colon from two different mice, because the colon is
too short to allow isolation of multiple pieces of tissue.

Preparation of colonic crypts and pH, measurements - Murine colonic crypt preparation
and fluorometric pH-measurements were performed exactly as recently described (15). The principle
of the pH, measurement method is that BCECF-loaded colonic crypts were acidified using an
ammonium prepulse (40 mM NH,Cl isotonically replacing NaCl) for 5 min, then perfused for 5 min
with a Na*-free buffer (TMA*isotonically replacing Na*), until pH, reached its lowest value plateau.
Subsequently, 50 yM HOE®642 and, if appropriate, 10° M forskolin was added to the Na*-free buffer.
50 uM HOEG642 has previously been shown to completely inhibit NHE1 and NHE2 (16). After 2-3
min, the buffer was switched to Na*-containing buffer A, containing 50 uM HOE642 and forskolin
or 8-Br-cGMP, if appropriate. Images were digitized every 1 (phase of rapid pH-recovery) -30
(plateau phases) seconds with a cooled CCD camera (CoolSnap ES, Roper Scientific, Ottobrunn,
Germany) using the Metafluor software (Universal Imaging Corporation, Downington, PA, USA)
during exposure of cells to alternating 440 and 495 nm light from a monochromator (Visichrome,
Visitron Systems, Puchheim, Germany) with a 515 nm DCXR dichroic mirror and a 535 nm barrier
filter (Chroma Technology Corp, Rockingham, VT, USA) in the emission pathway. Calibration of the
440/495 ratio was performed as described previously (17). Regions of interest (ROls) were selected
in the apical part of the crypts, where NHE3 is expressed. Intrinsic buffering capacity was determined
for isolated murine colonic crypts using the protocol as described by Boyarsky et al. (18). B, did not
differ significantly between a variety of mouse genotypes and transgenes (15, 17) and has been
published in graphic form before (17).
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Immunohistochemistry and confocal microscopy - Formalin-fixed, paraffin-embedded
tissue sections (5 um) from mice with different genotypes were prepared on the same slide. After
deparaffinization with xylene and treatment with 0.01M sodium citrate solutions, endogenous
peroxidase activity was blocked with 0.6% H,O, and 0.12% sodium azide. Sections were incubated
with anti-NHES3 antibodies (1:100; NHE31-A, Alpha diagnostics Inc.) in PBS with 2% bovine albumin
for 1 h at room temperature. Sections were subsequently incubated for 2 h with FITC-labeled
secondary antibody (1:100; Nordic) and mounted with Vectashield (Vector). Immunofluorescence
micrographs were captured using a Zeiss LSM510 confocal microscope equipped with a 25 mW
Argon laser (488 nm). Fluorescence emission after excitation at 488 nm was detected using a
40x/1.3 numerical-aperture oil immersion lens, a dichroic beam splitter reflecting 488 nm excitation
light and a 505-530 bandpass emission filter. Images were scanned using a 428um (colon) and
703um (jejunum) pinhole size. The same threshold was utilized for all images from one slide. Three
age- and sex-matched mice of each genotype were analyzed.

Preparation of jejunal and colonic brush border membranes and Western blot
analysis - NHE3 quantification was performed both in Hannover and in Rotterdam, using similar
procedures. The preparation of small intestinal and colonic BBM vesicles and homogenate and
the Western analysis were performed exactly as recently described (15, 19). Western blotting in
Rotterdam was performed as described (6, 20).

Quantitative RT-PCR - PCR primers were designed using the computer programs “HUSAR
PRIME” Sequence Analysis Software (STZ Genominformatik, Heidelberg) or with “Primer Express”
(Applied Biosystems). Primersequences were NHE3.for: 5-~AGGCCACCAACTATGAAGAG-3’, NHE3.
rev: 5-AGGGGAGAACACGGGATTATC-3’, PCR-product length 110 bp, (NHE3, NM_00108160);
villin.for:  5-TCATACTCAAGACTCCGTCC-3’; villin.rev: 5-CACTTGTTTCTCCGTCC-3’;
119 bp; (Villin1, NM_009509.1); RPS9.for: 5-AAGCACATCGACTTCTCCC-3’; RPS9.rev:
5-ACAATCCTCCAGTTCAGCC-3’, 150bp ; RPS9 (ribosomal protein 9, NM_ 029767.2). Real-
time PCR reactions were carried out using SyberGreen PCR-Master-Mix (Applied Biosystems) in
the Applied Biosystems 7300 Realtime PCR System. PCR extension was performed at 60°C with
40 repeats. Data were analysed using Sequence Detection Software 1.2.3 (Applied Biosystems)
and exported to Microsoft Excel. Relative quantification was carried out using Villin and RPS9 as
reference genes.

Statistical Analyses - Values are expressed as mean + SE. Statistical analysis was
performed using Student’s t-test, Wilcoxon rank test, or ANOVA. P values <0.05 were considered

statistically significant.



Results

In vivo fluid absorption rates in the NHERF-1 -/- and +/+ murine jejunum and ileum during
single pass perfusion - Basal fluid absorption rates in the mid jejunum of anesthetized mice
were significantly lower in NHERF-1 -/- mice compared to wild-type littermates (Figure
1A). Since fluid movement is secondary to electrolyte movements, this suggests net salt
absorption is reduced in the jejunum in the absence of NHERF-1. Subsequent addition of
10“4M forskolin to the luminal perfusate induced fluid secretion in both NHERF-1 -/- mice
and control littermates, but the effect of forskolin was significantly lower in NHERF-1 -/-
compared with +/+ littermates. In contrast, no significant difference in fluid absorption
was observed in the distal ileum of NHERF-1-deficient mice (Figure 1B). In the proximal
colon, similar experiments were not successful, because the colonic mucosa secreted fluid
even in what we measure as the “basal period”. We assume that the manipulation of the
proximal colon to empty its fecal content elicits long-lasting secretory reflexes.
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Figure 1. Fluid transport in the basal state and after FSK stimulation in the jejunum and ileum of anaesthetized
NHERF-1 +/+ and -/- mice in vivo. Figure 1A: Jejunal fluid absorption rates in the basal state (black bars) and
during luminal application of 10*M FSK (gray bars). Approximately 5 cm was perfused for 30 min and the amount
of fluid absorbed was measured at the end of the experiment. Jejuna from NHERF-1-deficient mice absorbed
significantly less fluid than WT littermates (* P < 0.05). In addition, the change in fluid transport from absorption
to secretion was significantly less in the NHERF-deficient mice than the WT mice. This is likely due to the reduced
CFTR activation (20). Data represent values from five independent experiments and are expressed as mean + SE.
Figure 1B: These differences were not observed in the terminal ileum of anesthetized NHERF-1-deficient and WT
mice. n=5.

Because the changes in fluid flux in this model are generated both by an inhibition of salt
absorption and a stimulation of anion secretion, it cannot be said with certainty which
process is primarily affected. This was clarified by performing isotope flux studies in
isolated jejunal mucosa in Ussing-chamber setups.
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22Na* and 3¢Cl- fluxes in isolated jejunal and colonic mucosa of NHERF-1 -/-
and WT mice - Net Na* and Cl absorption was measured in isolated jejunal mucosa by
assessing bilateral 2Na* and 3¢Cl- fluxes, and subtracting the mucosal to serosal flux from
the serosal to mucosal flux for each individual tissue pair. Basal net Na* absorption was
significantly decreased in NHERF-1 -/- jejuna as compared to WT controls, but the inhibition
by forskolin was intact in the absence of NHERF-1. In addition, stimulation of the Na*/
glucose cotransporter by addition of luminal glucose resulted in comparable increases in
sodium flux (as well as the short circuit current), indicating that SGLT1 is unaffected by the
absence of NHERF-1 (Figure 2A).
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Figure 2. Net #?Na* and 3¢Cl- fluxes in isolated
NHERF-1 +/+ and -/- jejunal mucosa. Figure
2A: Net 2Na* flux in mid-jejunal mucosa, as
calculated by subtraction of the individual serosal
to mucosal flux values from the mucosal to
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The net Cl absorption was also reduced in the absence of NHERF-1 (Figure 2B). In
contrast to the comparable efficacy of CAMP in inhibiting Na* absorption in the absence vs.
the presence of NHERF-1, there was a significant difference in the forskolin-stimulated net
Cl secretion. This corresponded to a strong reduction in the FSK-stimulated short circuit
current in the NHERF-1 -/- tissues compared to the WT tissues (Al was 195+26 yA/cm? in WT
vs. 102+£12 yA/cm? in the NHERF-1-deficient jejunal mucosae), as has been observed before
(20). The results suggest that the absence of NHERF-1 causes a significant reduction in the
basal Na* absorption and a defect in cAMP-mediated stimulation of CFTR-dependent anion



secretion, but does not significantly affect cAMP-mediated inhibition of NHE3-dependent
jejunal salt absorption.

The same experiments were performed in isolated proximal colonic mucosa.
Because of the small size of the proximal colon, one section from the proximal colon
was taken from two different mice to determine the unilateral fluxes. Again, the net Na*
absorption rates were mildly, but significantly reduced in the NHERF-1 -/- mucosa, and
inhibition by cAMP was observed (Figure 3). Because of the small size of the proximal colon
and the necessity to perform many flux experiments to obtain significant results, we did
not perform Cl fluxes.
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Segment-specificchangesinfluidabsorptionassessedby ligated loop experiments
- In addition to the single-pass perfusion experiments, the ligated loop technique was used
for assessing fluid movements in the intestine in vivo. This method is able to measure
fluid movements in different segments of the small intestine simultaneously. There was a
significant difference in basal fluid absorption between NHERF-1-deficient jejunum, but
not in the ileum (Figure 4).
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Inhibition of fluid absorption by cyclic nucleotides was assessed by adding 8-Br-cAMP or
8-Br-cGMP. The effect of 8-Br-cAMP was less than the effect of forskolin (Figure 1), and the
cyclic nucleotide-dependent inhibition of fluid absorption in the NHERF-1-deficient mice
was significantly reduced in the jejunum but not in the ileum. This is similar to the results
of the single pass perfusion experiments and also correlates with the finding of a significant
decrease in CFTR-activation in NHERF-1-deficient jejunum but not ileum (20).

NHE3 transport activity in surface colonocytes from NHERF-1 -/- and +/+intestine
- In order to quantify NHE3 exchange activity in native NHE3-expressing enterocytes, we
loaded isolated colonic crypts with the pH-sensitive dye BCECF and measured the acid-
activated Na*-dependent proton flux in the upper part of the glands in the presence of
50puM HOE642. At this concentration, HOE642 inhibits NHE1 and NHE2 but not NHE3 activity
(16). In NHE3-deficient colonic crypts, acid-activated, Na*-dependent, HOE642-insensitive
proton fluxes were reduced by ~85%, validating the method for the measurement of NHE3
activity in native enterocytes (15). In the apical region of NHERF-1 -/- crypts, the acid
activated, HOE642-insensitive Na*-dependent proton flux was diminished by 30% compared
to +/+ crypts (Figure 5A). This difference was abolished after treatment with 10> M of the
NHE3 specific inhibitor Hoe S1611, indicating that it is due to a difference in NHE3 activity.
In the presence of S1611, 10> M FSK had no further inhibitory effect, suggesting that NHE3
is the target for cAMP-dependent inhibition of the acid activated, HOE642-insensitive Na*-
dependent proton flux.

In order to study the regulation of NHE3 in NHERF-1-deficient colonocytes, we
measured the acid activated, HOE642-insensitive Na*-dependent proton flux in NHERF-1 -/-
and +/+ surface colonocytes in the absence and presence of 10->M forskolin or 10-* M 8-Br-
cGMP (both at maximal inhibitory concentrations which were determined in experiments
not shown). There was significant inhibition by both compounds in NHERF-1 -/- as well as
+/+ crypts (Figure 5B), although the percentage of inhibition was slightly but significantly
reduced in the NHERF-1 -/- mice (p<0.05). These experiments suggest that the inhibition
of NHE3 activity by cyclic nucleotides remains intact in the NHERF-1-deficient colon.

Effect of EPAC activation on fluid absorption and NHE3 activity - It was recently
shown that in addition to PKA, also the exchange protein activated by cAMP (EPAC)
can cause cAMP-mediated inhibition of NHE3 in the proximal tubule of the kidney in a
NHERF-1 dependent manner (21, 22). This protein is also expressed in the intestine (22).
We investigated whether EPAC activation results in changes in ion- and fluid transport
in the jejunum. In contrast to the PKA activator 8-pCPT-cAMP, which caused a dramatic
decrease in fluid absorption (Figure 6A), addition of 200 puM of the structurally very similar
but highly selective EPAC activator 8-pCPT-2’-0O-Me-cAMP did not result in a significant
change in fluid absorption (Figure 6B). This suggests that the pathway of NHE3 inhibition or
CFTR activation via EPAC plays no role in the jejunum. We also tested the effect of EPAC
activation on NHE3 activity in the surface cells of isolated colonic crypts (Figure 6C). In this
segment, addition of the EPAC activator 8-pCPT-2’-0-Me-cAMP (100 pM) caused a slight but



7

significant inhibition of acid-activated NHE3 activity in NHERF-1 +/+ surface cells, whereas
105 M FSK caused a much stronger inhibition. Together, this indicates that EPAC is not a
major pathway in the cAMP-mediated regulation of NHE3 in the intestine.

Western blot analysis of BBM from the small intestine and colon of NHERF-
1-deficient mice and WT littermates - In order to search for the molecular mechanism
causing the reduced sodium absorption and acid-activated NHE3 transport rate, we
isolated brush border membranes from the small and large intestine and studied NHE3
abundance by Western analysis. A significant reduction in NHE3 abundance was found in
the BBM but not in total homogenate of small intestinal epithelial cells (Figure 7A), as
well in the BBM but not the total homogenate from the colon (Figure 7B)
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Figure 5. Fluorometric assessment of NHE3 activity in the surface enterocytes. The HOE642-insensitive, Na‘-
dependent acid-activated proton flux was measured in the cells of the cryptal opening within isolated colonic
crypts of NHERF-1 +/+ and -/- mice. Figure 5A: In NHERF-1 -/- surface enterocytes, the HOE642-insensitive proton
flux was significantly reduced (**, P < 0.05). Furthermore, a significant reduction of the HOE642-insensitive, Na*-
dependent, acid-activated proton flux rates was observed in the absence but not the presence of 10 uM S1611 (* P
< 0.05), indicating a reduction of NHE3 activity. In the presence of S1611, FSK did not exert an additional inhibitory
effect, indicating that the inhibitory effect of FSK on the proton flux was due to NHE3 inhibition (n = 6). Figure
5B: Both 10 M FSK and 2 x10* M 8-Br-cGMP significantly inhibited acid-activated proton efflux rates to a similar
extent in NHERF-1 +/+ and -/- colonocytes (* P < 0.05 versus control). There was, however, a mild but significant
difference in the percentage of inhibition by FSK and 8-Br-cGMP between NHERF-1 +/+ and -/- colon (n = 6).
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Figure 6. Effect of EPAC activation
on jejunal fluid absorption and
surface colonocyte NHE3 activity.
Figure 6A and B: Whereas 200 pM
8-pCPT-cAMP caused a significant
inhibition of jejunal fluid absorption
(* P < 0.05), the same concentration
of the structurally related selective
EPAC activator 8-pCPT-2’-O-Me-
cAMP had no effect (n = 5). Figure
6C: In surface colonocytes, 100 pM
8-pCPT-2’-0-Me-cAMP had a small
but significant inhibitory effect
on the proton flux (* P < 0.05),
but full activation of adenylate
cyclase by FSK caused a much
more pronounced inhibition (* P
< 0.05). Therefore, the NHERF-1
dependency of EPAC-mediated
NHE3 inhibition, as observed in the
proximal tubule (22), can only play
a minor role in the colon (n = 6).

Figure 7. Western blot analysis of
NHE3 protein in the brush border
membrane and the enterocyte
homogenate of small and large
intestine of NHERF-1 +/+ and
-/- mice. Figure 7A: NHE3 protein
abundance was significantly reduced
in BBM preparations from the small
intestine from NHERF1 -/- mice
(gray bar, n=11) compared to WT
littermates (black bar, n = 19,
*P<0.05), whereas no difference was
seen in the enterocyte homogenate
(n = 7). The amount of NHE3 is
expressed relative to B-actin.
Figure 7B: Similar results were
obtained in the colon (n = 4-6).



Immunohistochemical staining and mRNA expression levels of NHE3 in
the small and large intestine in NHERF-1 +/+ and -/- mice - Immuno-histochemical
detection of NHE3 by confocal microscopy revealed a strong apical staining in
small intestinal villus cells and colonic surface cells from both WT and NHERF-1-
deficient mice (Figure 8). We observed a rather large variability of NHE3 staining in
immunohistochemical experiments. Because of the lack of suitable control proteins to
use for standardization, we therefore used immunohistochemistry in a qualitative fashion
only.

NHE3 mRNA was measured by a quantitative PCR protocol using the villin gene
as internal control. No significant change in NHE3 mRNA levels was detected in small and
large intestinal epithelium of NHERF-1 -/- mice compared to WT littermates. Villin mRNA
expression was not altered in the NHERF-1 -/- mice, when compared to the ribosomal
protein RPS9 (Figure 9A, B).

a jejunum

Figure 8. Immunohistochemical NHE3 staining reveals normal localization of NHE3 in the jejunal and colonic
apical membrane of NHERF-1 -/- mice. The NHE3 localization at the apical border of the jejunum (Figure 8A) and
colon (Figure 8B) was qualitatively similar in NHERF-1 +/+ and -/- mice, with considerable variability in the signal
intensity within each group of mice. Images are representative examples from five independent experiments.
Inserts show a 10x magnification of a part of the image shown in the larger panels.

(Color figure on page 168)
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Figure 9. Expression of NHE3 and villin
mRNA determined by quantitative real-
time PCR. No changes in NHE3 mRNA
expression levels (relative to the structural
brush border protein villin) were observed
between NHERF1 +/+ and -/- in the small
(Figure 9A) and large (Figure 9B) intestine.
In addition, no changes in villin expression
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Figure 10. In vivo jejunal fluid movement
and NHE3 activity in surface colonocytes
in NHERF-1/PDZK1 double-deficient mice.
Figure 10A: In NHERF-1/PDZK1 -/- jejunum,
the basal fluid absorption (black bars) was
significantly decreased (P < 0.05), and the
response to FSK (gray bars) was diminished
(n = 5). However, the changes did not
significantly differ from those in the NHERF-1
-/- jejunum (see Figure 1A). Figure 10B: In
contrast, the additional ablation of PDZK1
resulted in both a strong decrease in acid-
activated NHE3 transport rates (black bars;
** P < 0.05) and abrogation of NHE3 inhibition
by FSK (gray bars) in colonic surface cells
compared to the WT animals (* P < 0.05)
and to the NHERF-1 single-deficient animals
shown in Figure 6C (n = 6).



Effect of NHERF-1/PDZK1 double deficiency on jejunal fluid absorption - The
reduction in jejunal fluid absorption in NHERF-1/PDZK1 double-deficient mice compared
to respective WT mice derived from the same founders and from the same generation
(2™ cousins) was similar to that observed in the NHERF-1-deficient mice (Figure 10A), and
no significant further reduction in BBM NHE3 abundance was observed compared to the
NHERF-1 -/- deficient mice (data not shown).

NHE3 activity and regulation in NHERF-1/PDZK1-deficient colonic surface cells
- In contrast to the jejunal fluid absorption, the acid-activated NHE3 activity in colonic
surface cells from NHERF-1/PDZK1 double-deficient mice was strongly reduced, and the
NHE3 inhibition by forskolin was abolished. Thus, double deficient mice show a combination
of the defects observed in NHERF-1 null mice (this paper), and the defects related to NHE3
transport rate regulation in PDZK1-deficient intestine (19).

Discussion

This work investigates the role of the NHE3-binding PDZ domain protein NHERF-1 on
intestinal fluid and electrolyte absorption and studies the molecular mechanisms responsible
for the observed reduced absorptive rates. In the absence of NHERF-1, jejunal, but not
ileal, fluid absorption was significantly reduced in vivo, and the magnitude of change
from absorption to secretion after the application of luminal forskolin was significantly
diminished. While the reduced CFTR activation in the absence of NHERF-1 (20) can explain
the latter observation, it cannot explain the former. Therefore, Na* and Cl transport was
measured in isolated jejunal and colonic mucosa in vitro. Basal jejunal and colonic Na*
absorptive rates were found to be significantly reduced, with intact inhibition of absorption
by a rise in intracellular cAMP levels. In addition, acid-activated NHE3 transport rates were
significantly reduced in colonic surface cells, but the inhibition of NHE3 activity by cyclic
nucleotides was preserved. Western blot analysis revealed a reduction in the abundance
of NHE3 in the jejunal and colonic BBM. Additional deficiency of PDZK1 abolished NHE3
inhibition by cAMP, without a further reduction in NHE3 BBM abundance or jejunal fluid
absorption as compared to NHERF-1 null mice. Taken together, the results demonstrate an
important, but segment-specific role for NHERF-1 in intestinal NHE3 membrane abundance,
but no crucial role for the cAMP-dependent regulation of intestinal NHE3 activity.
NHERF-1 was the first PDZ-domain adapter proteins identified through its binding
to NHE3 in the proximal tubule (23, 24). It enhanced the inhibitory effect of PKA on NHE3 in
isolated renal brush border membranes (24), and established an inhibitory effect of cAMP
on NHE3 when both proteins were coexpressed in PS120 and Caco-2 fibroblasts (7, 8, 25).
Recently, mice have been generated that lack expression of NHERF-1 (13, 26), NHERF-2
(20), or PDZK1 (NHERF-3) (14), another PDZ-protein that binds to NHE3 (12). NHERF-1
null mice display a surprising variability in the phenotype in different tissues, and the
current study demonstrates that NHERF-1 ablation even affects salt- and fluid transport
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and NHE3 activity differently in various segments of the intestine. In isolated proximal
tubules, NHE3 inhibition by cAMP was abolished in NHERF-1-deficient mice, which was
explained by loss of cAMP-dependent phosphorylation of NHE3 (22, 27). In contrast, basal
NHE3 activity as well as inhibition by 8-Br-cAMP was unaltered in ileal villi of NHERF-1-
deficient mice (22). This was extended by our observation that basal and cAMP-inhibited
fluid absorption rates are normal in the ileum of NHERF-1-deficient mice. The deletion
of NHERF-3 (PDZK1), unexpectedly, resulted in reduction of jejunal Na* absorption and
strong attenuation of its inhibition by an increase in intracellular cAMP (19), as well as
abrogation of cAMP-mediated NHE3 inhibition in the large intestine, although PDZK1 is
expressed at lower levels than NHERF-1 in this tissue (19, 28). Loss of NHERF-2, which
is also expressed in the intestine and can substitute for NHERF-1 in PS120 fibroblasts
with respect to cAMP-mediated inhibition of NHE3, did not impede cAMP-mediated NHE3
inhibition in enterocytes, although it did abolish Ca?*-mediated inhibition (28), a feature
also previously recognized in NHE3-transfected PS120 fibroblasts (29).

These results demonstrated that despite high structural homology within their
PDZ domains, the biological functions of the three NHERF proteins are unique. In addition,
the data are explicable only when accepting the hypothesis that for each transporter, the
multiprotein complexes which mediate a similar function, i.e. cAMP-mediated inhibition
of NHE3, are likely to be composed of different components in different epithelia. Thus
far, much attention has been paid to the role of the PKA-anchoring protein ezrin in
NHE3 inhibition. The formation of a complex containing NHE3, NHERF-1, ezrin and PKA
appears crucial for cAMP-dependent inhibition of NHE3 in PS120 fibroblasts (8). In the
proximal tubule, the affinity of PDZK1, another NHE3-binding PDZ-protein, for the kinase-
anchoring protein D-AKAP-II was higher than its affinity for the kinase-anchoring protein
ezrin, suggesting differences in the components of a multiprotein complex may be found
at many levels (30). One conclusion from these observations was that more studies in
native systems are required to better delineate the physiological significance of the NHERF
adapter proteins in the regulation of ion transport in the different organ systems (5, 22,
31-33).

The first glimpse into this complexity was recently provided by the demonstration
that in the kidney, an additional pathway exists for cAMP-mediated inhibition of NHE3
to the protein kinase A (PKA)-mediated phosphorylation, mediated though the exchange
protein activated by cAMP (EPAC) (21), and that inhibition of NHE3 by both mechanisms
was abolished in the kidney of NHERF-1 null mice (22). Because the protein EPAC is also
expressed in the small and large intestinal mucosa, we tested the effect of EPAC activation
on fluid movements in the jejunum and NHE3 regulation in colonic surface cells. The EPAC
activator 8-pCPT-2’-0-Me-cAMP did not significantly affect jejunal fluid absorption. However,
NHE3 activity was slightly but significantly inhibited in surface colonocytes (Figure 6C).
Considering that NHERF-1 ablation has been shown to attenuate EPAC-dependent inhibition
of NHE3 in the kidney, the reduced inhibition of NHE3 activity by FSK in NHERF-1-deficient



colonocytes (Figure 5) may in part be caused by loss of EPAC-dependent inhibition. Because
the contribution of EPAC activation in relation to the overall effect of an increase in cAMP
levels was small even in these cells, we did not attempt to prove this hypothesis. Why
EPAC activation has different effects on renal, colonic and small intestinal NHE3 is unclear
at this time. In fact, the molecular mechanism whereby EPAC affects NHE3 has not been
elucidated yet.

Our study suggests that NHERF-1 is required for optimal BBM expression of NHE3
in small and large intestinal enterocytes. The abundance of NHE3 was reduced relative
to the structural brush border membrane protein villin, and also relative to B-actin, a
major component of the subapical cytoskeletal network. Immunohistochemical staining of
NHE3 located the protein only in the brush border both in WT and NHERF-1 null mice. The
variability of the staining of tissue from different animals was relatively large and although
we used it only in a qualitative fashion there was a trend towards lower signal intensity in
the NHERF-1 null mice. Taken together, the decrease in NHE3 membrane abundance seems
the best explanation for the significantly reduced fluid absorptive rates in the jejunum, and
significant reductions in jejunal and proximal colonic net Na* absorptive rates. In line with
this, no changes in fluid absorption (Figure 1 and 3) and NHE3 activity (22) were observed
in the ileum of NHERF-1-deficient mice, which correlates with unaltered NHE3 abundance
in the ileal brush border as determined by Western blotting (22). However, more work at
the molecular level is needed to fully understand the changes in NHE3 activity caused by
the absence of NHERF-1.

PDZK1-deficient mice display very different effects on NHE3 as compared to
NHERF-1 null mice, namely a strong reduction in acid-activation of NHE3 transport rate as
well as loss of inhibition by an elevation of cAMP or Ca?* in colonic surface enterocytes,
although NHE3 protein levels in the BBM were normal (15, 19). A molecular explanation
for these findings, based on heterologous expression studies, is lacking. However, PDZK1-
deficient mice displayed a strong increase in NHE3 mRNA expression levels in small and
large intestine, suggesting that the turnover of NHE3 may be dramatically increased in the
absence of PDZK1, even though we did not find evidence for a reduction in the amount of
NHE3 protein present in the enterocyte cytoplasm or BBM (15, 19). Because PDZK1 binds
to both NHE3 and NHERF-1, we wondered whether the combined ablation of NHERF-1
and PDZK1 would result in a potentiation of the defects observed in the single null mice.
Surprisingly, we observed no further reduction in BBM NHE3 abundance, and no further
reduction in basal fluid absorption in the jejunum in vivo. However, NHE3 regulation in
surface colonic enterocytes of NHERF-1/PDZK1 double deficient mice was drastically
changed compared to NHERF-1-deficient colonic enterocytes, with a strong reduction of
acid-activated NHE3 transport rates, and a loss of cAMP-mediated inhibition of this acid-
activated NHE3 rate. The severe reduction of acid-activated NHE3 activity and the lack of
its inhibition by cAMP was identical in colonic surface enterocytes of the NHERF-1/PDZK1-
deficient and the PDZK1 deficient mouse (15).
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In comparison to PDZK1-deficient mice (15, 19), NHERF-1-deficient mice
displayed a much higher acid-activated NHE3 transport rate in colonic surface cells and
preserved regulation by cyclic nucleotides even in those segments of the intestinal tract
where Na* absorption is affected (jejunum, colon). This may be one reason why the NHE3
mMRNA upregulation that occurs in PDZK1 null mice was not observed in the small or large
intestine of NHERF-1-deficient mice. Another reason may be the simultaneous reduction
in CFTR-dependent anion secretion in the absence of NHERF-1, which is also seen in vivo
(this study). Possibly, the decreased fluid secretion and decrease in absorption results
in a balanced state. It will be important in future studies to assess the NHE3 membrane
retention time in the absence of the different NHERF proteins and its potential effects on
NHE3 regulation.

In summary, our results show that the absence of NHERF-1 results in segment-
specific changes in intestinal salt absorption in vivo, correlating to a reduced Na*
absorption in the isolated mucosa of these segments in vitro. In the colon, a correlation
between this reduction in electroneutral Na* absorption and acid-activated NHE3
transport rates in the surface enterocytes was demonstrated. The membrane abundance
of NHE3 was also reduced in the segments that displayed reduced absorptive rates,
suggesting a causal relationship. In contrast to the deletion of PDZK1, intestinal NHERF-1
ablation leaves NHE3 regulation by cyclic nucleotides intact. Clearly, more detailed
studies will be required to gain a full understanding and appreciation of the complexity
of regulation of ion transport by the different NHERF proteins, but our studies suggest
that the reduction in basal NHE3 activity observed in the jejunum and colon of NHERF-1
-/- mice may become an obstacle in using NHERF-1 as a target for anti-diarrheal action.
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Abstract

The sodium/hydrogen exchanger 3 (NHE3) regulatory factors NHERF-1 and NHERF-2 bind
to both NHE3 and the CFTR chloride channel. Functional consequences of this interaction
for cGMP-dependent regulation were investigated using Caco-2/bbe and IEC-CF7 cells
as models for intestinal villus and crypt cells, respectively. We demonstrate that siRNA-
mediated gene silencing of NHERF-2 abolished cGMP/cGKll-dependent inhibition of NHE3,
whereas CFTR activation was not affected by knockdown of NHERF-1 and NHERF-2. These
findings suggest that NHERF-2 is required for targeting of cGKIl to NHE3, whereas NHERF-1
and NHERF-2 are not required, or much less critical for, cGKll-mediated activation of
CFTR.

Introduction

Cyclic guanosine monophosphate (cGMP) acts as a key regulator of intestinal epithelial ion
transport by activating cGMP-dependent protein kinase Il (cGKll), leading to simultaneous
inhibition of NHE3-mediated electroneutral sodium absorption and activation of anion
secretion by the cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel. CFTR is the major anion channel responsible for cAMP/PKA- and cGMP/cGKII-
regulated chloride conductance in epithelial tissues (1,2). NHE3, in conjunction with Cl'/
HCO3- exchangers Dra and PAT-1, is the major transporter mediating electroneutral salt
uptake (3).

Inhibition of NHE3 by the cAMP/PKA pathway requires the presence of either
NHERF-1 or NHERF-2. These structurally related proteins contain two PDZ domains and
function as scaffolding proteins which place NHE3 in the vicinity PKA, leading to its
efficient phosphorylation (and inhibition) by cAMP-dependent signaling (4,5). Whereas
both NHERF-1 and NHERF-2 could fulfill this role in cAMP-mediated inhibition of NHE3,
cGMP/cGKII-mediated inhibition of NHE3 was only detected in the presence of NHERF-2
(6). Because Na*-absorption and Cl secretion are regulated in parallel, one might question
whether the mechanism of cGMP-dependent CFTR regulation is similar to NHE3, requiring
NHERF-2. Involvement of the NHERF proteins in cAMP-dependent regulation of CFTR
activation has been described, but has also been the subject of debate in recent years, as
recently reviewed by Guggiono and Stanton (see also the discussion section) (7).

The current study directly compares the role of the NHERF proteins in cGMP-dependent
regulation of NHE3 and CFTR. siRNA-mediated gene silencing was used to reduce NHERF-1
and/or NHERF-2 expression in two polarized epithelial cell lines that serve as models

The abbreviations used are: NHE3, Na*/H* exchanger isoform 3; NHERF, NHE3 regulatory factor ; CFTR,
cystic fibrosis transmembrane conductance regulator ; cGKIl, cGMP-dependent protein kinase isoform II;
PKA, cAMP-dependent protein kinase; siRNA, small interfering RNA; PDZ, PDS95/Disks large/ZO-1.
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for absorptive and secretory cells. Our data show that NHERF-2 is essential for cGMP-
dependent inhibition of NHE3 in Caco-2/bbe cells, whereas NHERF-1 and NHERF-2 are not
required, or are less critical, for CFTR activation in IEC-CF7 cells.

Materials and methods

Antibodies - Antibodies against NHERF-1, NHERF-2 (Ab2570) and cGKIll have been described
previously (2,4). Monoclonal mouse antibody directed to the HA epitope was obtained form Covance
Research products, and HRP-conjugated donkey anti-rabbit IgG from Amersham.

Adenoviral constructs of NHE3 and NHERF-2 siRNA for viral infection of Caco-2/bbe
cells-The Caco-2/bbe cellline, originally derived from a metastatichuman adenocarcinoma, was akind
gift of Dr. M.S. Mooseker (Yale School of Medicine). HA-tagged NHE3 was cloned into the adenoviral
shuttle vector ADLOX.HTM and transfected into CRE8 cells using lipofectamine 2000 (Invitrogen),
followed by infection of the cells with helper virus (@5). siRNA constructs to downregulate NHERF-2
were designed using the program provided by OligoEngine (Seattle, WA). The selected sequences
were 5-GCTGGCAAGAAGGATGTCA-3’ (Construct 2) and 5-GCAAGATCCCTTCCAGGAG-3’
(Construct 5). The hairpin constructs were transferred into the RNAi/Adeno transfer plasmid
pPHA74243 and used for adenovirus production as described for NHE3. Cells were treated with 6
mM EGTA in serum-free medium for 2 h at 37°C prior to adenoviral infection (10°-10'° particles/ml)
at 37°C for 6h. Experiments were performed 40-48 hours post-infection.

Measurement of Na*/H* exchange - Na*‘/H*-exchange activity of Caco-2/bbe cells was
determined in confluent cells grown on filterslips (0.4 um pore size, Corning) using the intracellular
pH-sensitive dye 2’,7’-bis(carboxyethyl)5-6-carboxyfluorescein (BCECF-AM; Molecular Probes,
Eugene, OR) as described previously (6,8). Exposure to 8-pCPT-cGMP was during the last 30
minutes of the dye loading/NH,Cl prepulse. Rates of Na*-dependent intracellular alkalinization (efflux
of H*, in uM/s) were calculated as ApH/AT for a given pH, (within the linear phase, ~1 min of the initial
rate of intracellular alkalinization). The activity could be blocked by the specific NHE3 inhibitor S3226
(data not shown).

Design of siRNA constructs and transfection of IEC-CF7 cells - IEC-CF7 cells (IEC-6
cells derived from rat small intestinal crypt stably expressing hCFTR) were cultured in 12-well plates
and infected (10° particles/ml) with adenovirus expressing cGKII directly after plating as described
previously (2). Four days after adenoviral infection, cells were transfected with siRNA (100 pmol/
well) using Dharmafect™4 transfection reagent. The siRNAs N1 and N2 directed against NHERF-1
(5-NNCCUGCACAGUGACAAAUCC-3) and NHERF-2 (5-NNGGACAAUGAGGAUGGCAGU-3),
respectively, were obtained from Dharmacon (Lafayette, CO). Experiments were performed two
days post-transfection.

lodide ('?°I') efflux - lodide efflux was measured in confluent IEC-CF7 cells as described
before (2). Cells were loaded with radioactive iodide (5 pCi/ml) for 2 h at 37°C and washed three
times to remove extracellular isotope. Forskolin (10 pM), 8-Br-cAMP (500 uM) or 8-pCPT-cGMP
(100 pM) were added 4.5 min. after the final washing step as indicated. Radiation was measured by
y-counting and expressed as fractional efflux per min as described previously (2).

Immunoblotting - Proteins were applied to SDS-PAGE and transferred onto nitrocellulose
membranes. Primary antibodies NHERF-1 (1:3000), NHERF-2 (1:1000) and cGKIl (1:3000) were



applied according to standard protocol. Fluorescently labeled IRDye™800, 680 secondary antibody
was quantitated using the Odyssey system and Lycor software. HRP-conjugated secondary antibody
was detected by chemiluminescence (Supersignal West Pico, Pierce) and quantitation of its signal
on light-sensitive imaging film (Biomax XAR film, Kodak) using a calibrated GS-800 densitometer
(Biorad) and Quantity-one software (Biorad).

RT-PCR - To quantify mRNA expression of NHERF-1 and NHERF-2, RNA was isolated
from IEC-CF7 cells using Ultraspec (Biotecx Laboratories, Inc.), following the manufacturer’s
protocol. PCR of reverse-transcribed mMRNA was performed using RedTag DNA polymerase (Sigma)
and the supplied buffer according to standard protocol. The following primers sets were used:
5-AGAAGGAGAACAGCCGTGAA-3’ and 5-TGCTCAGAGGTTGCTGAAGA-3’ for NHERF-1, and
5-CTTCCCCCAGCCCACAA-3 and 5-AGCCCCTCCACGTTCTGCCCATTC-3’ for NHERF-2. The
housekeeping gene PBGD (porphobilinogen deaminase) was used to standardize the amount of cDNA,
using primers 5-CGCGGAAGAAAACGGCTCAAT-3 and 5-TGCAGATGGCTCCAATGGTAAAG-3'.

Results

siRNA-mediated genetic knockdown of NHERF-2 abolishes cGMP/cGKIl-dependent
inhibition of NHE3 in Caco-2/bbe cells - Until now, studies of the role of the NHERF
proteins in cGMP-dependent NHE3 regulation have been performed using NHERF-2 and cGKiI|
overexpression approaches in NHE3-transfected PS120 fibroblasts and opossum kidney (OK)
cells (9). A recent study has shown that the mechanism of cAMP-dependent inhibition of
NHE3 is different in the kidney and the ileum (10). In the current study we used two different
epithelial cells lines to investigate whether cGMP-dependent regulation is dependent on
the NHERF proteins in a similar way in Na*-absorbing and Cl-secreting intestinal cells.
cGMP-dependent regulation of NHE3 was investigated in the human intestinal Caco-2/bbe
cell line, which is characterized by endogenous expression of NHERF-1 and NHERF-2, and
relatively low levels of NHE3. To allow for accurate measurements of NHE3 activity, cells
were infected with adenovirus expressing HA-tagged NHE3. Initial experiments showed
that addition of cGMP analog had no effect on NHE3 activity (Fig. 1A), probably due to the
loss of cGKIl expression which usually occurs in cultured cells (Fig. 1B). Consistent with this
hypothesis, significant 8-pCPT-cGMP-dependent inhibition of NHE3 was observed following
adenoviral transfer of cGKIll (Fig. 1C).

To study the role of NHERF-2 in the regulation of NHE3 in the NHE3/cGKll-expressing
Caco-2/bbe cells, an siRNA approach was used. Knock-down of NHERF-2 was achieved by
infection with adenovirus containing pSUPER with siRNA (construct 2 and construct 5). The
reduction of the NHERF-2 expression (~-80%) did not affect NHERF-1 or NHE3 expression
(data not shown) but resulted in complete loss of inhibition of of Na*/H* exchange in
response to 8-pCPT-cGMP (Fig. 2B). These results demonstrate that NHERF-2 is essential
for the cGMP-regulated inhibition of NHE3 in human colonic epithelial cells, in addition to
OK and PS120 cells.
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siRNA-mediated knockdown of NHERF-1 and NHERF-2 in IEC-CF7 cells - In order to
investigate whether NHERF-1 and/or NHERF-2 are required for cyclic nucleotide-dependent
CFTR stimulation, as they are for the inhibition of NHE3, IEC-CF7 cells were examined.
These have been used extensively in the past to study CFTR regulation by cGMP. NHERF-1
and NHERF-2 are endogenously expressed at high levels in this cell line (Fig. 3B). siRNAs
were designed against rat NHERF-1 and NHERF-2 and transfection of IEC-CF7 cells with
these duplexes successfully reduced each individually targeted NHERF protein (by ~70%) in
an isoform-specific manner (Fig. 3C).
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0.00 Z are representative of three independent
_ 3 _ + experiments. (C) Infection with cGKIl adenovirus
8-pCPT-cGMP resulted in significant inhibition of the proton
+ flux by 8-pCPT-cGMP (* P<0.05; n=4).
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Effect of NHERF-1 and NHERF-2 knockdown on CFTR activation - Activation of CFTR in
IEC-CF7 cells was determined by monitoring 'l efflux. Addition of the adenylyl cyclase
activator, forskolin, or the cell-permeable cAMP analog 8-Br-cAMP induced a large
increase in the efflux (Fig. 4A-B). Knock-down of NHERF-1 and NHERF-2 did not reduce the
activation of CFTR compared to mock-transfected cells (Fig. 4A, B). Because IEC-CF7 cells
do not express cGKIl, cGMP-mediated stimulation of CFTR was studied after infection with
recombinant cGKll adenovirus (Fig. 5A). siRNA-mediated silencing of NHERF-1 and NHERF-2
did not significantly affect stimulation of iodide efflux by 8-pCPT-cGMP (Fig. 5B, C). Taken
together, these findings show that NHERF-2 is essential for the cGMP-dependent inhibition
of NHE3 in Caco-2/bbe cells, whereas no evidence was found for a requirement of NHERF-1
or NHERF-2 in the regulation of CFTR activity in the IEC-CF7 cell line.
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Discussion

In this study we extended previous observations on the role of NHERF-2 in cGKlI-dependent
regulation of NHE3 to the more physiologically relevant intestinal epithelial cell line
Caco-2/bbe. Furthermore, we investigated whether NHERF-1 and NHERF-2 are involved
in the cAMP and/or cGMP-dependent regulation of CFTR in IEC-CF7 cells. Expression of
NHERF-2 was found a prerequisite for cGMP-mediated inhibition of NHE3 in Caco-2/bbe
cells. This is in line with previous findings in the PS120 fibroblast cell line in which NHERF-2



was shown to act as G-kinase anchoring protein which directly linked cGKIl to NHE3. On the
other hand, silencing of NHERF-1 and NHERF-2 did not affect cAMP- and cGMP-mediated
regulation of CFTR activity in IEC-CF7 cells (Fig. 4 and 5), suggesting that cGKll anchoring to
NHERF-2 is not required for cGMP-dependent regulation of CFTR, or that the requirement
for NHERF-2 is less stringent than in case of cGMP-dependent inhibition of NHE3.
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Figure 4. Knock-down of NHERF-1 and NHERF-2 does not significantly affect forskolin- and 8-Br-cAMP-stimulated
iodide efflux in IEC-CF7 cells. (A) Stimulation of iodide efflux by forskolin (left panel) and 8-Br-cAMP (right
panel) was not affected by downregulation of NHERF-1 and NHERF-2 expression by siRNA (O) compared to mock-
transfected (@) controls. Efflux was compared with unstimulated N1/N2-transfected cells (A). The fractional
iodide efflux is expressed as mean = SEM (n=3). Error bars are absent when the standard error was smaller than
the symbol. (B) Average stimulation of iodide efflux (data from panel A). Data are expressed as means +SEM of 4
independent experiments, each performed in triplicate. ns, not significant.

Interactions of CFTR with PDZ proteins (including NHERF-1 and NHERF-2) have been
reported to affect CFTR activation in multiple ways, although the functional importance of
these interactions is still rather controversial (7). Previous studies in which CFTR activation
by cAMP was assessed directly showed variable effects of changes in NHERF expression and/
or loss of interaction with PDZ domain proteins by C-terminal truncation of CFTR (11-15).
Different levels of expression of the various CFTR-interacting PDZ domain proteins (which
have stimulatory or inhibitory effects on CFTR) could potentially explain why the role of
NHERF-1 and NHERF-2 in CFTR activation varies. Until now five PDZ domain proteins have
been identified as CFTR binding partners. These proteins all have the ability to adhere
to several binding partners simultaneously and therefore facilitate the formation of a
plethora of different multiprotein complexes, which can be controlled in a dynamic way
(for example by phosphorylation) (16). In addition to NHERF-1 and NHERF-2, CFTR has been
shown to bind to the PDZ domains of NHERF-3 (also called PDZK1), CAL (CFTR Associated
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Ligand) and Shank2 (SH3 and Ankyrin repeats containing protein 2) (14,17). Whereas
NHERF-1, NHERF-2 and NHERF-3 positively affect CFTR function, CAL expression reduced
CFTR surface expression (by enhancing lysosomal degradation) and Shank-2 reduced CFTR
activation by cAMP (most likely by association with a phosphatase or by competition with
NHERF-1) (13,14).

The siRNA treatment of IEC-CF7 cells resulted in strong reduction of NHERF-1 and
NHERF-2, but not in a full deficiency for these proteins. The possibility cannot be excluded
that small, residual amounts of NHERF-1 and NHERF-2 protein left in the siRNA-treated
cells were sufficient for cAMP- and cGMP-mediated stimulation of CFTR. However, a similar
reduction of NHERF-2 in Caco-2/bbe cells completely abolished inhibition of NHE3 by cGMP
(Fig. 2). Furthermore, the extent of silencing of NHERF-1 and NHERF-2 in IEC-CF7 cells
was comparable to that reported in other studies in which siRNA-mediated gene silencing
affected various functions of the NHERF proteins (18-21). Taken together, our data support
the notion that the NHERF proteins are involved in cGMP-dependent regulation of intestinal
salt- and water homeostasis, but that their roles are remarkably different for NHE3 and
CFTR regulation.
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Abstract

The first detailed description of the proteome of the mouse jejunal brush border
membrane vesicle is presented here. This was obtained by a combination of purification via
divalent (Mg?*) cation precipitation starting with isolated cells plus strong cation exchange
chromatography LC-MS/MS. Five hundred seventy proteins were identified including 45
transport proteins. Among the latter, 18 had either not been identified in the intestine
in the past or there was a single unconfirmed report of their presence. Validation was
accomplished by a combination of immunoblotting and immunofluorescence using mouse
jejunum and previously described antibodies. The validated BB proteins were aquaporin 7,
Glut 9b, Na*/- symporter (NIS), and non-gastric H*/K*-ATPase. This study helps to further
define the brush border membrane vesicle, a preparation which has been widely used to
identify transport function of the small intestine.

Introduction

Identification of the proteome is a necessary step in defining unique aspects of the systems
biology of Gl epithelia. The structurally unique domain of all Gl organs is the apical
membrane and apical recycling compartment. In the small intestine, this is the brush border
(BB), which is known to have distinct structural elements (glycocalyx, microvilli, actin core
and rootlets, terminal web). The small intestinal BB is unique, even in comparison to the
renal proximal tubule BB with different extents and perhaps mechanisms of endocytosis
and proteins involved in endocytosis (caveolin, megalin, cubulin, etc).

Functional studies of intestinal absorptive function have recognized the unique
contribution of the apical domain and techniques have been developed to isolate highly
purified brush border membrane vesicles (BBMV) (1,2). BBMV form almost entirely right-side-
out in a sealed form that allows uptake/concentrative studies. The current understanding
of transport processes/ proteins present in the apical domain of the small intestine have
been partially defined by such studies. These functional studies have concentrated on
substrate uptake, which is generally linked to Na* gradients generated by the basolateral
membrane Na*/K*-ATPase, although some H* gradient linked transporters have been
identified. BBMV are typically obtained by divalent cation precipitation (and rarely free
flow electrophoresis) and are highly enriched in microvillus membrane and include the
supporting cytoskeleton and terminal web. In addition, they contain small but variable
amounts of tight junctions, basolateral membrane “tags” and attached trafficking vesicles,
making them a complex preparation. Attempts to localize proteins in the apical, basolateral
membranes, and tight junctions of the small intestine have relied on enzymatic analyses
in which changes in specific activities between the enriched fraction and initial lysates or
total membranes were compared or similar comparisons were made by immunoblotting;
another approach used was localization by microscopic identification in comparison to the
location of proteins with known subcellular residence.
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The current studies represent another way to identify proteins in BBMV and represent
the initial detailed identification of the mouse jejunal BBMV proteome. Results will be
compared to earlier definitions of the mouse renal proximal tubule (3) and rat inner
medullary collecting duct BB proteome (4).

Methods

Cell Isolation and BBMV Preparation. Male FVB mice that were 12-20 weeks old were anesthetized
by IP injection of ketamine (100 mg/kg) plus xylazine (20 mg/kg). The abdomens were opened, and
the small intestine was rapidly removed. The segment starting from ~8 cm distal to the stomach to
the beginning of the ileum (ileum is defined as distal half of the small intestine) was studied here as
jejunum. Luminal contents were removed by washing with iced 154 mM NacCl, jejunum was everted,
and epithelial cells were removed by vibration (Vibro-mixer model E1 from Chemap AG, Hannedorf,
Switzerland) at a frequency of 50 Hz, amplitude 2 mm. After 1-2 min vibration in 150 mM NaCl
to remove mucus and remaining luminal contents, cells were released by vibration for 25 min in
10 mM Tris, 150 mM NaCl, and 5 mM EDTA, pH 7.4, as previously described (5). This produced
predominantly epithelial cells from all regions of the villus and a minority of crypt cells. Cells from
4-6 animals were combined for each preparation. The entire procedure was performed at 4 °C.
Cells were centrifuged (750 x g, 5 min), washed twice in buffer | (298 mM mannitol, 12 mM Tris, pH
7.4), and frozen in the same buffer containing protease inhibitor (“Complete”, Roche). After thawing
slowly on ice, cells were homogenized by Teflon glass homogenization, and BBMV were prepared
by Mg?* precipitation, as described (6). After addition of 10 mM MgCl, and gentle mixing for 20 min at
4 °C, cell debris and large membrane fractions were removed by centrifugation (15 min, 2000 x g).
Supernatant was centrifuged for 30 min at 30.000 x g to harvest BBMV. The pellet was dissolved in
buffer | by Teflon glass homogenization, and the Mg?* precipitation was repeated. The final pellet was
dissolved in buffer consisting of 275 mM mannitol, 25 mM Tris, 1 mM Na,VO,, and protease inhibitor
cocktail. Initial cell lysates were used for comparison of enrichment of the final BBMV preparation.
Aliquots of cells were placed into buffer Il (60 mM mannitol, 2.4 mM Tris, pH 7.1, 1 mM EGTA, 2
mM Na,VO,, 1 mM B-glyceropholPO,, 1 mM phenylalanine with protease inhibitor cocktail (Sigma)
1:1000 plus phosphoramidon (1 pg/mL) and then homogenized at 4 °C with a Polytron (10 times for
10 s at setting 5 with a 20 s interval between each burst) followed by Teflon glass homogenization.
The homogenates were centrifuged at 4000 rpm for 10 min at 4 °C to remove cell debris and nuclei.
Supernatants were centrifuged at 40 000 rpm for 60 min, and total membrane (TM) pellets were
collected and suspended in buffer I. Studies were performed on 3 separate BBMV preparations of
mice of the same strain at 12, 13, and 20 weeks of age.

Characterization of BBMV by Enrichment of Marker Enzymes by IB; Antibodies Used
and other Markers. Enrichment compared to total membrane preparations of the specific activities
of marker enzymes known to reside in specific subcellular organelles was used to assess purification
of the mouse jejunal BBMV. Initially, the total membranes and BBMV had protein concentrations
estimated by Bichinoic acid assay (BioRad). To further match the amount of protein present, 20 ug
of BB were separated on 1-dimensional SDS-PAGE gels (12%) and the total density of summed
proteins was estimated by Ponceau S staining (See Figure 1A). About 20 g of total membrane and



BBMV were then separated on several 12% SDS-PAGE and compared for marker enzyme density
via IB. Proteins compared that are felt to localize to BB include intestinal alkaline phosphatase, NHE2
and NHES3 (although the latter is thought to have up to 20% in various aspects of the apical recycling
system); basolateral membranes, Na/K-ATPase; ER, calnexin; Golgi, Golgin 84; and mitochondria,
mitochondrial phosphate carrier (gift from P. Pedersen, JHUSOM).

Figure 1. Enrichment in Mouse Jejunal BBMV A. Pounceau S B. Western blOt
Relative to Total Membranes (TM) Indicated

by Immunoblotting. Total membrane and
BBMV were separated by 12% SDS-PAGE
stained with Ponceau S (A) with density
estimated and used for normalization of
IB data (B). Twenty micrograms of TM and
BBMV were then separated by 12% SDS-PAGE 250 -
gels and immunoblotted (IB) for the proteins 160 - 5§
shown. Odyssey fluorescence gel scanner 105 ="
was used to quantitate the IB signal and the 75 ="
ratio was used as an indication of enrichment

STD
1™
BBMV
o om
@ BBVV

NHE3
Alkaline
phosphatase

Na/K-ATPase

after.adjust.ment for differences in total 50 _. Calnexin
proteins estimated from A. Markers of the

BB were intestinal alkaline phosphatase Golgin-84
(two exposures are shown with a darker 35 =% 0o '_-_ NHE2
exposure needed to show presence in TM), » Mitochondria

NHE3, NHE2; basolateral membranes, Na‘/ 30 -
K*-ATPase; ER, calnexin; Golgi, Gogin-84; 25 =
mitochondria,  mitochondrial  phosphate
carrier. A representative experiment (12
week animals) which was repeated on the
three BBMV preparations is shown.

Phosphate Carrier

Preparation of BBMV Fractions for LC-MS/MS Including Protein Digestion, iTRAQ
Labeling, and Strong Cation Exchange Chromatography. Two techniques were used to generate
results from 3 separate BBMV preparations (12, 13, and 20 week old animals), all using 2D LC-MS/
MS with strong cation exchange chromatography (SCX). The BBMV (20 pg) from 12 week animals
were also added to SDS-PAGE sample buffer (200 mM Tris pH 7.5, 0.9% SDS, 12 mM EDTA, 4%
sucrose, 10 mM DTT, and Pyronin Y); the samples were heated for 5 min at 70 °C then applied to
a 10% 1D SDS-PAGE gel with no stacking gel. Electrophoresis continued until the dye-front had
migrated approximately 1-2 cm into the gel. The gel was then stained with Gel Code Blue (Pierce),
and the stained protein band was excised from the gel, minced, and washed. The proteins were
subjected to in-gel trypsin digestion (7), and the resulting peptides were eluted from the gel and
submitted for LC-MS/MS analysis.

LC-MS/MS analysis of the resulting peptides was performed using a Thermo Finnigan LTQ
ion trap mass spectrometer equipped with a Thermo MicroAS autosampler and Thermo Surveyor
HPLC pump, Nanospray source, and Xcalibur 1.4 instrument control. The peptides were separated
on a packed capillary tip, 100 pm x 11 cm, with C18 resin (Monitor C18, 5 micron, 100 angstrom,
Column Engineering, Ontario, CA) using an inline solid-phase extraction column that was 100 pm
x 6 cm packed with the same C18 resin (using a frit generated with liquid silicate Kasil 1 (8)) similar
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to that previously described (9), except the flow from the HPLC pump was split prior to the injection
valve. The flow rate during the solid-phase extraction phase of the gradient was 1 mL/min and during
the separation phase was 700 nL/min. Mobile phase A was 0.1% formic acid; mobile phase B was
acetonitrile with 0.1% formic acid. A 95 min gradient was performed with a 15 min washing period
(100% A for the first 10 min followed by a gradient to 98% A at 15 min) to allow for solid-phase
extraction and removal of any residual salts. After the initial washing period, a 60 min gradient was
performed where the first 35 min was a slow, linear gradient from 98% A to 75% A, followed by a
faster gradient to 10% A at 65 min and an isocratic phase at 10% A to 75 min. The MS/MS spectra of
the peptides were performed using data-dependent scanning in which one full MS spectrum, using
a full mass range of 400-2000 amu, was followed by 3 MS/MS spectra.

In addition to this 1D LC-MS analysis, the peptides were also subjected to 2D LC-MS/
MS analysis in which the peptides were first fractionated using SCX (100 ym x 7 cm Luna SCX
column, Phenomonex, Torrance, CA) using a 0-500 mM, pH 3.0-8.0 ammonium formate gradient
in 25% acetonitrile as described previously (10), except a final salt bump of 0.5 M ammonium
formate during the last 10 min of the 65 min was substituted for the KCI bump. After collection of
the flowthrough fraction, each of 9 separate fractions were collected, the last three fractions were
combined, and each fraction (including the flow-through fraction) was subjected to a reverse phase
separation directly inline with the LTQ as described above. Proteins were identified using the cluster
version of the SEQUEST algorithm (11) using the mouse subset of the Uniref 100 database (www.
uniprot.org). The database was concatenated with the reverse sequences of all the proteins in the
database to allow for the determination of false positive rates. Protein matches were preliminarily
filtered using the following criteria: if the charge state of the peptide is 1, the xcorr is greater than
or equal to 1, the RSp is less than or equal to 5, and the Sp is greater than or equal to 350. If
the charge state is 2, the xcorr is greater than or equal to 1.8, the RSp is less than or equal to
5, and the Sp is greater than or equal to 350. If the charge state is 3, the xcorr is greater than
or equal to 2.5, the RSp is less than or equal to 5, and the Sp is greater than or equal to 350.
These filtering criteria achieved a false positive rate of less than 1% in all data sets.

BBMV samples from 13 and 20 week animals were analyzed twice. Each of the sets was
digested, labeled with iTRAQ reagents (Isobaric Tagging for Relative and Absolute Quantitation),
purified, and fractionated with SCX and analyzed on a QSTAR/Pulsar mass spectrometer. The
iTRAQ technique was used to compare BBMV from wild type (reported here) with disease models,
and the differences will be reported separately. The samples (75 ug each) were dissolved in 20 pL of
0.1% SDS in 500 mM TEAB (triethylammonium bicarbonate), reduced, alkylated, and digested with
trypsin (Promega V5111) with a protein to enzyme ratio 20:1 at 37 °C overnight with iTRAQ reagent
in ethanol then added to the digest. The mixture was incubated at room temperature for 1 h. The two
BBMV samples were labeled with different iTRAQ agents. After labeling, the samples were mixed
and dried down to a volume of 50 pyL. The combined peptide mixture was fractionated by SCX on
an UltiMate HPLC system (LC Packings) using a PolySulfoethyl A column (2.1 x 100 mm, 5 pym, 300
A, PolyLC, Columbia, U.S.A.). The sample was dissolved in 1 mL of SCX loading buffer (25% v/v
acetonitrile, 10 mM KH,PO,, pH 2.8), and the pH was adjusted to 2.8 by adding 1 N phosphoric acid.
The whole sample was loaded and washed isocratically for 30 min at 200 yL/min. Peptides were
eluted with a gradient of 0-500 mM KCI (25% v/v acetonitrile, 10 mM KH,PO,, ph 2.8) over 40 min
at a flow rate of 200 pL/min. The absorbance at 214 nm was monitored, and 32 SCX fractions were



collected along the gradient. Each SCX fraction was dried down and dissolved in 0.1% formic acid.
The resulting fractions were analyzed on QSTAR Pulsar (Applied Biosystems-MDS Sciex) interfaced
with an Eksigent nanoL.C system. Peptides were separated on a reversephase column packed with
10 cm of C18 beads (360 x 75 uym, 5 um, 120A, YMC ODS-AQ, waters, Milford, MA) with an emitter
tip (New Objective, Woburn, MA) attached. The HPLC gradient was 5-40% B for 60 min (A, 0.1%
formic acid; B, 90% acetonitrile in 0.1% formic acid) and the flow rate was 350 nL/ min. Survey scans
were acquired from m/z 350-1200 with up to three precursors selected for MS/MS using a dynamic
exclusion of 45 s. A rolling collision energy was used to promote fragmentation, and the collision
energy range was ~20% higher than that used for unlabeled peptides due to iTRAQ tags.

The MS/MS spectra were extracted and searched against the SwissProt database using
Protein Pilot software (Applied Biosystems) with the Paragon method and the following parameters:
mouse as species, trypsin as enzyme (one missed cleavage allowed), cysteine static modification
with methylmethanethiosulfate and iTRAQ (peptide labeled at N-terminal and Lysine) as sample
type. Mass tolerance was set to 0.2 atomic mass units for precursor and 0.15 atomic mass units
for fragmented ions. The raw peptide identification results from the Paragon Algorithm (Applied
Biosystems) were parsed by Pro Group software (a component of Protein Pilot software) before they
were displayed. The Pro Group uses the peptide identification results to determine the minimal set
of proteins that can be reported for a given protein confidence threshold. The peptide confidence
threshold cutoff for this study was at least 90% with maximum of 90.5% of total protein identified,
including 2 or more peptide sequences identified. Proteins that were identified with one peptide
with confidence more than 90% (“one hit wonders”) were inspected manually. Such a protein was
considered to have been acceptably identified if it was reported in Basic Local Alignment Search
Tool (BLAST), the peptide was unique, and it represented >5% coverage, as determined by BLAST
analysis.

The use of two different approaches for protein identification was meant to maximize protein
identification on the hypothesis that different approaches were likely to identify different classes of
proteins. However, the use of the two approaches on only one BBMV preparation precluded any
meaningful comparison of differences in proteins identified.

Bioinformatic Analysis and Categorization of Identified Proteins. After the initial
identification of proteins, they were searched in the ExPASy (Expert Protein Analysis System)
proteomics server of the Swiss Institute of Bioinformatics (SIB), using the proteins’ unique accession
number, for their structure, function, distribution, and subcellular localization. Proteins that were
inadequately described in ExPASy were further searched in Sanger Institute’s collection of protein
families and databases (Pfam: http://www.sanger.ac.uk/Software/Pfam/), European Bioinformatics
Institute’s database (InterPro: http://www.ebi.ac.uk/interpro/). The GenelLynx partial collection of
gene databases (GeneLynx:http://www.genelynx.org/), Gene Ontology Consortium (http://www.
geneontology.org/), and the National Library of Medicine and National Institute of Health’s Entrez
PubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed).

All identified proteins were classified into 5 Groups, some of which were subdivided to give
13 categories of proteins. The 5 Groups (with the subdivisions of each are) (1) Proteins predicted
to be in the BBMV. These include: (i) apical plasma membrane transporters, (ii) known BB digestive
enzymes, and (iii) cytoskeleton from the actin cores of the microvilli. However, BBMV are known to
also contain tags of membrane attached to the BB and are likely to contain some (iv) tight junctional
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and (v) basolateral membrane proteins. The presence of these tags in much smaller amounts than the
BB explains the presence but de-enrichment of known basolateral membrane proteins. (2) Proteins
that are part of basic cellular processes that are carried out by all cells or are carried out specifically
by small intestinal absorptive cells and are not known to be present in the apical membrane. These
include proteins involved in (vi) endosomal/membrane trafficking (since some trafficking vesicles are
isolated with the BBMV, this category could alternatively been included with category i), (vii) signaling,
(viii) metabolism, (ix) degradative proteins, and (x) stress-related proteins. (3) Proteins known to be
resident in other organelles (mitochondria, nucleus, etc), and those involved in protein synthesis
and assembly (considered category xi). (4) Proteins thought to be found specifically in immunologic
cells (considered category xii). (5) Unknown proteins or proteins which have not been localized in
mammalian cells or have not had their primary function defined (considered category Xxiii).
Validation. To validate a fraction of the proteins newly identified as being part of the jejunal
BB, antibodies for the proteins were obtained by email solicitation or purchased. The antibodies
were used for IB of total membranes and BBMV and for IF of mouse jejunum. We assume that
validation of the presence of a protein in the BB is best established by demonstration of BB location
by immunohistochemistry. The proteins studied included: aquaporin 7 (gift of S. Nielsen, Un of
Aarhus, Denmar and Abcam, Inc); glucose transporter 9b (gift of K. Moley, Washington Un Sch of
Med, St. Louis); Nal symporter (NIS) a (gift of N. Carrasco, Albert Einstein Un Sch of Med), non-
gastric H*/K*-ATPase (gift of N. Modyanov, Un of Toledo) and major vault protein (gift of L. Rome,

UCLA School of Med).

Results

BBMV Purification - Comparisons of enrichment of marker enzymes between total
membranes and BBMV were performed normalizing to relative amount of total protein
separated (Ponceau S staining). As shown in Figure 1, in which BBMV and total membranes
of 12 week mice were compared, there was marked enrichment of the known BB proteins
intestinal alkaline phosphatase, NHE2, and NHE3 and slight de-enrichment of the BLM
protein Na/K-ATPase. Importantly, there was no signal by IB in BBMV for proteins found
in mitochondria (mitochondrial phosphate transporter), the ER marker calnexin or the
Golgi marker, Golgin-84, although all three were present in total membrane. These are
characteristics of highly enriched BBMV in which proteins intrinsic to BB have markedly
increased specific activities, whereas non-BB proteins, including proteins in the tight
junctions and BLM, are not enriched or have somewhat reduced specific activities.
Proteome Identification - A total of 570 proteins were identified in the BBMV
based on identification in at least one of the 3 separate BBMV preparations (Table 1 and
Supplementary Table S for full list). Of these, 155 (27%) were present in 1 preparation, 278
(49%) in 2, and 137 (24%) in all 3. The protein categories that were present most in all 3
preparations were the BB digestive enzymes (50%) and tight junction proteins (40%). Shown
in Table 1 is the number of proteins identified in each group and category and the percent



of the total number of proteins identified in the BBMV in each category. Figure 2A and B
shows the percent of the BBMV proteome in each of the 13 categories (Figure 2A considers
all BBMV proteins identified; Figure 2B considers all proteins excluding proteins known
to be in other, non BBMV specific subcellular organelles or predominantly in immunologic
cells).

One-hundred sixty-one (28%) proteins were from categories expected to be in
the BBMYV, 126 (22%) would not have been expected to be in BB (non-plasma membrane
organelles and proteins found specifically in immunologic cells; Groups 3 plus 4), whereas
261 (46%) are felt to be in intracellular sites that are likely to have been trapped in closed
vesicles, including cytosol. Only 22 (<5%) of the total BBMV proteins were not categorized
sufficiently to predict subcellular localization. This attests to the advanced stage of
classification/annotation of the human and mouse proteomes.

Table 1. Proteome of the mouse jejunal brush border membrane vesicles.

0,
numfb er percentage % detected i d etec;ed
category ° (%) in >1 prep in all group?
proteins preps
1. transporters 45 8.1 65.2 28.3 1(161)
2. brush border digestive enzymes 20 815 90.0 50.0
3. tight junction 10 1.8 80.0 40.0
4. cytoskeleton 71 12.5 77.5 29.6
5. basolateral membrane proteins 15 2.4 78.6 214
6. endosomal/membrane trafficking 27 4.7 70.4 18.5 2 (261)
7. signaling 105 18.4 771 33.3
8. metabolic 95 16.7 73.7 242
9. degradative proteins 19 3.3 84.2 5.3
10. stress-related proteins 15 2.6 66.7 20.0
known residents of proteins
11. synthesis 109 19.1 72.5 11.9 3(109)
assembly,mitochondrion, nucleus
and others
12. immunologic 17 3.0 52.9 23.5 4(17)
13. unkown 22 4.9 40.9 9.1 5(22)

2Group 1: Proteins predicted to be in the BBMV; Group 2: Proteins that are part of basic cellular processes which are
carried out by all cells or are carried out specifically by small intestinal absorptive cells and are not known to be
present in the apical membrane; Group 3: Proteins known to be resident in other organelles (mitochondria, nucleus,
etc), and those involved in protein synthesis and assembly; Group 4: Proteins thought to be found specifically in
immunologic cells; Group 5: Unknown proteins or proteins which have not been localized in mammalian cells or
had their primary function defined.

101



102 | Chapter5

(A) UNKNOWN (5)
4%
TRANSPORTERS (1)
8% BRUSH BORDER
DIGESTIVE ENZYMES (1)
4%

IMMUNOLOGIC (4)
3%

KNOWN RESIDENTS OF
PROTEIN SYNTHESIS ASSEMBLY,

MITOCHONDRION,
NUCLEUS AND OTHERS (3)
19%

TIGHT JUNCTION (1)
2%

CYTOSKELETON (1)
12%

STRESS-RELATED BASOLATERAL
PROTEINS (2) MEMBRANE PROTEINS (1)
3% 2%
DEGRADATIVE PROTEINS (2) ENDOSOMAL/MEMBRANE
3% TRAFFICKING (2)
5%
METABOLIC (2)
17% SIGNALING (2)
18%
(B) UNKNOWN (5)
5%
STRESS-RELATED
PROTEINS (2) TRANSPORTERS (1)
™ % BRUSH BORDER
DEGRADATIVE PROTEINS (2) DIGESTIVE ENZYMES (1)
4% 5%
TIGHT JUNCTION (1)
2%
METABOLIC (2)

21% CYTOSKELETON (1)

16%

BASOLATERAL
MEMBRANE PROTEINS (1)
3%
ENDOSOMAL/MEMBRANE
TRAFFICKING (2)

SIGNALING (2) 6%
25%

Figure 2. BBMV proteome expressed as pie charts. (A) Proteins identified in BBMV categorized into 5 Groups and 13
categories each expressed as a percent of total proteins identified. (B) Proteins identified in BBMV expressed as a
percent of all proteins identified with exclusion of known residents of intracellular organelles and components of
immunologic cells. Data from Table 1.



Table 2. Transporters in mouse jejunal brush border membrane vesicles and transporters in
mouse jejunal brush border membrane vesicles not previously definitively identified there?.
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18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.

A: Transporters in Mouse Jejunal Brush Border Membrane Vesicles
Protein

ATP-binding cassette sub-family G member 2

ATP-binding cassette sub-family G member 5 (Sterolin-1)

ATP-binding cassette sub-family G member 8

B (0,+)-type amino acid transporter 1 (B(0,+)AT;Glycoprotein-associated amino acid transporter
b0,+AT1)

Canalicular multispecific organic anion transporter 1

Intracellular chloride channel 1

Intracellular chloride channel 5

Calcium activated chloride channel 3

Calcium activated chloride channel 6

Calcium activated chloride channel 2

Choline transporter-like protein 1 (Solute carrier family 44 member 1; CD92 antigen; CDw92)
Choline transporter-like protein 4 (Solute carrier family 44 member 4)

Cysteine-rich protein 1 (Cysteine-rich intestinal protein;CRIP)

Glucose transporter 9b

Large neutral amino acid transporter (LAT-1)

L-type amino acid transporter 4 (LAT-4)

Long-chain fatty acid transport protein 1 (EC 6.2.1.-;Fatty acid transport protein 1;FATP-1;
Solute carrier family 27 member 1)

Aquaporin 7

Monocarboxylate transporter 1[MCT1]

Microsomal triglyceride transfer protein

Multidrug resistance protein 1[P-glycoprotein 1]

Multidrug resistance protein 3[MDR1A]

Bile salt export pump (Sister of P-glycoprotein)

Na-I related cotransporter

NBAT 1

Niemann-Pick C1-like protein 1

Oligopeptide transporter, small intestine isoform

Organic cation/carnitine transporter (Could be 1 or 2)

Putative organic anion transporter 5 (OAT5)

Proton-coupled amino acid transporter 1

Potassium-transporting ATPase alpha chain 2

Potential phospholipid-transporting ATPase IC (EC 3.6.3.1)

(Familial intrahepatic cholestasis type 1) (ATPase class | type 8B member 1) homolog
Plasma membrane Ca?* transporting ATPase 4 splice variant b

SEC13-related protein

Solute carrier family 13 member 2

Solute carrier family 23 member (Could be 1 or 2)

Solute carrier family 15 (oligopeptide transporter), member 1,

Sodium-dependent phosphate transport protein 2B/Sodium/phosphate cotransporter 2B
Sodium- and chloride-dependent taurine and beta-alanine transporter
Sodium-dependent neutral amino acid transporter B(0)

Sodium/glucose cotransporter 1

KST1 sodium-solute cotransporter

Transmembrane channel-like protein 5

Trpm4 protein

4F2 cell-surface antigen heavy chain
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Table 2. (Continued).

B: Transporters in Mouse Jejunal Brush Border Membrane Vesicles Not Previously
Definitively Identified There

previous characterization
in small intestine

Protein acc# fam cov% pep function A B (o3 D E n
Aquaporin 7 054794 Aqp7 25.30% 2 Forms a channel for water X2 1
(Aquaglyceroporin 7) and glycerol

Intracellular chloride Q3TIP8 Clic1 27.90% 9 Chloride channel X3¢ 2
channel 1 (Clic1) Q9Z1Q5

Calcium activated Q6Q472 Clcab 11.60% 10 Chloride channel activity X4 2
chloride channel 6

Calcium activated Q3Uw9os Clca2 3.10% 3 Voltage-gated chloride X4 1
chloride channel 2 channel

Choline transporter- Q6X893 Slc44a1 11.00% 2 Probable choline X#2 2
like protein 1 (CTL1; transporter

Solute carrier family
44 member 1;CD92

antigen)
Choline transporter-like Q91VA1 Slic44a4 19.00% 1 Belongs to the choline X4 2
protein 4 (Solute carrier transporter-like family

family 44 member 4)

Cysteine-rich protein P63254 68.40% 2 Role in zinc absorption and Xd4 2
1(Cysteine-rich may function as an intra-
intestinal protein;CRIP) cellular zinctransport protein
Glucose transporter 9b  Q5ERC7 Slc2a9. 2.90% 2 Glucose transport X2 1
Large neutral amino Q9QXW9 Slc7a8 9.40% 2 Sodium independent, X4 3
acid transporter (LAT2) high-affinity transport of

large neutral amino acids
Long-chain fatty acid Q60714 Slc27a1 18.40% 1 Involved in translocation X46 2
transport protein 1 of long-chain fattyacids
(Fatty acid transport (LFCA) across the plasma
protein 1; FATP-1) membrane
L-type amino acid Q5CD76 Slc43a2 1.60% 2 L-amino acid transport X4 1
transporter 4 (LAT4)
Multidrug resistance P21447 ABC 45.40% 32 Energy-dependent X 3
protein 3[MDR1A] B1A efflux pump responsible

for decreased drug
accumulation in multidrug
resistant cells

Na-I cotransporter Q6A4K8 Slc5a12 3.50% 3 Sodium iodide transport x* 1
Potassium-transporting Q9Z1W8 Atp12a 2.10% 2 Non-gastric H/K ATPase; X3 2
ATPase alpha chain 2 catalyzes the hydrolysis

(Non-gastric H/K of ATP coupled with the

ATPase) exchange of H* and K*

ions across the plasma
membrane. Responsible for
K* absorption.

Plasma membrane Q6Q477 Atp2b4 2.90% 2 Calcium ion transport X4 1
Ca* transporting
ATPase 4 splice

variant b (PMCA4b)

Putative organic anion ~ Q6A4K9 Slc22a19 11.30% 2 Renal organic anion/di- X0 1
transporter 5 (OAT5) carboxylates exchanger

Transmembrane Q7TN61 Tmc5 1.50% 3 Belongs to Trans-membrane Xst 1
channel like Channel like protein family;

protein 5 (Tmc5) could be a regulator

Trpm4 protein (TRP- Q6PDMO Trpm4 2.50% 2 Plasma membrane calcium X2 1
melastatin protein) channel activity

2 Previous characterization in small intestine: A- Physiologic role identified subsequently (n=1). B- Previous unconfirmed demonstration of protein in
adult mammalian small intestinal brush border or apical domain (n =3). C- Present in adult mammalian small intestine (mRNA or protein) but brush
border localization not demonstrated (n =9). D- Studied but not found in the adult mammalian small intestinal mucosa (mRNA or protein) (n ) 2). E- Not
studied in the adult mammalian small intestinal mucosa (mRNA or protein) (n =3). -Personal Communication with N. Carrasco.



Tables 2A-6 list the proteins identified in several categories of BBMV, transporters (Table 2A),
brush border digestive enzymes (Table 3), tight junctions (Table 4), cytoskeleton (Table 5),
and basolateral membrane proteins (Table 6).

BBMV Transporters. Forty-five transport proteins were identified in the BBMV
(Table 2A). There were 18 that had not previously been shown to be in the BB or their
BB localization was based on a single study. These are listed in Table 2B. Validation of
BB transporters not previously identified in intestinal BB was carried out by IB comparing
total membrane and BBMV and IF studies of sections of mouse jejunum. Validation studies
were performed on proteins for which antibodies were generously made available by other
investigators who had prepared and tested the antibodies for specificity or purchased
from commercial sources (immunoblotting, Figure 3, and immunofluorescence, Figure 4).
This approach successfully identified as mouse jejunal BB proteins, aquaporin 7, glucose
transporter 9b (small amount), NIS, and non-gastric H*/K*-ATPase. These studies failed to
provide clear support that major vault protein was a BB protein. As shown in Figure 3, IB
indicated enrichment in the BBMV compared to total membranes of aquaporin 7, glucose
transporter 9b, NIS, and non-gastric H*/K* ATPase, whereas there was de-enrichment of
major vault protein which consequently is not listed in Table 2A or B, even though it was
initially identified. IF localization of aquaporin 7 has been published from rat small bowel,
confirming apical membrane localization at the tip of the villi (and colonocytes at the top of
crypts and surface cells of rat left colon) (12). As shown in Figure 4, in histologic sections
of mouse jejunum, there were significant amounts of non-gastric H*/K*-ATPase, NIS, and
aquaporin 7. In addition, glucose transporter 9b was present in small amounts in the BB,
although most was intracellular. Major vault protein had intracellular staining, some of which
was near the apical membrane, but it could not be determined whether there was any BB
localization.

Figure 3. Validation of presence in E

the mouse jejunal BBMV of several E a

transport proteins by enrichment by

IB. The same mouse jejunal BBMV 27 kDa ' AQP7 1:50 Pab
and total membrane preparations

used in Figure 1 were IB for aquaporin 66 kDa . GLUT9b 1:500 Pab

7 (antibody kindly provided by S. "
Nielsen), Glut 9b (kindly provided by 105 kDa 2
K. Moley), NIS (kindly provided by N. 218
Carrasco), non-gastric H+/K+-ATPase ~ 105kDa %4 gy — Glycosylated Mature form | Two different exposures

& — Glycosylated Mature form
7 NIS (Nal symporter)
<« Immature form 1:400 Pab

(kindly provided by N. Modyanov), and -+  * <« Immature form
major vault protein (kindly provided
R . 105 kDa
by L. Rome). As in Figure 1, similar “ 8 H/KATPase 1:2,000 Pab

total protein was transferred to the
TM and BBMV lanes. The antibody
dilutions are shown in the figure.
Enrichment is taken as indication
that the protein is probably primarily
present in the BBMV. (Pab, rabbit
polyclonal antibodies.)

99kDa MVP 1:500 Pab
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H /K ATPase

Sodium lodide Symp

orter (NIS)

Figure 4. Validation of presence in mouse jejunal BBMV of several transport proteins using immunofluorescence/
light microscopy for localization. Histologic sections (4 um) of mouse jejunum were stained for localization of
Na-|l co-transporter, non-gastric H*/K*-ATPase, aquaporin 7, major vault protein (MVP), and Glut9b with Alexa 488
tagged secondary antibody (1:100). IF localization supported presence in the BB of NIS, non-gastric H*/K*-ATPase,
aquaporin 7, and a low level of Glut 9b. Bottom right is overexposed to more clearly demonstrate BB Glut 9b
(arrows) Major vault protein was intracellular with a small amount of apical signal that could not be definitely
separated from edge artifact. Inserts represent higher power magnification (400x) of jejunal BB. Arrows indicate
BB expression. Nuclei stained with Hoechst 350.

(Color figure on page 169.)



Table 3. Brush border digestive enzymes in mouse jejunal brush border membrane vesicles.
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1.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Protein

Alanyl (membrane) aminopeptidase

Aminopeptidase B (EC 3.4.11.6; Arginyl aminopeptidase; Cytosol aminopeptidase 1V)
Dipeptidase 1

Dipeptidyl peptidase 4

Gamma-glutamyltranspeptidase 1

Embryonic alkaline phosphatase

Intestinal alkaline phosphatase

Lactase

Lactase-like protein [Precursor] (Klotho/lactase phlorizin hydrolase-related protein)
Membrane-bound maltase-glucoamylase

Membrane-bound aminopeptidase P /EC 3.4.11.9

Neutral ceramidase

Neprilysin/EC 3.4.24.11/Neutral endopeptidase

N-acetylated-alpha-linked acidic dipeptidase-like protein

Suppressor of tumorigenicity protein 14

Soluble maltase-glucoamylase

Similar to Hypothetical protein/Intestinal alkaline sphingomyelinase

Rat lactase-phlorizin hydrolase homolog

Trehalase

Xaa-Pro dipeptidase

Table 3 lists the brush border digestive enzymes identified. These proteins were expected to
be present in large amounts, and multiple disaccharidases and peptidases were identified
as well as neutral ceramidase. Absence of identification of proteins know to be present in
large amounts in BB, such as sucrase-isomaltase, could have several explanations and is not
to be interpreted to indicate that it is not present in mouse jejunum (13). For instance,
sucrase-isomaltase was not identified in these studies but was identified in a subsequent

proteomic study of mouse jejunal BBMV (Donowitz, unpublished).
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Table 4. Tight junctional proteins in mouse jejunal brush border membrane vesicles.

Protein

1. Claudin-3
2.  Claudin-7

InaD-like protein (Pals1-associated tight junction (PATJ) protein; Protein associated to tight
junctions; Channel-interacting PDZ domain-containing protein-CIPP)

w

Junctional adhesion molecule A

Junction plakoglobin

MAGUK p55 subfamily member 5

MFLJ00279 protein [

Mucin and cadherin-like protein

Partitioning defective 6 homolog beta (PAR-6 beta;PAR-6B)

© ® N o ok

10.  Tight junction protein ZO (Could be 1, 2 or 3)

Table 4 lists the tight junction proteins identified, and Table 5 lists the cytoskeleton
proteins present. The tight junction proteins identified and not previously identified in
the small intestinal tight junctions and/or the cytoskeleton include nexilin, myosin Vb,
and myosin 1D. Myosin Vb has been assumed to be in the apical domain of all epithelial
cells and has been shown to be localized there in the renal polarized cell model MDCK
(14) and in a hepatocyte cell line, WIF-B9 (15). Nexilin is an F-actin binding protein
localized at cell-matrix adherens junctions (16). Myosin 1d was previously called myr4 and
has been implicated in endocytosis at a step between the early endosome and recycling
endosome (17). No attempt was made to validate their presence in the BB. There were 15
proteins identified in the BBMV that are known to be basolateral membrane proteins. These
are listed in Table 6. The presence of Na-K-ATPase alpha chains 1, 3, 4 and B-1 suggest that
there is not a single Na*-K*-ATPase isoform in the mouse small intestine, although it is not
clear whether a single cell has multiple isoforms or this reflects differences in cell types.



Table 5. Cytoskeletal Proteins in Mouse Jejunal Brush Border Membrane Vesicles.
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Protein

Actin-like Protein 2

Actin

Actin, cytoplasmic 1

Actin-like protein 3

Actin-like protein 2 (Actin-related protein 2)

Actin-related protein 2/3 complex subunit 1B (ARP2/3 complex 41 kDa subunit; p41-ARC)
Actin-related protein 2/3 complex subunit 2 (ARP2/3 complex 34 kDa subunit; p34-ARC)
Actin-related protein 2/3 complex subunit 4 (ARP2/3 complex 20 kDa subunit; p20-ARC)
Adseverin/Scinderin/Gelsolin-like protein

Al427122 protein

Alpha-actin 1

Alpha-actinin-1

Alpha-actinin-4 (Non-muscle alpha-actinin 4) (F-actin cross linking protein)
Alpha-adducin (Erythrocyte adducin subunit alpha)

Cofilin 1, Non-muscle homolog

Type VII collagen

Coronin-1A

Coronin-1B (Coronin-2)

Coronin-1C (Coronin-3)

Coronin-2A

Destrin (Actin-depolymerizing factor) (ADF) (Sid 23)

Dstn protein

Dynein heavy chain (DYHC; Cytoplasmic dynein heavy chain 1; DHC1)
Ezrin (p81; Cytovillin;Villin-2)

Ezrin-radixin-moesin-binding phosphoprotein 50 (EBP50)

Radixin

F-actin capping protein alpha subunit

F-actin capping protein subunit beta

Filamin (could be A, B or C)

Gamma actin-like protein

Harmonin

Keratin complex 2

Keratin

Keratin, type | cytoskeletal 10

Keratin, type | cytoskeletal 13

Keratin, type | cytoskeletal 19 (Cytokeratin-19; CK-19; Keratin-19; K19)
Keratin, type Il cytoskeletal 1

Keratin, type Il cytoskeletal 8

Keratin complex 2, basic, gene 1

Kinesin heavy chain (Ubiquitous kinesin heavy chain; UKHC)

Mucin-13

Myo5b protein

Myosin Id

Myosin If

Myosin la

Myosin-5A (Myosin Va; Dilute myosin heavy chain, non-muscle)

Myosin-6

Myosin VI homolog

Myosin light polypeptide 6 (Smooth muscle and nonmuscle myosin light chain alkali 6;Myosin light chain 3;MLC-3;LC17)
Myosin-7A (Myosin Vlla)

Myosin-7B (Myosin Vllb)

MFLJ00256 protein

Myosin-9 (Myosin heavy chain, nonmuscle lia; NMMHC-IIA; Cellular myosin heavy chain, type A; NMMHC-A)
Myosin-14

Nexilin

Plastin-2 (L-plastin; Lymphocyte cytosolic protein 1; LCP-1;65 kDa macrophage protein;pp65)
Plastin-3 (T-plastin)

Protein diaphanous homolog 1 (Diaphanous-related formin-1; DRF1; mDIA1)
Profilin 1

Spectrin alpha chain

Similar to beta actin

Skeletal muscle alpha-actin mRNA.

Tubulin alpha-4 chain (Alpha-tubulin 4; Alpha-tubulin isotype M-alpha-4)
Tubulin beta-2C chain

Tubulin beta-3 chain

Tubulin beta-5 chain

Transforming protein RhoA

Tubulin beta-4 chain

Tubulin alpha-6 chain

Tubulin beta-3 chain

Villin
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Table 6. Basolateral Membrane Proteins in Mouse JejunalBrush Border Membrane Vesicles

Protein

Atp2b1 protein [Fragment]
Hephaestin [Precursor]
Integrin alpha-3

Integrin beta-1

ltgb4 protein

Integrin alpha-6

N o o b~ 0N~

Integrin beta-1 [Precursor]
(Fibronectin receptor subunit beta; Integrin VLA-4 subunit beta; CD29 antigen)

8.  Organic cation/carnitine transporter 3
(Solute carrier family 22 member 21; Solute carrier family 22 member 9)

9. Solute carrier family 2, facilitated glucose transporter member 2, GLUT 2
10. Solute carrier family 12 member 2 (Nkcc1)
11. Sodium/potassium-transporting ATPase alpha-1 chain
12. Sodium/potassium-transporting ATPase alpha-3 chain
13. Sodium/potassium-transporting ATPase alpha-4 chain
14. Sodium/potassium-transporting ATPase subunit beta-1
15.  Talin-1

Discussion

In studies of epithelial cell physiology, emphasis has been on the unique epithelial cell
organelle, which is made up of the brush border, including the terminal web, plus the apical
cytoplasm and components of the endosomal recycling system. The epithelial cells studied
include the parietal cell, small intestine, and renal proximal tubule and inner medullary
collecting duct. All have large apical domains, although dynamic regulation of the apical
domain and their functions are different. The parietal cell, and its tubulovesicular system,
was the model that was first used to establish that the V-Snare/T-snare hypothesis applied
to epithelia in addition to neural synaptic junctions. The proximal tubule has a large
endocytic function in reabsorbing solute filtered at the glomerulus. The collecting duct has
dynamic concentrative conservation of water/Na* as a major function. The small intestine
has massive nutrient absorption as its major function. One way to increase understanding
of the apical organelles is by increasing information about their proteomes. In fact, in
spite of extensive biochemical study of highly enriched membrane fractions of the apical
compartment from these cells, a single proteomic study has been reported of the renal
proximal tubule BB (3) and of the cortical collecting duct apical membrane (4). In addition,
until now, definition of subcellular or organellar proteomes have otherwise emphasized
studies of simple cells and brain (18). Nonetheless, the major conclusion from our study
in addition to the identification of specific brush border proteins is that, though highly
enriched for brush border proteins, the “highly purified preparation” of small intestinal



BBMV contains proteins from numerous cell compartments. This was the same conclusion
reached from the proteomic studies of highly enriched apical membrane vesicles from
renal proximal tubule using the free flow electrophoresis technique, which provides
the greatest enrichment (3). In this study, the apical membrane preparations contained
proteins from other cellular compartments including mitochondria, cytosol, nuclei, and
basolateral membranes, as well as numerous proteins involved in signaling and trafficking.
This was also the conclusion reached from proteomic studies using highly purified synaptic
vesicles and clathrin coated vesicles from brain, which also identified the presence of
proteins assumed to be in other compartments (18,19). The latter study, in addition, was
interpreted to indicate that trafficking vesicles deliver membrane with lipids and proteins
plus soluble material from the donor to the acceptor compartment. Importantly, in the
synaptic vesicle studies, multiple SNAREs were identified which were involved not only in
the expected exocytic process but also in all stages of early and late endosomes, which
was interpreted to indicate that the isolated vesicle compartment had been in touch
with all the other compartments involved in endocytosis and exocytosis. In addition, the
studies revealed that the number of copies of each protein in synaptic vesicles was highly
variable, from a few copies of the V-ATPase, to many copies of transporters involved in
neurotransmitter uptake as well as in trafficking.

We now report the specific proteins identified in this initial detailed characterization
of the proteome of highly enriched murine jejunal brush border membrane vesicles. The
mouse small intestine contains multiple types of epithelial cells but also includes multiple
types of inflammatory cells, including intraepithelial lymphocytes. Based on the technique
of isolation, starting with vibration to free cells, the cell population obtained is largely
from the villus and is greatly enriched in Na* absorptive epithelial cells but also contains
a minor population of crypt cells, an unknown percentage of goblet cells, intraepithelial
lymphocytes, and a few enteroendocrine cells. Contamination with cells from the
lamina propria is predicted to be less. Based on the techniques of Mg?* precipitation and
differential centrifugation, there was the expected enrichment of the heavier BB due
to the presence of the cytoskeletal core and de-enrichment (or failure to enrich) of the
epithelial cell basolateral membranes and plasma membrane of nonpolarized cells (including
lymphocytes, enteroendocrine cells) as well as intracellular membranes and cytosol. By
conventional biochemical analysis, this preparation demonstrated marked enrichment of
known apical markers such as intestinal alkaline phosphatase, NHE2, and NHE3 (the latter,
even given that 10-20% of NHE3 is estimated to be intracellular in some aspect of the
recycling compartment in small intestinal Na* absorptive cells (20,21). Please note that
detailed biochemical analysis of this BBMV preparation has been reported (5,6) and it was
previously reported to be relatively free of biochemical markers of contamination with
Golgi, ER, or mitochondria. Nonetheless, the presence of some of the multiple categories
of proteins we identified was anticipated because the BBMV is not made up only of the
apical membrane, apical cytoskeleton, and terminal web but includes an unknown amount
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of apical endocytic and recycling vesicles in various stages of attachment to the apical
domain, tags of tight junctions, and small amounts of basolateral membrane proteins. Also,
given that these vesicles seal right-side-out in a large percent of the vesicles, trapping of
cytosol and other intracellular organelles was predicted. Thus, although this preparation
is highly enriched in Na* absorptive cell brush borders, it contains, other than BB, proteins
which were identified due to the sensitivity of the strong cation chromatography LC-MS/
MS technique. Moreover, identification by itself gives no insights into the stoichiometry of
proteins present. Thus, the proteome of the BBMV should be used to interpret the function
of the BBMV, which has been used for many transport studies and has helped identify the
transport process carried out by the small intestine.

The technique used for proteomic identification was strong cation exchange
chromatography followed by LC-MS/MS. This approach of multidimensional chromatography
was chosen because our goal was to identify membrane proteins. This approach is easier
to handle and allows detection of more membrane proteins than the approaches which
start with 1D or 2D gel separations. It is worth noting, however, that there appears to
be surprisingly little overlap of proteins detected by 2D gels vs 2D chromatography, and
future use of 2D gel approaches are likely to identify additional proteins. The number
of proteins identified, 570, was in the range of other organelle proteomes determined
by multidimensional LC-MS/MS, including studies of renal proximal tubule BB (268) (3),
collecting duct (241) (4) (IMCD online database, http://dir.nhlbi.nih.gov/papers/lkem/
imp/Default.aspx), Arabidopsis plasma membrane (100 and 174 proteins in two studies)
(22,23), synaptic vesicles (~200 proteins) (18), and clathrin coated vesicles (~200 proteins)
(19), among others.

Of the proteins shown to be part of the jejunal BBMV proteome, there were 45
transporters identified, of which we classified 18 as not previously being shown to be in
intestinal cells (Table 2B). These 18 proteins were further classified (see Table 2B) as never
studied for localization or presence in the adult mammalian small intestine; studied and
claimed not to be in small intestine; previously shown to be present in small intestine
but BB localization not demonstrated; or there was a single unconfirmed report of the
presence of the protein in the small intestinal BB. An example of the latter is aquaporin 7
(12) although, message was also previously described as present in the intestine (24,25).
In addition, there is a single example of a protein not previously thought to be in the
intestinal BB, but following our identification, the protein was studied and shown to have
a physiologic function in the small intestine. This is NIS and is described below.

While 20 BB digestive enzymes were identified, all had previously been shown
to be in the intestinal BB. Similarly, although 71 cytoskeletal proteins were identified,
only 3 had not been shown to be in small intestine in the past (myosin Vb, nexilin, myosin
1d) (14,17); and the 10 tight junctional proteins and 15 basolateral membrane proteins
identified had been recognized in the past.

Several of the newly identified apical membrane transporters were confirmed as



present in mouse BBMV by IB and shown to be apical by immunocytochemistry. We feel
that the latter is the most definitive way to localize a protein to the BB and even then,
subapical localization cannot be eliminated by light microscopy. The decision of which
to study was based on availability of characterized antibodies from other laboratories
who kindly provided them or commercial sources. Confirmed were aquaporin 7 (12), an
aquaglyceroporin, and the newly identified BBMV proteins include glucose transporter 9b,
NIS, and non-gastric H*/K*-ATPase. Major vault protein, which was identified as present in
the BBMV by the proteomic analysis, was not found by either IB or IF. Although initially it
was suggested that no intestinal epithelial cells contained plasma membrane aquaporins,
several have now been identified. These include aquaporin 3, 7, 10, (12,25,26) with
recent demonstration by immunocytochemistry that aquaporin 7 was present in the apical
membrane of rat duodenum, jejunum, ileum, cecum, colon, and rectum, with highest
expression in the surface epithelial cell (12). Glucose transporter 9b is a splice variant
of glucose transporter 9 (Glut family protein of the Glut 5, 7, 11 subclass), which was
cloned from human liver and shown to be expressed in kidney and placenta where it
is called Glut9DeltaN (27,28). This human protein is expressed in proximal tubule, and
when expressed in the distal tubule renal cell line, MDCK cells, was present on the apical
membrane. This is different than glucose transporter 9, which though also present in
proximal tubule, was on the basolateral membrane (28). Interestingly, mouse Glut 9b
trafficked to the basolateral membrane in MDCK cells. There was no previous report of Glut
9b (Glut9DeltaN) being present in mammalian small intestine. The physiologic function
of Glut 9b is not known, although it does transport the nonmetabolized deoxyglucose
with low affinity compared to Glut4. Its role in the intestine has not been established.
However, its expression in mouse kidney and liver increases in the streptozotocin model
of diabetes, suggesting a role in glucose transport in diabetes (27,29). NIS, is the protein
that mediates iodide uptake in the thyroid gland, which is the initial step in biosynthesis
of T3 and T4. This protein has been examined in most detail in the thyroid, not only as the
source of iodide for thyroid hormone synthesis, but more recently for treatment of thyroid
cancer and other thyroid diseases. In this function, this transporter is on the basolateral
membane and allows uptake from the blood of 3'I. NIS is in the same gene family as SGLT1
and has been shown to be in the basolateral membrane of breast epithelial cells (30).
Subsequent to our identification of its BB location in small intestine, a role in the small
intestinal apical membrane has been experimentally determined. NIS appears to be the
major transporter involved in intestinal iodide absorption, accounting for Na*-dependent
iodide absorption, a process that had not been previously examined in detail (31) (N.
Carrasco, personel communication). The non-gastric H*/K*-ATPase which was identified in
the jejunal BBMV was known to be present in the apical surface of distal colon, particularly
in surface colonocytes, kidney and prostate, where it seems to be involved in K* absorption
(32-34). It was not thought to be present in the rat small intestine based on Northern
analyses although small amounts of message were present in rat embryo intestine at least
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at day 4.5; with no detailed studies in adult mouse small intestine reported. There were
studies, however, of H*/K*-ATPase in mouse prostate, which showed that this pump was
present on the apical membrane and functioned to secrete H* with results not allowing
determination whether this protein had a role in K" absorption (35). Interestingly, in rat
inner medullary collecting duct, H*/K*-ATPase is present, although it was interpreted as
being the gastric isoform (4,36). Studies are required to determine the physiologic role of
the non-gastric H*/K*-ATPase in small intestine, especially its role in K* absorption and as
an acid extruder.

The presence of multiple transporters not yet identified as present in the small
intestine is not surprising given other recent proteomic and localization studies that have
created the concept that many transport proteins predicted as being in limited numbers
of cells and in restricted domains may be present in additional cells and locations. For
instance, though the Na‘-linked D-glucose transporters SGLT1 is generally considered to
be restricted to the small intestine and renal proximal tubule, SGLT1 has been shown to
be present in synaptic vesicles (18). Also in kidney, SGLT1 not only is present in proximal
tubule especially the S3 segment but also appears to be present in smooth muscles of blood
vessels and renal capsule; and SGLT1 message is present in addition in liver, lung, and
cardiomyocytes (37,38). Also, Na*/H* exchangers NHE 6 and 9, which had been thought to
be restricted to intracellular organelles, were recently shown to be present on the plasma
membrane of hair cells of the inner ear (38). Much more detailed studies of proteins
suggested as present in BBMV must be carried out to evaluate not only their presence but
functional significance.

This is the initial description of the mouse small intestinal BBMV proteome. Asimilar
study was carried out in rat renal proximal tubule BB(3) in which a similar divalent cation
(Mg?) precipitation/differential centrifugation technique was compared to purification with
free flow electrophoresis with the purified membranes then either separated by SDS-PAGE
gels, cutinto 19 fractions for in-gel trypsin digestion or strong cationic chromatography with
separation into 20 fractions for solution trypsin digestion with both techniques followed
by peptide separation by LC-MS/MS. Both methods of apical membrane separation gave
similar conclusions, that highly enriched membrane preparations could be obtained that
allowed identification of large number of proteins (in the Mg?* precipitation method for
BB preparation there were 251 proteins identified in the SDS-PAGE approach and 148 by
the strong cationic chromatography; and in the free flow electrophoresis method plus
strong cationic chromatography method there were 268 proteins identified). The authors
concluded that in-solution trypsinization was more efficient than in-gel trypsinization
which is why we used in-solution trypsinization. Similar to the studies in mouse jejunal
BBMV, a large number of transporters were identified (44 in the apical membrane) in the
rat cortical apical membrane (3). One important difference was the much higher nhumber
of unidentified proteins in the renal proximal tubule, which we attribute to the fact that
even now, 2 years after that publication, rat databases are not as complete as mouse



databases and the fact that many more proteins have been annotated in the past 2 years.
Also similarly, the proteome of the inner medullary collecting duct identified 241 proteins,
which included 57 transporters (4). Although this is the initial detailed characterization
of the mouse jejunal BBMV proteome, a recent publication studied a related area of
the mouse intestine (duodenum and upper jejunum) but used IP of aminopeptidase and
separation by blue native gels to isolate intact aminopeptidase containing complexes (12).
Not surprisingly, much fewer proteins were identified, but there was also identification of
several proteins that we did not find.
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Abstract

Cyclic nucleotide dependent protein kinases associate with anchoring proteins that affect
subcellular targeting and may contribute to the high specificity of the kinase-mediated
responses. Two-hybrid screening of a mouse brain cDNA library using cyclic cGMP-
dependent protein kinase isoform Il (cGKIl) as a bait resulted in the identification of glial
fibrillary acidic protein (GFAP) as a cGKll binding partner. The interaction was confirmed
by overlay and pulldown assays. Deletion mapping confined the interacting regions to the
N-terminal regulatory domain of cGKIl and the coil 2B domain of GFAP. Expression of cGKlI
in a glioblastomal cell line resulted in increased GFAP protein abundance whereas the
mMRNA expression level was unaffected. However, a catalytically inactive mutant of cGKII
did not affect GFAP abundance in these cells, suggesting that phosphorylation by cGKll
serves to protect GFAP against degradation in intact glial cells.

Introduction

Because the substrate specificity of cyclic nucleotide-dependent protein kinases is
rather limited, an additional level of specificity is provided by targeting of the kinases
to their relevant substrates by means of anchoring proteins which are located at discrete
intracellular locations. The regulatory subunits of cAMP-dependent protein kinase (PKA)
bind to A-kinase anchoring proteins (AKAPs) of which more than 50 have been identified
(1). Similarly, cGMP-dependent protein kinases (cGKs) were found to bind to several
GKAPs, which can improve the efficiency and specificity of target protein phosphorylation
(2-6). Whereas the regulatory and catalytic domains of PKA are separate subunits, the
cGKs consist of one polypeptide, implying that its catalytic domain is not released from
the complex upon cGMP activation. In most cases, therefore, the GKAPs themselves serve
as the target for cGK-dependent phosphorylation. Most proteins that have thus far been
identified as cGK-interacting proteins bind to the N-terminal domain, which also contains
a leucine zipper required for dimerization and an autoinhibitory region which suppresses
kinase activity in the absence of cGMP (7). Binding of cGMP to the two binding sites in
the regulatory domain induces a large conformational change and releases the catalytic
domain from the autoinhibitory domain, allowing the phosphorylation of serine/threonine
residues in substrate proteins. Two types of cGK (cGKI and cGKIl) have been identified
that are encoded by Prkg1 and Prkg2 (8, 9). Alternative splicing of the Prkg1 gene leads to
the production of two different cGKI isoforms, cGKlo and cGKIB which only differ in their
N-terminal 90-100 amino acid residues (8). Consequently, binding to GKAPs is often isoform
specific (e.g. (10, 11)).

The cGKs regulate a broad range of processes in various cell types (7, 12). cGKI
functions include smooth muscle relaxation, vascular remodeling and platelet aggregation.
cGKiIl affects renin secretion, bone growth, resetting of the circadian clock, and is required
for salt- and water homeostasis in the intestinal tract (12). To date, 11 proteins that
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bind to cGKla and/or cGKIf have been identified, but the binding of cGKIl to anchoring
proteins has received less attention. The subcellular localization of cGKll is determined
by myristoylation of the N-terminal Gly2 residue, leading to its translocation to the
membrane (13). This is essential for the cGMP-dependent stimulation of the cystic fibrosis
transmembrane conductance regulator (CFTR) chloride channel (14).

The first cGKll-interacting protein identified was myosin. The functional relevance
of this interaction was not investigated and it was not clear whether myristoylation of
cGKIl is sufficient to target cGKIl to its substrates or whether additional binding to GKAPs
are required. Recently however, binding of the PDZ domain protein NHE3 regulatory
factor 2 (NHERF-2) was shown to be required for the cGMP-dependent inhibition of the
sodium/proton exchanger NHE3 in different cell lines (15). NHERF-2 is the first known
broad specificity GKAP which binds to cGKlo, cGKIB and to cGKIl, albeit with relatively low
affinity. The highly homologous protein NHERF-1 did not bind to cGKIl and its expression in
PS120 fibroblasts did not facilitate cGMP-dependent NHE3 inhibition (15). The identification
of this GKAP for cGKIl prompted us to search for other cGKll-interacting proteins by using
the yeast two-hybrid system. During this search, we identified glial fibrillary acidic protein
(GFAP) as a novel binding partner of cGKIl. GFAP is specifically expressed in astrocytes in
the CNS where it is the major intermediate filament present. Intermediate filaments are
cytoskeletal structures that form fibers with a diameter of ~10 nm. The interaction between
GFAP and cGKIl was confirmed by overlay and pulldown. Furthermore, we showed that the
N-terminal 108 aa of cGKIll was sufficient for binding and that GFAP is phosphorylated
by cGKll in vitro. Expression of cGKIll in a gliablastomal cell line did not affect the GFAP
mRNA expression level, but induced an increase in the abundance of the GFAP protein as
detected by Western blotting. A catalytically inactive cGKIl mutant had no effect on the
protein abundance, suggesting that phosphorylation of GFAP by cGKIl serves to reduce
GFAP turnover.

Materials and methods

Yeast two-hybrid screening for cGKIl binding proteins - Full-length mouse cGKIl was
cloned into the two-hybrid vectors pGADT7 and pGBKT7, which encode fusion proteins of the GAL4
activation domain and binding domain, respectively (Clonetech, CA, USA). RT-PCR amplification of
mouse jejunal cDNAwas performed using primers 5-CCCTGAGCCATATGGGAAATGGTTCAGTG-3’
and 5-CATGAATTCGTCAGAAGTCTTTATCCCAGCCTG-3' and the PCR product was cloned
exploiting the Ndel and EcoRI restriction sites present in the primers. These and all other cloned PCR
fragments were verified by sequence analysis. The resulting bait construct was co-transformed with the
mouse brain matchmaker cDNA library (Clonetech, CA, USA) to the S. cerevisiae strain AH109 from
the matchmaker GAL4 yeast-two hybrid system 3 (Clonetech, CA, USA) using standard protocols. 254
positive clones were obtained using the medium-stringency selection medium (SD/-His/-Leu/-Trp).
Plasmids from positive clones were isolated and amplified in E. coli. Because most clones encoded



Na*/K*-ATPase (isoform -1 and B-2), clones were screened by PCR, using the primers forward
5’-TATTATCCCTACTACGGCAAACTC-3’ and reverse-5-GTCCCTGAAAACGGTCTT-3’ for -1, and
forward 5-TCCAAGCACAGAAGAATGATG-3 and reverse 5-GGCTGCCCGGTGCTGTAA-3’ for the
B-2 isoform. All other clones were re-screened for false positive hits by transformation to yeast in
combination with the empty bait vector and with the plasmid containing cGKIl. Na*/K*-ATPase was
classified as a false-positive hit (although growth in the presence of cGKIl was somewhat faster).
After this re-screening, only one positive clone was obtained, which encoded the C-terminal part (aa
139-430) of glial fibrillary acidic protein.

Other plasmids used for yeast two-hybrid assays and production of recombinant
proteins - To identify which regions of cGKIl and GFAP are important for the interaction,
several fragments of the genes were subcloned in pGBKT7 and pGADT7. Some fragments
were also subcloned into pET28a (Novagen) and/or pGEX-2T (Amersham) in order to
generate his-tagged and GST-tagged fusion proteins in E. coli. A novel multiple cloning site
(5-GGATCCCATATGGCCATGGAGGCCGAATTC-3’) was introduced in pGEX-2T by inserting
annealed oligonucleotides with BamHI and EcoRI overhangs, to enable us to exchange the various
restriction fragments between all plasmids used. The GFAP clone obtained in the two-hybrid screen
encoded aa 139-430. The insert (without the linker sequence used for making the cDNA library)
was amplified by PCR using primers forward 5-GCGGGATCCATATGGACAACTTTGCACAG-3’
and reverse 5-CCAGGTGGTCGACCTCACATCACCA-3’ and was ligated into the two-hybrid
vector pGBKT7 after digestion of plasmid and PCR product with BamH| and Sall. The Ndel/
Pstl or Ndel/Sall insert encoding GFAP aa 139-430 was subsequently excised and subcloned
into pGADT7, pET28a and pGEX-2T. Because no clone encoding full-length GFAP was
recovered from the cDNA library, the 5 end of GFAP was amplified by PCR of genomic
mouse DNA from a tail clip using primers 5-AGGCAGGGCCATATGGAGCGGAGAC-3' and
5-CCGATCATATTAGGGAACAAAGA-3'. The start codon was incorporated in a Ndel site and
after digestion of plasmid and PCR fragment by Ndel and PpuMI the PCR fragment was cloned
into pGEX-2T containing GFAP aa 139-430. To generate full-length his-tagged GFAP, the Ndel/
Afll fragment from the resulting plasmid was transferred to pET28a containing the GFAP fragment
encoding aa 139-140, digested with Ndel/Afll. Various GFAP fragments (indicated in Fig. 1) were
subcloned by PCR. Fragments were generated using different combinations of primers containing
novel start- or stopcodons. The following primers, all containing a startcodon incorporated in a Ndel
restriction site at the indicated amino acid position, were used for amplification at the 5 end of
the required insert: 139 forward (5-GCGGGATCCATATGGACAACTTTGCACAG-3’), 249 forward
(5-CTAGAGCGGCATATGCGCGAAC-3’), 309 forward (5-CTAGAGCGGCATATGCGCGAAC-3’)
and 337 forward (5-CCAAAGCCATATGGAGGAGATGGCC-3’). Reverse primers containing
novel stopcodons were: 430 reverse (5-CCAGGTGGTCGACCTCACATCACCA-3’), 398 reverse
(5'-GGTGGAATTCTTACACGGATTTG-3’) and 283 reverse (5-CTGGAATTCGCGGCGTTAGTCGT
TAG-3').

Various fragments encoding cGKIl domains were subcloned in a similar way. The
fragment encoding the N-terminal fragment (aa 1-108) was amplified from mouse jejunal
cDNA using primers forward 5-CCCTGAGCCATATGGGAAATGGTTCAGTG-3' and reverse
5-ATGGGATCCCTATCTTGCGGTGAACATCCAGAG-3' and cloned into pGADT7, pGBKT7
and pGEX-2T using the Ndel and BamHI restriction sites. The fragments encoding the cGMP
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binding domains (aa 100-436), the catalytic domain (aa 385-762) and the combination of the two
(aa 100-762) were generated by subcloning fragments generated by PCR of rat cGKII (using the
pRc/CMV-cGKII plasmid as a template (9)) into pGBKT7 and pGBKT7. The primers used were
100 foreward (5-AGGCCTCTCATATGAAAGTGCCTCTGGATGTTCA-3’, containing a Ndel
site), 385 forward (5-TCGTGATCCATATGGAAACATTCAACCAA-3’, containing a Ndel site),
762 reverse (5-ATGGAATTCCGATCCTCACGGTCCTCT-3’, containing a EcoRlI site) and 436
reverse (5-GTCGACGGATCCCCCTGAATCATCTCCAG-3’, containing a BamH]I site). A mutation
rendering cGKIl catalytically inactive (K482M) was introduced into pGBKT7 containing the entire
mouse cGKIl coding region with the Quickchange™ site directed mutagenesis kit (Stratagene)
using primers foreward 5-ATGTTGCTTTTGCCATGATGTGTATAAGGAAGAAGCA-3’ and reverse
5-TGCTTCTTCCTTATACACATCATGGCAAAAGCAACAT-3'.

Fragments from the intermediate fiber proteins desmin, lamin A and vimentin
which are homologous to the GFAP fragment originally identified (aa 139-430) were cloned
into the various expression plasmids by PCR amplification from mouse total small intestine
cDNA employing primers forward (5-GGTCGGGATCCATATGGACAACCTGATAGACGACCT-3,
Ndel site) and reverse (5-ACGGGGCCAGTCGACTGAATTCCTGG-3’, Sall site) for desmin
(aa 180-469); forward (5-CAAAGTGCATATGGAGTTCAAGGAGC-3’, Ndel site) and reverse
(5-TGAGACTGGGAATTCTAGGAGGAGGC-3’, EcoRl site) for lamin A (aa 111-404) and forward
(5-GTCGGGATCCATATGGACAACCTGGCCGAGGACATCAT-3,, Ndel site) and reverse
(5-ACTGCACTGGTCGACCAAGTGTGTG-3’, Sall site) for vimentin (aa 176-466). Two hybrid
assays were performed by co-transforming constructs expressing the GAL4-AD and BD fusion
proteins to yeast and comparing the growth rate on medium- and high stringency selection plates
with cells transformed with the individual fusion proteins in combination with the empty vectors
pGADT7 or pGBKT?7. a-galactosidase activity was determined using X-a-Gal indicator plates.

Expression of recombinant proteins - GST-tagged and his-tagged recombinant proteins
were expressed in the E. coli Rosetta™ strain (Novagen). 1 mM IPTG was added in the mid-log
phase. Bacteria were harvested 4 hours later by centrifugation, resuspended in Dulbecco’s PBS
containing protease inhibitors (Complete, Roche) and lysed by snap-freezing. After thawing on ice,
samples were homogenized by sonication and centrifuged at 23.000 x g for 30 min at 4°C . For
purification of his-tagged proteins, the supernatants were added to pre-equilibrated nickel beads
(Qiagen) for 1 h, washed with PBS containing 20mM imidazole and 0.5% Triton X-100 and eluted
by increasing the imidazole concentration to 500mM. The GST fusion proteins were purified using
Glutatione Sepharose 4B beads (Amersham). Beads were washed with PBS containing 0.5% Triton
X-100, and protein was subsequently eluted with 50 mM Tris pH 8.0 containing 10 mM glutathione,
and 0.5% Triton X-100. Full-length human his-tagged cGKIl was purified from Sf9 insect cells as
described previously (16).

Gel overlay assay - Recombinant proteins (1 pg/lane) were resolved by SDS-PAGE
and transferred to nitrocellulose membranes as described. Purified cGKIl was radiolabeled by
autophosphorylation in the presence of *2P-ATP. To this end, 6.25 ug of purified cGKIl was incubated
for 10 min at 30°C in 20 mM Tris/HCI, pH 7.4 containing 10 mM MgCl,, 5mM B-mercaptoethanol, 20
UM cGMP, 12 uM ATP and 10 uM [y-*2P]JATP (0.3 uCi/nmol). The reaction was stopped by diluting
the samples in PBS containing 1mM EDTA and 1% Triton X-100. Excess *P-ATP was removed
using a PD10 desalting column and cGKIll was eluted in PBS containing 0.1 mM EDTA and 1% Triton



X-100. Labeled cGKIl was added to the Western blot membrane and incubated overnight at room
temperature on a rotator. Membranes were washed five times with PBS containing 1% Triton X-100,
dried and exposed to Biomax MR film (Kodak).

Pulldown and immunoprecipitation assays - 1 ug of purified GST or GST-tagged cGKII
(aa 1-108) was bound to gluthathione-Sepharose beads (Glutathion 4B Sepharose, Pharmacia)
and incubated with PBS containing 0.2% Triton X-100. 1 ug purified his-tagged GFAP (aa 139-430)
was added for 1 h at room temperature. After spinning down and washing the beads twice with PBS
containing 0.2% Triton X-100, proteins were eluted by boiling in SDS sample buffer and analyzed by
immunoblot using the GFAP antibody.

Binding of cGKIl to GFAP was also assessed in a reversed mode by coupling GFAP antibody
(14.5 pg) to Rabbit ExactaCruzF IP matrix (Santa Cruz) for 1 h at 4°C. After washing three times
with PBS containing 0.2% Triton X-100, 4 ug of purified his-tagged GFAP (aa 139-430) was added
and incubated for 1 h at room temperature. Beads were washed twice with PBS/0.2% Triton X-100,
and 1 ug of purified his-tagged full-length human cGKIl or his-tagged mouse cGKIl (aa 1-108) was
added and incubated for 2 h. After washing five times, the samples were subjected to SDS-PAGE
and immunoblot analysis using antibody to cGKII. Studies were repeated at least three times.

In vitro phosphorylation - Purified his-tagged GFAP fragment (aa 139-430; 7 ug) was
incubated with purified cGKIl (0.4 pg) for 6 min in 20 mM Tris/HCI, 13 mM MgCI2 and 0.4 mM
32P-ATP (0.3 uCi/nmol). The reaction was terminated by addition of SDS-PAGE sample buffer and
boiling (3 min). Samples were resolved by SDS-PAGE, after which the gels were dried and exposed
to film.

SNB19 cell culture and infection with cGKIl recombinant adenovirus - SNB19
human glioblastoma cells were obtained from the Deutsche Sammlung von Microorganismen und
Zellkulturen (DSMZ) and were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 0.1 mg/ml streptomycin and 0.04 mg/ml penicillin. Cells were infected with
previously described recombinant adenovirus expressing rat cGKIll (17), a catalytically inactive cGKII
mutant (PKGII K482A) (18) or the parent vector (pJM17) (17). Virus was added to the cells at a MOI
of 1200 directly after plating. Cells were cultured in a 5% CO, atmosphere at 37°C for two days.
Medium was then refreshed daily for five days after which cells were harvested by scraping and low
speed centrifugation.

Determination of GFAP mRNA expression level - SNB19 cells cultured under various
conditions were harvested and resuspended in Ultraspec (Biotecx Laboratories, Inc.) containing 8%
B-mercaptoethanol following the manufacturer’s protocol. The RNA pellet was dissolved in TE buffer
containing RNAsin (Promega). 2 ug of RNA was reverse transcribed using 0.5 ug random primers, 0.5
mM dNTPs, and 200 units of reverse transcriptase in the presence of 30 units RNAsin (all obtained
from Promega). The reaction was performed at 37°C for 60 min and stopped by incubating for 15
min at 95°C. PCR primers used were GFAP forward 5’-GCGCCCGGCTGGAGGTTG-3’ and reverse
5-CTGGCGCCGGTAGTCGTT-3'. The reaction was performed using 0.4 uM of each primer, 1.8 mM
MgCl,, 0.2mM dNTPs (Promega), 0.3 units RedTaqg DNA polymerase (Sigma), and the supplied buffer.
The PCRwas performed for 25 cycles, with denaturation for45sat94°C, annealingfor45sat45minand
elongationfor40sat 72 °C. Expression was normalized with respect to the amount of actinand GAPDH
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cDNA which were detected using primers actin_forward 5-TGGCACCACACCTTCTACAA-3’, actin_
reverse 5-CGTCATACTCCTGCTTGCTG-3', GAPDH_forward 5-CAGTCAGCCGCATCTTCTTT-3
and GAPDH_reverse 5-GTCTTCTGGGTGGCAGTGAT-3'.

Western blot analysis - The effect of cGKIl expression in SNB19 cells on the amount
of GFAP protein was analyzed by Western blot. Cells were grown and infected with adenovirus as
described, and cell pellets were lysed by snap-freezing and resuspended in PBS containing 1%
Triton X-100 and protease inhibitors. Laemmli sample buffer was added to the supernatants and
samples (2 ug/lane) were separated by SDS-PAGE and transferred to nitrocellulose membrane
(Schleicher and Schuell Bioscience). Membranes were blocked with 2.5% non-fat dried milk for 1 h
at room temperature and incubated overnight with primary antibody at 4°C. The primary antibodies
used were directed against GFAP (1:5000; DakoCytomation Z0334), cGKIl (1:500; (14)) and B-actin
(1:15000; Chemicon MAB1501). HRP-conjugated secondary antibodies were used for detection
of primary antibodies (donkey anti-rabbit IgG from Amersham Bioscience and goat anti-mouse
IgG-HRP from Biosource international). Secondary antibody was detected by chemiluminescence
(Supersignal West Pico substrate, Pierce) by exposing to light-sensitive imaging film (Biomax MR,
Kodak). Imaged bands were quantified using a calibrated GS-800 densitometer and Quantity-One
software (Biorad).

Immunocytochemistry - GFAP and cGKIl localization was determined in SNB19
cells cultured on glass slides in 6 wells plates, infected as described above and fixed for 10 min
with acetone 48 h post-infection. Slides were treated with an advidin/biotin blocking kit (Vector
laboratories) and incubated for 1 h with primary GFAP (1:300; DakoCytomation Z0334) or cGKII
(1:100; (14)) antibody. Subsequently, the slides were incubated for 1 h with FITC-labeled anti-rabbit
secondary antibody (1:100, Jackson Immunoresearch Laboratory, West Grove, PA). The sections
were mounted with Vectashield (Vector Laboratories Inc., Burlingame, CA) and immunofluorescent
emission was examined using an inverted Olympus IX50 microscope (Olympus, the Netherlands).
Images were acquired and analyzed using AnalySiS imaging software (Soft Imaging Systems,
Munster, Germany). Confocal microscopy was used to determine GFAP abundance and localization,
using a Zeiss LSM510 confocal microscope equipped with a Plan-Neofluar 30x/1.3 oil immersion
lens. A 488 nm argon laser was used for excitation and emission was detected using a 505-530 nm
bandpass filter. Images were analyzed using KS400 Zeiss software.

Results

Identification of GFAP as a cGKll-interacting protein and mapping of the interacting
regions - To identify novel cGKIl interaction proteins, full-length cGKIl was used as a
bait in a yeast two-hybrid screening of a cDNA library derived from pooled mouse brains.
Approximately 200,000 clones were screened, and 254 positive clones were obtained using
the medium-stringency selection medium (SD/-His/-Leu/-Trp). Positive clones were re-
transformed to yeast in combination with the regular cGKll bait and with the empty bait
plasmid. Clones that supported growth of yeast cells in combination with the empty bait
vector were discarded as false-positive hits. Finally, only one positive clone was obtained,



which contained the C-terminal part (aa 139-430) of glial fibrillary acidic protein (GenBank
Accession No.: NM_010277.2). GFAP is a type lll intermediate filament protein which is
specifically expressed in astrocytes and although it is widely used as an astrocyte marker,
relatively little is known about its function. The interaction with cGKIl was further verified
by exchanging the inserts from the ‘bait’ and ‘prey’ vectors, transforming the resulting
constructs to AH109 and determining growth in the different media and «-galactosidase
activity.

To determine which regions of GFAP and cGKIl are important for the interaction,
we subcloned various fragments of both genes and used the yeast two-hybrid method to
assess whether the fragments interacted. Constructs encoding GFAP aa 139-430, 139-398,
139-283, 249-398, 309-398 and 337-430 were co-expressed in yeast with the prey vector
encoding the full-length cGKIl (aa 1-762). Interaction was observed only when the GFAP
region aa 249-398 was present in the bait constructs (Fig. 1A). Similarly, various deletion
constructs of cGKIl were made and expressed with the originally isolated GFAP clone. The
N-terminal 108 aa proved to be necessary and sufficient for the interaction (Fig. 1B). We
therefore conclude that the N-terminal part of cGKIl binds to the coil 2 domain of GFAP.

A Coil 1 Coil 2
Head 1A 1B 2A 2B Tail
AN\ HH A«
56 378
cGKll binding
aa 139-430 +
aa 139-398 +
aa 139-283 -
aa 249-398 +
aa 309-398 ] -
aa 337-430 I -
B
Myr Kinase domain 762
GFAP binding
aa 392-762
aa 100-762
aa 100-436 -
aa 1-108 NN +
aa 1-762 +

Figure 1. cGKIl association with GFAP requires the N-terminal domain of cGKIl and the Coil2 region of GFAP.
The yeast two-hybrid screening employing full length mouse cGKIl as a bait initially identified GFAP (aa 139-430)
from a mouse brain cDNA library. The structures of GFAP (A) and cGKlI (B) are shown schematically and the various
fragments of GFAP and cGKIl that were cloned in the yeast prey and/or bait vectors are indicated. Binding to
GFAP and cGKIl was assessed by comparing growth rates of yeast cells transformed with the indicated protein
fragments co-transformed with full length cGKIl (A) or GFAP aa 139-430 (B) with controls transformed with one
fusion construct and the empty pGADT7 or pGBKT7 plasmid. Only the GFAP fragments that contain the aa 249-398
region were found to bind cGKIl. Similarly, the N-terminal 108 amino acids cGKIl bind to GFAP.
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Interestingly, another type Ill intermediate filament protein, vimentin, is a known
binding partner of cGKlo (19). Because vimentin and GFAP are highly homologous (77%
homology and 55% identical amino acids) we investigated whether cGKIl also binds to
vimentin and whether cGKlo binds to GFAP using a yeast two-hybrid assay. As shown in
Table 1, co-transformation of the N-terminal fragment of cGKla (aa 1-94) and GFAP (aa
127-418) in the AH109 yeast strain supported growth in selective media. No evidence was
obtained for an interaction between GFAP and cGKIB. We confirmed that cGKlo binds to
vimentin and in addition showed that vimentin can also bind to the N-terminus of cGKII.
To investigate whether binding to intermediate filaments is a general property of cGMP-
dependent protein kinases, interaction with two more IF proteins was tested. Desmin
was chosen because it is highly homologous to GFAP and vimentin (60% and 69% identity,
respectively), and lamin A represents a type V intermediate filament which displays 48%
homology and 28% identity in the region that was cloned. Whereas no binding to the
N-terminus of any of the cGK proteins was observed (Table 1), the use of full-length cGKII
in two-hybrid assays showed that desmin may weakly interact with cGKIl (data not shown).
However, growth was only observed when desmin was fused to the activation domain of
pGADT7 and not when desmin was subcloned in pGBKT7 (data not shown). Furthermore,
the yeast colonies were substantially smaller than with vimentin or desmin. No evidence
was obtained for an interaction between one of the cGKs and Lamin A. The functionality
of the lamin A expression constructs was confirmed by cloning the lamin A fragment in
both the bait and prey vector. When both lamin A fusion constructs were co-transformed,
yeast growth was observed showing that the cloned fragments are expressed and interact
as expected.

Table 1. Interactions between cGK proteins and intermediate fibers, as determined by 2-hybrid
analysis.

cGK isoform Intermediate fibers

GFAP Vimentin Desmin Lamin A
cGKlo (aa 1-59) = = = nd
cGKlo (aa 1-94) = + - -
cGKIp (aa 1-75) = = - nd
cGKIp (aa 1-109) = + - -
cGKiIl (aa 1-108) + + - -

Note: Interactions were determined qualitatively using medium and high-stringency selection media and are
presented as negative (-) or positive (+); growth on high-stringency media after 5 days was scored as positive. GFAP
(aa 139-430) and the homologous domains from vimentin, desmin and lamin A were subcloned in both pGADT7 and
pGBKT7 and were co-transformed to yeast with the kinase domains in the appropriate vector. Transformation of
every combination of inserts was performed twice (with the inserts from pGADT7 and pGBKT7 ‘swapped’). Results
were identical for both combinations of inserts with one exception: *the combination of cGKla (aa 1-94) and
GFAP resulted in cell growth only when the GFAP insert was in the DNA binding domain vector (pGBKT7). nd: not
determined.



Confirmation of cGKII-GFAP interaction and phosphorylation of GFAP by cGKII -
To confirm the interactions observed in the yeast two-hybrid system, overlay and pulldown
assays were performed using purified recombinant proteins. Purified his-tagged fragments
of GFAP (aa 139-430), vimentin (aa 176-466) and desmin (aa 180-469) were resolved by
SDS-PAGE and overlayed with 32P-labelled purified cGKII. Binding to all three intermediate
filaments was observed, but not to GST which was used as a negative control (Fig. 2).
Similarly, the N-terminal domain of GST-tagged cGKIl (aa 1-108) immobilized on glutathione-
Sepharose beads was able to bind his-tagged GFAP (aa 139-430), but GST alone was not
(Fig. 2B). The originally isolated GFAP fragment (and the homologous parts of vimentin and
desmin) was used in these experiments, because production of full-length GFAP in E. coli
resulted in expression of a protein that spontaneously formed fibers and precipitated (data
not shown).

Figure 2. Direct interaction of cGKIl with A S o S e
intermediate filaments GFAP, vimentin { {
and desmin. A. Purified his-tagged GFAP (aa kD @Q A\‘ég &o & kD GVQ 4\6&) O”& &
139-430) and the corresponding fragments
of vimentin (aa 176-466) and desmin (aa 43 43 -
180-469) and purified GST were separated ' ; '
by SDS-PAGE and stained by Coomassie
Brilliant Blue (left panel) or transferred to
nitrocellulose and overlayed with 32P-labeled
cGKIl. All fragments from the intermediate 26 26
filaments were shown to bind cGKIl, whereas Coomassie Brilliant Blue 3% labelled cGKIl overlay
no interaction with GST was detected. B.
Pull down assay. Purfied his-tagged GFAP &
(aa 139-430) was incubated with GST- O
cGKIl (aa 1-108) or GST control protein, B N
immobilized on Glutathione-Sepharose. /55’“
After washing, bound protein was detected (;3\ é\
by immunoblotting using a rabbit anti-GFAP
antibody. C. cGKIl bound to purified GFAP -— <« GFAP -“ <— CGKII
(@aa 139-430) which was retrieved using (aa 139-340)
GFAP antibody immobilized on ExactaCruz anti-GFAP + -+
IP matrix. D. GFAP (aa 139-430) was Ggﬁﬁ -
phosphorylated in vitro by cGKIl. Purified p c ot
his-tagged GFAP was incubated with cGKIl Q
and 32P-ATP in the absence and presence of w & &
cGMP. Only when cGMP was present, two =S
bands at the position of GFAP were observed 86| wm == [€—cGKIl
in addition to the autophosphorylated cGKll
(86 kD) band. The double GFAP band was 66 =
also observed on gels stained with Coomassie j
Brilliant Blue and was therefore not related 34| ‘
+

34 34

X

N
X

to the phosphorylation of the protein (data
not shown). No phosphorylated BSA was c<GMP -
detected.

-+

Because cGKIl is membrane-localized, solubilization with detergent at high salt
concentrations is required to generate protein extracts (13). This interfered with regular
co-immunoprecipitation experiments. Therefore, ‘reversed’ pulldown was performed by
coupling purified GFAP (aa 139-430) to GFAP antibody and adding full-length cGKIl. After
extensive washing, Western blotting showed that cGKIl binds to the GFAP fragment.
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To investigate whether GFAP can be phosphorylated by cGKiIl, purified his-tagged
GFAP (aa 139-430) was incubated with purified cGKIl in the presence of 3P-labelled ATP
in the presence or absence of cGMP. After SDS-PAGE and exposure of the gel to film, the
incorporation of ATP into proteins could be monitored. The expected band at the position
of (autophosphorylated) cGKIll was visible as well as two bands at the position of purified
his-tagged GFAP (Fig. 4D). Coomassie staining also showed that expression of his-tagged
GFAP yielded two separate bands after purification. Under the experimental conditions
used, phosphorylation of albumin by cGKIl was undetectable.

GFAP protein abundance in glioblastomal cells is upregulated by cGKll expression
- Because nitric oxide (NO) had been shown to increase the expression of GFAP mRNA via a
cGMP/cGK-dependent signaling pathway in mouse primary astrocytes (20), we investigated
the role of cGKIl in GFAP expression in cultured human SNB19 glioblastoma cells. As shown
in figure 3A, endogenous levels of cGKIl expression in the glioblastomal cells were below
the detection level, as is common in cultured cells (21). Cells were subsequently infected
with recombinant adenovirus expressing rat cGKIl or a catalytically inactive mutant of cGKII
(K482A). Cells infected with the parent vector (PV) or non-infected (NI) cells were used as
controls. After infection with the adenoviral constructs, comparable levels of catalytically
inactive and active cGKll proteins were expressed. cGKIl was localized predominantly in the
membrane and in the perinuclear area (Fig 3B). Densitometric scanning of Western blots
showed that the GFAP abundance was increased ~4-fold in cGKlI-expressing cells compared
to non-infected cells and cells infected with parent vector or catalytically inactive cGKll
(Figure 4B). This was confirmed by immunostaining of GFAP in SNB19 cells, showing that
GFAP protein expression is increased in cells infected with cGKIl compared to cGKIl K482A
infected cells (Fig. 4C). Semi-quantative PCR was used to check whether the increase in
GFAP abundance was caused by upregulation of the gene expression. As shown in figure 4A,
GFAP mRNA expression (relative to actin and GAPDH mRNA expression) was not significantly
altered in cells infected with cGKIl showing that the increase in GFAP protein is caused by
post-translational events, most likely by phosphorylation by cGKII.



Figure 3. cGKIl is expressed in SNB19
glioblastomal cells after adenoviral
infection. A. Western blot of SNB19
cells harvested 5 days post-infection. No
detectable cGKIl protein was detected in
non-infected cells (NI) and cells infected
with the parent vector (PV). Cells infected
with recombinant adenovirus encoding
the catalytically inactive (cGKIl K482A)
and wild-type cGKIl displayed comparable
levels of cGKIl protein. Actin was used as
loading control (bottom panel). B. cGKIl
localization was determined in SNB19
cells infected with cGKIl adenovirus using
fluorescent microscopy. cGKIl was detected
predominantly in the cell membrane and
around the nucleus (left panel). The right
panel shows the phase contrast image of
the cells.

Figure 4. GFAP expression and abundance
is upregulated in cells expressing active
cGKIl. A. Semi-quantitative PCR of cDNA
from SNB19 cells showed that GFAP mRNA
expression is unaltered in cells that were
infected with the catalytically active cGKIl
(cGKIl) compared to non-infected (NI),
parent vector (PV) or catalytically inactive
cGKIl (K482A) infected cells. GAPDH and
actin were used to normalize the cDNA
input for the PCR reactions. B. The amount
of GFAP protein is -4-fold increased in cells
that were infected with adenovirus encoding
cGKII (cGKIl) compared to non-infected (NI),
parent vector (PV) or catalytically inactive
cGKIl (K482A) infected cells. Actin was used
as a loading control. C. Confocal images
of SNB19 cells infected with adenovirus
encoding cGKIl (cGKIl; left panel) display
a strong increase in GFAP abundance
compared to cells expressing catalytically
inactive cGKIl (cGKIl K482A; right panel).
Images are representative examples of four
independently performed experiments.
(Color figure on page 172.)
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Discussion

Although in vitro substrate specificity provides a good prediction of in vivo specificity, co-
localization of kinase and substrate is at least as important (1). Thus far, 11 different binding
partners of cGKI have been identified. These proteins have a wide range of functions, but
in most cases, the binding was required for efficient phosphorylation of the binding protein
itself. The major exception is the IP3 receptor associated G-kinase protein (IRAG) which
simultaneously binds to the IP3 receptor and to cGKIp, resulting in targeting of cGKI to the
receptor which is important for smooth muscle relaxation.

Binding of the type Il isoform of cGK to anchoring proteins has received less
attention. Correct localization of cGKll critically depends on myristoylation of a glycine
residue, leading to insertion in the membrane in HEK293 and COS-1 cells (13). Non-
myristoylated cGKIl was predominantly localized in the cytosol and was impaired in the
activation of the CFTR chloride channel in intestinal cells and inhibition of CaZ* absorption
in cultured kidney cells (14, 21). Whether membrane targeting is sufficient for cGKIl action
or whether additional binding to GKAPs is required for efficient substrate phosphorylation
is not fully clear yet. The observation that a membrane-targeted cGKI chimera composed
of the N-terminal myristoylation sequence of cGKIl fused to cGKIp was able to stimulate
CFTR, similar to cGKIl, but showed no effect on cGMP-dependent calcium reabsorption in
cultured kidney cells suggests that additional factors may be involved (14, 21). The first
indication that the cGKII can specifically bind to other proteins came from protein overlay
assays using labeled cGKIl, which showed binding to several proteins in a tissue-specific
manner (3). Myosin was the only binding partner identified in this study, but the functional
relevance of the binding was not investigated. Binding was mapped to the N-terminal
regulatory domain, hence the term GKAP was introduced in analogy with the A-kinase
anchoring proteins (3). More recently, NHERF-2 was shown to bind to cGKIl (as well as to
cGKI o and cGKIp) and serves as a ‘classical’ anchoring protein which is not phosphorylated
itself, but is required to position cGKIl near the sodium/proton exchanger NHE3 which is
inhibited by cGMP only when NHERF-2 is present (15). The third known binding partner
of cGKIl is the glutamate receptor GluR1. Phosphorylation of GluR1 by cGKIl increases
the cell surface expression of the receptor and was shown to be required for long-term
potentiation (LTP) in hippocampal slices (22). Unlike the previously identified GKAPs, the
binding domain was mapped to the catalytic domain of cGKIl. Interestingly, the fragment
of GluR1 that binds to cGKIl displayed significant homology to the autoinhibitory domain of
cGKIl which suggests cGKIl can bind only in the presence of cGMP (22). Because GluR1 does
not bind to the regulatory domain of cGKiIl, the term ‘anchoring’ protein is debatable and
the more general term ‘GKIP’ (G-kinase interacting protein) seems to be more appropriate
in this case (23).

In the present study, we have searched for novel binding partners of cGKll and
identified the intermediate fiber protein GFAP using the yeast two-hybrid method. The
interaction was verified by several standard methods, and deletion mapping showed



that the N-terminal fragment (aa 1-108) of cGKIl can bind to the second coil region (aa
249-398) of GFAP. GFAP is the major intermediate filament protein expressed in astrocytes
in the central nervous system and is thought to be important for control of cell shape
and movement (24). Although GFAP has been studied extensively and is widely used as an
astrocyte marker, relatively little is known about its exact functions. GFAP deficient mice
display no detectable anatomical abnormalities but are deficient in long-term depression
at distinct sites in the brain as well as in eyeblink conditioning (25). The only specific
function of GFAP currently known is the formation of a multiprotein complex containing
GFAP, ezrin, NHERF-1 and the glutamate transporter GLAST (26, 27). Expression of GFAP is
essential for retaining GLAST in the plasma membrane of astrocytes. Moreover, transport
of the glutamate analog D-aspartate was significantly increased in the presence of GFAP
and NHERF-1 (26). Taken together, this suggests that GFAP may have a role in preventing
glutamate excitotoxicity.

Similar to other IF proteins, formation of GFAP fibers is largely controlled by
phosphorylation. Polymerized GFAP exists in a dynamic equilibrium with a small pool of
soluble GFAP and the assembly/disassembly cycle is modulated by phosphorylation of amino
acids in the N-terminal domain. GFAP is a known substrate of various protein kinases,
including cAMP-dependent protein kinase (PKA), Ca?/calmodulin-dependent protein
kinase Il (CaMK Il), protein kinase C (PKC), cdc-2 kinase and Rho-associated kinase (28,
29), and it can be dephosphorylated by protein phosphatase 1 (PP1) in the rat hippocampus
(30, 31). cGMP-dependent phosphorylation of GFAP has not been described previously.
However, cGKla is a known binding partner of the highly homologous intermediate filament
vimentin. Stimulation of cGKI was shown to induce a transient co-localization of cGKI and
vimentin and resulted in vimentin phosphorylation and fiber formation in cultured human
neutrophils (19, 32). Using the two-hybrid system, we confirmed that the N-terminus of
cGKlo (aa 1-94) binds to vimentin and showed that also cGKIfB (aa 1-109) and cGKll (aa
1-108) can bind to vimentin (the latter was confirmed in gel overlay assays). Surprisingly,
a smaller cGKlo fragment (aa 1-59) did not support growth although this was the fragment
that interacts with several known GKAPs both in two-hybrid and pulldown assays (10, 11,
33). A similar observation was made previously with the Formin Homology Domain protein
1 (FHOD1) which binds to the N-terminus of cGKlo (23). Although the N-terminal 59 aa of
cGKlo. were sufficient for interaction with FHOD1 (in pull-down and 2-hybrid assays), a
larger fragment (236 aa) interacted much more strongly, showing that not only the leucine
zipper is important for interaction (23).

One might expect that the function of the binding of cGKIl to GFAP would resemble
the function of the interaction between vimentin and cGKlo. We investigated whether
cGKIl in the glioblastomal cell line SNB19 affects fiber formation and GFAP abundance.
No cGKIl was detected in SNB19 as is usually the case after repeated passage of cultured
cells (21). However, when cGKIl was introduced by adenoviral infection, a strong increase
in GFAP abundance was observed by Western blotting and confocal microscopy. No obvious
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effect on GFAP localization was noted. Since expression of cGKIl did not affect the GFAP
mMRNA expression levels in SNB19 cells, we conclude that GFAP protein is stabilized by
cGKIl expression. An inactive cGKIl mutant, which was expressed at similar levels, had no
effect on the amount of GFAP in SNB19 cells. We tested whether the mutation rendering
cGKIll inactive affects binding to GFAP in a two-hybrid assay and observed no difference
with normal cGKIl, as was expected considering that the N-terminal part is required for
the binding (data not shown). The effect of expression of active cGKIl on GFAP abundance
(without stimulation of the cGMP pathway) suggests that a tonus of cGMP-elevating agents
exists in cultured cells, similar to what was observed in murine intestine and in cultured
smooth muscle cells (34, 35).

Addition of cGMP analogs resulted in highly variable effects on fiber formation in
cGKIll-expressing SNB19 cells (data not shown). However, in primary cultures of astrocytes,
stimulation of the cGMP pathway was recently shown to induce a major reorganization
of the GFAP and actin cytoskeleton (36). Stimulation of guanylate cyclase or addition of
cell-permeable cGMP analogs resulted in elongation and branching of astrocytes and a
redistribution of GFAP and actin filaments, as well as increased migration of astrocytes
in an in vitro scratch-wound assay. The cytoskeletal rearrangements were prevented by
addition of a specific cGK inhibitor (36). Although it was not investigated which of the cGK
isoforms was present in these primary cultures, cGKll is the most likely candidate, because
this isoform was detected in many types of cells in the brain, including astrocytes, whereas
no cGKI was detected in GFAP-expressing cells (37, 38).

The most plausible explanation for GFAP stabilization by cGKIl is direct
phosphorylation. Phosphorylation of GFAP has previously been shown to increase protein
stability in vivo. Mice carrying serine to alanine substitutions at several phosphorylation
sites in the N-terminal head domain displayed reduced amounts of GFAP, which also shows
that GFAP is phosphorylated under basal conditions (39). These residues are phosphorylated
by several kinases, but their phosphorylation by cGKI or cGKIl have not been studied sofar.
Preliminary data show that cGKIl was able to phosphorylate a purified GFAP fragment (aa
139-430) in vitro, but additional studies are needed to map the cGKIl phosphorylation sites
in vivo. Although full-length GFAP could be produced in E. coli, the investigation of its
properties were unfortunately hampered by spontaneous precipitation.

In our experiments, cGKIll expression had no effect on the GFAP mRNA expression
level. Brahmachari et al. (2006), on the other hand showed that elevated cGMP leads to
an increase in the expression level of GFAP mRNA in cultured primary astrocytes in a cGK-
dependent manner (20). The mechanism that causes the kinase-dependent upregulation of
GFAP mRNA in the primary astrocytes is still unknown, but appeared not to be operative in
the SNB19 cells or may require stronger stimulation of cGKIl. cGMP-dependent effects on
expression levels of intermediate fibers may be a more general phenomenon, since down-
regulation of cGKI expression levels by hypoxia or using small interfering RNA resulted
in reduced levels of vimentin in cultured vascular smooth muscle cells (40). It was not



investigated whether this reduction was caused by altered mRNA expression levels or by
post-transcriptional events.

In conclusion, we have identified GFAP as a novel binding partner of cGKll and

determined that expression of cGKIl in an astroglial cell line promotes the stability of
the GFAP protein. Inflammatory compounds are known to stimulate the cGMP pathway in
astrocytes, leading to rearrangement of the intermediate fiber and actin cytoskeleton and
increased astrocyte migration (36). Our data indicates that the various (patho)physiological
responses to cGMP stimulation in astrocytes may include a direct effect of cGKIl on GFAP
phosphorylation and protein abundance.
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Correct localization and regulation of ion transporters is essential for maintaining salt- and
fluid homeostasis in epithelial tissues. Members of the NHERF family of proteins interact
with various ion transporters and signaling proteins, thereby facilitating the formation of
large protein complexes in a correct spatial organization. The major goal of the studies
described in this thesis was to further understand the physiological role of NHERF-1 and
NHERF-2 in the regulation of intestinal ion transport. Most attention was paid to the
regulation of the key transporter proteins mediating intestinal salt and water secretion
and absorption, i.e. the CFTR chloride channel and the sodium/proton exchanger NHE3,
respectively.

Our work unequivocally shows that the NHERF proteins are required for normal
function of both CFTR and NHE3 in the intestinal tract, and provides information on the
various mechanisms whereby the NHERF proteins may regulate CFTR in native epithelial
cells. Surprisingly, the effect of NHERF-1 ablation on CFTR and NHE3 function differed
strongly between various segments of the small intestine. Furthermore, the mechanism
whereby NHE3 is regulated by NHERF-1 is different in the kidney and the intestinal tract.
These differences are summarized in Tables 1 - 3 and are discussed in detail later in this
chapter. In addition to the experiments performed in NHERF-deficient mice, the role of the
NHERF proteins in the regulation of NHE3 and CFTR was investigated in polarized epithelial
cell lines. These studies confirmed previous reports showing that NHERF-2 is required for
cGMP-dependent inhibition of NHE3 by acting as a ‘G-kinase anchoring protein’ (GKAP)
which facilitates formation of a complex containing NHERF-2, the cGMP-dependent protein
kinase isoform Il (cGKIl) and NHE3. A search for other GKAP proteins binding to cGKll
resulted in the identification of glial fibrillary acidic protein (GFAP), which, however, is
not expressed in epithelial cells. Finally, an analysis of the proteome of the brush border
of murine jejunum is presented. This work may serve as a starting point for future studies
of changes in brush border membrane composition as a consequence of absence of one or
more of the NHERF scaffolding proteins.

Functions of NHERF-1 and NHERF-2 in regulation of CFTR activity (Chapters 2 and 4)
The PDZ domain containing proteins NHERF-1 and NHERF-2 are present in various epithelial
tissues, including the epithelial cells of the intestinal tract. To function as a chloride channel,
CFTR needs to be localized in the apical membrane and activated by phosphorylation by
cyclic nucleotide dependent kinases. The NHERF proteins may be important components
of the following CFTR regulating mechanisms:

1. Targeting of CFTR to the apical membrane - In polarized epithelial cells CFTR
is located in the apical membrane. Correct sorting (or targeting) of CFTR from the Golgi
apparatus to the apical membrane is crucial for its function. The role of the binding of
the C terminus to several PDZ proteins in the intracellular targeting of CFTR has been
subject of debate for a long time and remains controversial. Several studies suggest that
the C-terminal PDZ binding motif of CFTR is required for its localization in the apical
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membrane. Deletion or mutation of the PDZ binding motif resulted in aberrant targeting
of CFTR in MDCK cells (1, 2). Similarly, in human airway and kidney cells, a CFTR mutant
(lacking the last 26 amino acids) was located in the basolateral membrane (3). In contrast,
several studies using a very similar approach, showed no effect of C-terminal mutations
for sorting of CFTR to the apical membrane in several cell lines, even in the same cell
line in which the effect was first shown (4-6). Why comparable mutations in the PDZ
binding domain of CFTR resulted in an opposite effect on CFTR targeting remains unknown.
Therefore, we studied the effect of the absence of CFTR/PDZ protein binding on CFTR in a
more physiological context and in a more specific manner by using NHERF deficient mice.

In the NHERF-1, NHERF-2, and NHERF-1/-2 deficient mice, CFTR staining remained
confined to the apical border of the jejunal crypt cells and no evidence was found for its
redistribution to the basolateral membrane. Furthermore, double staining of CFTR and
villin (a microvillus marker) in jejunal crypts from wild-type and in NHERF-1 deficient mice
showed that CFTR was concentrated almost completely in the microvillar region (Figure
5 of Chapter 2). Together, these results demonstrate that binding of CFTR to NHERF-1 or
NHERF-2 is not required for its targeting to the apical border of epithelial cells in the
jejunal crypts. However, the finding of normal apical targeting of CFTR in NHERF-1 and/or
NHERF-2 deficient mice does not exclude a role for its C terminus in this process. It remains
possible that the C terminus of CFTR binds to other PDZ proteins, and that binding to these
alternative partners is required for apical targeting.

2. Localization and abundance of CFTR - At the apical border, CFTR can be localized
in the membrane itself or in small subapical vesicles just below the apical membrane. CFTR
is endocytosed and recycled back to the plasma membrane continuously, and PDZ proteins
affect these processes. Only the pool of CFTR molecules present in the apical membrane
is able to function in transepithelial chloride transport. We demonstrated that in NHERF-1
and NHERF-2 deficient mice the total amount of CFTR in the brush borders of epithelial
cells, as measured by Western blotting, was unaltered (Table 1). In contrast, based on
analysis of CFTR localization and abundance in jejunal crypts by confocal microscopy, we
estimate that the mean fluorescence intensity as well as the total amount of fluorescence
per crypt was reduced by ~35% in NHERF-1 and NHERF-1/-2 deficient mice (Figure 5 of
Chapter 2). One possible way to explain this reduced fluorescence intensity is a more
diffuse CFTR distribution in the apical region resulting in reduced local concentrations of
CFTR that may drop below the detection limit.

3. Anchoring of CFTR to the cytoskeleton - NHERF-1 is known to anchor CFTR (via
ezrin) to the actin cytoskeleton (7). Disruption of CFTR/cytoskeleton binding in cultured
cells (using C-terminally mutated CFTR) resulted in an increased mobility of CFTR in the
membrane, as measured by FRAP (fluorescence recovery after photobleaching) and by
single particle tracking of individual CFTR molecules labeled with quantum dots (8, 9). An
increased mobility might result in a more diffuse distribution of CFTR in the membrane as



shown in our NHERF-1 deficient mice. Uncoupling of CFTR from the cytoskeleton might also
lead to an altered turnover of the channel. In MDCK cells, CFTR showed a strongly reduced
half-life time in the membrane after removal of the functional PDZ binding domain (5).
A higher endocytosis rate may exist also in the jejunal crypts form our NHERF-1 deficient
mice and may provide a potential explanation for the more diffuse distribution of CFTR
observed in this epithelial compartment.

Table 1. Summary of the ablation of the different NHERF isoforms on the localization and
abundance of CFTR and NHE3

Effect of NHERF ablation on:
Tissue NHERF
isoform Apical CFTR CFTR abundance Apical NHE3 NHE3 abundance
localization localization
Jejunum NHERF-1  Unaltered Unaltered Unaltered ~40% reduced
(Chapter 2) (but altered (Chapter 3) (Chapter 3)
distribution)
(Chapter 2)
NHERF-2  Unaltered' Unaltered
(Chapter 2)
NHERF-3 Unaltered (10) Unaltered (10), but
mRNA level was
increased (10)
lleum NHERF-1 Unaltered (11) Unaltered (11)
Colon NHERF-1 Unaltered Reduced
(Chapter 3) (Chapter 3)
NHERF-3 Unaltered (12) Unaltered (10,12)
but mRNA level was
increased (10)
Kidney NHERF-1 Unaltered (13) Unaltered
(11,13,14)

"Unpublished data.

4, Phosphorylation and activation of CFTR - Opening of the CFTR chloride channel
is controlled by the activity of kinases and phosphatases. Multiple kinases (e.g. PKA and
cGKIl) can activate CFTR by phosporylating its R domain.

PKA is anchored at specific subcellular sites by A kinase anchoring proteins
(AKAPs) (15). Binding of an AKAP to PKA is important for the cAMP-dependent activation
of CFTR and ezrin was shown to be an AKAP which could promote cAMP-mediated
phosphorylation of CFTR (16). Since NHERF-1 and NHERF-2 are able to bind CFTR and
ezrin, they can tether PKA (bound to ezrin) in close vicinity of CFTR, thereby regulating its
phosphorylation and activation. Overexpression of NHERF-1 in BHK cells resulted in a ~30%
increase in cAMP-mediated CFTR currents (4), whereas silencing of NHERF-1 expression
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(using antisense oligonucleotides) resulted in reduced cAMP-activated currents in M-1
mouse cortical collecting duct cells (17).

In NHERF-1 deficient mice we observed a ~30% decreased cCAMP-mediated activation
of CFTR in the duodenum and jejunum (see Table 2).This ~30% reduction may well be a
strong underestimation of the actual contribution of NHERF-1 to the activation of the total
pool of CFTR present in the cell, since the amount of CFTR in ileum of wild-type mice is
not a rate-limiting factor for the anion current. Based on CFTR-mediated transepithelial
current measurements in mice with reduced expression levels of CFTR, it is estimated that
in ileum approximately 20% of the amount of CFTR present in wild-type mice is sufficient to
allow for normal CFTR-dependent chloride currents (18). This notion has been confirmed in
differentiated epithelial cells in culture (19). Thus, a reduction of functional CFTR of more
than 80% would be required to account for the seemingly moderate effect of NHERF-1 and
NHERF-1/-2 deficiency that we observed in jejunal epithelial tissue.

Table 2. Summary of the effects of NHERF ablation on CFTR and NHE3 activity in murine
intestinal segments, results are organized per NHERF isoform

Effect of NHERF ablation on:
Tissue NHERF CAMP-/cGMP- Basal NHE3 cAMP-dependent Ca?*-dependent
. dependent CFTR activity** NHE3 NHE3 inhibition
IR activation* inhibition
Duodenum  NHERF-1 ~30% reduced
HCO, secretion
(Chapter 2)
NHERF-2 Unaltered HCO,~
secretion
(Chapter 2)
NHERF-3 ~20% reduced' (10)
Jejunum NHERF-1 ~30% reduced ~45% reduced Na* Unaltered
(Chapter 2) flux (Chapter 3) (Chapter 3)
NHERF-2 Unaltered
(Chapter 2)
NHERF-3 Unaltered' (10) ~50% reduced Na* Loss of inhibition
flux (10) (10)
lleum NHERF-1 Unaltered Unaltered (11) Unaltered (11)
(Chapter 2)
NHERF-2 Unaltered
(Chapter 2)
Colon NHERF-1 Slightly (30%) but ~40% reduced Na* Slightly reduced
not significantly flux (Chapter 3) inhibition
reduced? (Chapter 3)
NHERF-2 Unaltered? Unaltered' (20) Loss of inhibition
(20,21)
NHERF-3 ~50% reduced (12) Loss of inhibition Loss of inhibition
(12) (12)
Kidney NHERF-1 Unaltered (14) Loss of inhibition
(14)

*CFTR activity is measured by | and/or (if mentioned) by HCO, secretion. Bicarbonate secretion may not

directly reflect CFTR activity (in duodenum also Slc26a6 and Slc26a3 can secrete HCO,’), but it is estimated that
in mouse duodenum 50% of bicarbonate secretion is directly mediated by CFTR (22-24).
** NHE3 activity is measured by HOE642-insensitive Na*-dependent acid-activated proton flux (in colon) and/or by

2Na* flux.

! cGMP-activated I change was not measured.
2 Only forskolin-mediated CFTR activation was measured (n=6 mice), unpublished data.




Table 3. Summary of the effects of NHERF ablation on intestinal fluid absorption

Effect of NHERF ablation on:
Tissue NHERF
isoform Basal fluid absorption cAMP-dependent cGMP-dependent
fluid absorption fluid absorption
Jejunum NHERF-1  strongly reduced strongly reduced inhibition  ~25% reduced inhibition
(Fig. 1 and 4 of Chapter 3)  (Fig. 1 and 4 of Chapter 3)  (Chapter 3)
NHERF-2  Unaltered' ~30% reduced inhibition'? Unaltered'
lleum NHERF-1  Unaltered Unaltered Unaltered
(Chapter 3) (Chapter 3) (Chapter 3)
NHERF-2  ~20% increased' Unaltered! Unaltered'

"Unpublished data.
2 Inhibition of fluid absorption was reduced in the proximal part of the jejunum only; the other measurements
summarized in this table were performed in the distal part of jejunum.

As described above (under 1.), the reduced cAMP-stimulated transepithelial
chloride current in jejunum of NHERF-1 deficient mice was not due to defective targeting
of CFTR. Most likely, it was caused by a reduction of functional CFTR in the apical
membrane, or by an indirect effect of NHERF-1 ablation on the electrochemical driving
force for chloride exit across the apical membrane. In order to discriminate between these
possibilities, we measured CFTR activation in the apical membrane more directly following
the permeabilization of the basolateral membrane by nystatin. Surprisingly, not the cAMP-
activated, but the basically active pool of CFTR was reduced in nystatin-permeabilized
jejunum from NHERF-1 deficient mice (Figure 3 of Chapter 2). These results, together with
the finding that NHERF-1 ablation equally affected cAMP- and cGMP-dependent stimulation
of CFTR, suggest that the reduced CFTR activation by cAMP in the absence of NHERF-1 is
not due to aberrant targeting of PKA (via ezrin) to CFTR.

Ablation of NHERF-1 and/or NHERF-2 did not significantly affect CFTR activity in
mouse ileum, in contrast to our findings in the jejunum (Table 2 and Figure 2 of Chapter 2).
Although it could be that the mechanism of CFTR activation is different and completely
independent of NHERF-1, we consider it more plausible that the reduction in functional
CFTR in this compartment does not drop below the critical level (-20% of the wild-type
level) that is required to maintain normal transepithelial chloride currents. This is in line
with recent preliminary measurements of CFTR activity in NHERF-1 deficient/dF508 CFTR
mice. In these mice the amount of dF508 CFTR is rate-limiting for the chloride current
and the CFTR-mediated transepithelial chloride currents in these double transgenic mice
was reduced substantially in both the jejunum and the ileum as compared to dF508 mice
containing NHERF-1. Alternatively, the mechanism of CFTR activation and the role of other
PDZ proteins may differ between ileum and jejunum. Several PDZ proteins compete for
binding to CFTR and may affect its activity in different ways. As described in Chapter 1,
CFTR activity is negatively regulated by Shank2 and CAL binding (17, 25, 26). In contrast,
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NHERF-3 (like NHERF-1) may stimulate CFTR activity by crosslinking 2 CFTR molecules, which
leads to anincreased open probability of the channels (27-29). Future measurements of the
abundance and localization of Shank2 and CAL in the different segments of the intestine of
NHERF-1 null vs. wild-type mice, would be helpful in delineating a possible role for these
PDZ proteins in intestinal CFTR-regulation, and whether differences observed between
the segments might be mediated by these proteins. Interestingly, ablation of NHERF-1
also strongly reduced NHERF-3 abundance in jejunal epithelial cell extracts (Figure 7 of
Chapter 2). This reduction in NHERF-3 protein expression is post-transcriptional, since
semi-quantitative RT-PCR showed that the mRNA expression level of NHERF-3 was not
changed in NHERF-1 deficient mice (unpublished results). Therefore, NHERF-1 might be
important for the stabilization of NHERF-3, possibly via the formation of an NHERF-1/
NHERF-3 complex demonstrated in vitro. (30).

Finally, the differences in NHERF-1 dependent regulation of CFTR in jejunum and
ileum may also be explained by the presence of other (yet unknown) binding partner(s).
Analysis of endogenous binding partners for CFTR in epithelial cells from ileum and
jejunum might provide novel information about the composition of CFTR containing
protein complexes. Analysis of the CFTR interactome by immunoprecipitation of CFTR and
its binding partners from intestinal brush borders, followed by analysis of the complex
using proteomics, might be a useful approach for such a study. Furthermore, as will be
discussed later, comparing the proteomes of brush border membrane vesicles from wild-
type and NHERF-1 deficient mice might render some new information about proteins that
are directly or indirectly affected by NHERF-1 ablation.

The work described in this thesis addresses, for the first time, the possible roles
of NHERF-1 and NHERF-2 in the cGMP-dependent, cGKll-mediated, regulation of CFTR.
cGMP-dependent stimulation of CFTR in mouse jejunum was only affected by NHERF-1, but
not by NHERF-2 ablation (Table 2 and Chapter 2). In contrast, cGMP-dependent inhibition
of NHE3 in PS120, OK and Caco-2/bbe cells appeared NHERF-2, but not NHERF-1 dependent
(31)(Chapter 3). These results indicate that the role of NHERF-1 and NHERF-2 is different
for the cGMP/cGKII-dependent phosphorylation of CFTR and NHE3 (see Table 1 for an
overview).

Roles of NHERF-1 and NHERF-2 in the regulation of NHE3 (Chapters 3 and 4)

NHERF-1 and NHERF-2 bind to NHE3 and are involved in the regulation of its inhibition
(32, 33). NHE3 activity is inhibited by cAMP-, cGMP- and calcium-mediated phosphorylation.
The role of NHERF-1 and NHERF-2 in cAMP-dependent inhibition of NHE3 activity was first
established in PS120 fibroblasts. These cells lack endogenous expression of NHERF-2,
have low levels of NHERF-1 protein, and failed to show cAMP-dependent inhibition of
NHE3. Stable transfection of the PS120 cells with NHERF-1 or NHERF-2 restored the cAMP-
dependent inhibition of NHE3 (34). Since then, the role of the NHERF proteins in cAMP-,
cGMP- or Ca?-dependent NHE3 inhibition was established further in different cell lines



and in NHERF-1 null mice. In the kidney of these mice, the basal activity was unaltered,
whereas the cAMP-dependent inhibition of NHE3 was lost (Table 2) (14). Lack of inhibition
was probably due to loss of PKA-mediated phosphorylation in these NHERF-1 null mice
(13, 14). This confirmed the model in which NHERF-1 brings PKA (bound to ezrin) in the
close proximity of NHE3, stimulating its phosphorylation and inhibition.

cGMP-dependent inhibition of NHE3 in cell lines - NHERF-2 binds to cGKIll and
functions as a cGMP-dependent protein kinase anchoring protein (GKAP). By binding both
cGKIl and NHE3, NHERF-2 targets cGKIl to NHE3, thereby stimulating phosphorylation
and inhibition of NHE3 (31). NHE3 was acutely inhibited by the addition of cGMP in
PS120 cells expressing cGKIl and NHERF-2 (but not NHERF-1) (31). The specific role for
NHERF-2 in cGMP-dependent inhibition of NHE3 was further confirmed in OK cells. OK cells
express NHERF-1, NHERF-3 and NHERF-4, but lack (or have very low amounts of) NHERF-2
protein (35, 36). In these cells, NHE3 activity was only inhibited by cGMP after stable co-
transfection with cGKIl and NHERF-2 (31). These studies clearly demonstrated that NHERF-2
is required for the cGKll-mediated inhibition of NHE3, but were all performed in cells that
do not express NHERF-2 endogenously. In complementary experiments, we observed that
downregulation of endogenous NHERF-2 expression in Caco-2/bbe cells (by using siRNA)
completely abolished cGMP/cGKIl-dependent inhibition of NHE3 (Figure 2 of Chapter 4),
confirming that NHERF-2 is required and sufficient for inhibition. Other studies examined
the molecular mechanisms by which NHERF-2 allowed cGKlI to inhibit NHE3. Pull-down and
overlay experiments showed that NHERF-2 directly binds to cGKIl, while NHERF-1 failed to
bind with similar affinity. Furthermore, it was demonstrated that cGKIl must be attached
to the plasma membrane by a N-terminal myristoyl group to phosphorylate and inhibit
NHE3 (31). Myristoylation of cGKIl is also important for cGKll-mediated phosphorylation
and stimulation of CFTR (37, 38). However, NHERF-2 is not required for cGMP-dependent
phosphorylation of CFTR, since ablation of NHERF-2 in the small intestine of mice did not
affect cGMP-dependent activation of CFTR (see above). This indicates that CFTR and NHE3
have a different mode of regulation. NHE3 requires an AKAP and a GKAP for cAMP- and
cGMP-dependent phosphorylation respectively, whereas CFTR does not.

Regulation of NHE3 in NHERF deficient mice - From studies of the phenotype of
NHERF-1 deficient mice it now becomes increasingly clear that the role of NHERF-1 in the
regulation of NHE3 activity is highly tissue specific, and even the mechanisms of NHERF-1-
dependent regulation may differ (see Table 1). By measuring 22Na* flux and acid-activated
NHE3 transport rates, we found a decreased basal activity of NHE3 in jejunum and colon
of NHERF-1 deficient mice. These results might explain the reduced basal fluid absorption
rates that we observed in the jejunum of NHERF-1 null mice. However, although NHERF-1
is important for basal NHE3 activity, it did not affect the cyclic nucleotide-triggered
inhibition of NHE3 in jejunum and colon. In kidney, on the other hand, basal activity
of NHE3 was unchanged in the NHERF-1 null mice, whereas cAMP failed to inhibit NHE3
(Table 2) (11, 13, 14). A plausible hypothesis that may at least partially explain the tissue
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specific effect of NHERF-1 on the regulation of NHE3 activity, is the assumption that the
multiprotein complexes which mediate the regulation of NHE3 are composed of different
proteins in different epithelia. Another prominent example of tissue-specific regulation of
NHE3 is the NHE3 inhibition by EPAC (exchange protein activated by cAMP) (39). In kidney,
the EPAC-mediated inhibition of NHE3 was abolished in the absence of NHERF-1 (11).
We showed that the jejunal fluid absorption of both wild-type and NHERF-1 null mice
remained unaffected by the EPAC-activator 8-pCPT-2’0-Me-cAMP, and the effect of this
activator on colonic NHE3 activity was small, indicating that EPAC has no important role in
NHE3 regulation in the intestinal tract. Why EPAC activation has a different effect on renal
and intestinal NHE3 activity is still unclear.

Unlike our findings in jejunum, basal fluid absorption remained unaffected in the
ileum of NHERF-1 deficient mice. Furthermore, the cAMP- and cGMP- dependent inhibition
of fluid absorption was comparable in wild-type and NHERF-1 null mice, indicating that
ileal fluid- and ion transport is regulated independently of NHERF-1 (Table 3). These results
are in line with studies that show that increased levels of cAMP and/or cGMP affects CFTR
and NHE3 activity similarly in the ileum of NHERF-1 deficient and wild-type mice (11)
(Table 2 and Chapter 2).

Similar to CFTR, several PDZ proteins can compete for binding to NHE3 and may
affect the regulation of NHE3 in different ways in the different segments of the intestine.
It was shown previously that in NHERF-3 deficient mice the basal NHE3 activity was
unaltered whereas the cAMP and Ca*-dependent inhibition of NHE3 was lost in the large
intestine (Table 2) (10,12). Because NHERF-1 and NHERF-3 both bind NHE3, and because
the absence of these proteins affected NHE3 inhibition in different ways, we also tested
intestinal fluid transport in NHERF-1/-3 double deficient mice. The phenotype of the double
deficient mice was a combination of the changes observed in the NHERF-1 and NHERF-3
single null mice. Like in the NHERF-1 single null mice, the basal fluid absorption in the
jejunum as well as the basal HOE642-insensitive acid-activated proton flux in the colon
were reduced in the NHERF-1/-3 null mice. Furthermore, the cAMP-dependent inhibition
of NHE3 was completely absent in the double deficient mice, similar to what was observed
in the NHERF-3 single null mice (12). Because the absence of both NHERF-1 and NHERF-3
did not result in an additional phenotype this suggests that NHERF-1 and NHERF-3 are
involved in NHE3 regulation via different processes, although these processes might be
interconnected. We showed that the NHERF-3 abundance in jejunum is reduced in NHERF-1
deficient mice, suggesting that these proteins form a complex in vivo (Figure 7 of Chapter
2). It is still unknown via which mechanism NHERF-3 can affect NHE3 inhibition and why
the role of NHERF-1 in NHE3 regulation is different in kidney compared to jejunum and
colon (see Table 1).

There is no indication that NHERF-1 is involved in the targeting of NHE3 to the
apical membrane. Truncated mutants of NHE3 (which can not bind PDZ proteins) were
targeted normally to the plasma membrane of OK cells (40). Furthermore, in NHERF-1



deficient mice, NHE3 was correctly localized at the apical surface of proximal tubule cells
in the kidney (13). Likewise in the jejunum and colon of our NHERF-1 null mice, NHE3
was localized in (or near) the apical membrane (Figure 9 of Chapter 3). However, the
NHE3 abundance in BBMVs of these intestinal segments was on average reduced by ~40%.
This decrease in NHE3 protein was post-transcriptional, because the intestinal NHE3 mRNA
levels were not changed in NHERF-1 null mice. We assume that the turnover of NHE3 in the
apical membrane was affected by NHERF-1 ablation, which may explain the reduced basal
NHE3 activity and fluid absorption rates in the intestine of NHERF-1 null mice (Chapter
3). However, more work at the molecular level is needed to fully understand the role of
NHERF-1 and NHERF-3 in regulation of NHE3.

Proteome of murine jejunal brush border membrane vesicles (Chapter 5)

To understand the transport function of the small intestine in more detail at the molecular
level, identification of the proteome of the brush border compartment is a helpful
step. The brush border is comprised of both the apical membrane and apical recycling
compartment. Highly purified brush border membrane vesicles (BBMVs) have been used
previously to study the transport processes and proteins present in the apical membrane of
the small intestine. In Chapter 5 of this thesis, a detailed description of the mouse jejunal
brush border membrane proteome is presented. This proteome description further defines
the content and composition of BBMV preparations, and identifies several novel transport
proteins that were never described before as genuine constituents of the intestinal brush
border. This study provides an important basis for future analysis of the quantitative
composition of BBMVs from wild-type and NHERF-1 deficient mice, which will learn us
more about the function of NHERF-1 in the expression, localization and stabilization of
other BBM proteins.

Identification of GFAP as a cGKIl binding partner (Chapter 6)

As described before, NHERF-2 can act as a cGMP-dependent protein kinase anchoring protein
(GKAP), and is required for the cGKIl-mediated inhibition of NHE3. Eleven binding partners
of cGKI (the cytosolic cGMP-dependent protein kinase) have been identified and research
of these binding partners has yielded much information about the functions of cGKI. For
example, the cGKIB binding protein IRAG (InsP,R-associated cGMP kinase substrate) is
required for the inhibition of InsP,-dependent calcium release and the subsequent smooth
muscle relaxation. cGKI-mediated smooth muscle relaxation in the intestine is crucial for
the maintenance of normal gut function (41, 42).

However, binding of cGKIl to anchoring proteins has received less attention. Thus
far only 3 binding partners for cGKll have been identified, namely myosin, NHERF-2 and
the glutamate transporter GluR1 (31, 43, 44). To find novel proteins that bind to cGKll
and might function as a GKAP, we screened a mouse brain cDNA library for cGKIl binding
partners, using the yeast two-hybrid method. The only “hit” in this screen was GFAP (glial
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fibrillary acidic protein). GFAP is a member of the intermediate filament (IF) proteins and
is abundantly expressed in astrocytes. We confirmed its binding to cGKIl using pull-down
and overlay techniques. Furthermore, we showed that cGKlIl is able to phosphorylate GFAP
in vitro. Polymerized GFAP exists in a dynamic equilibrium with a small pool of soluble
GFAP. The assembly/disassembly cycle is modulated by phosphorylation of N-terminal
sites. Mice that express GFAP with mutated phosphorylation sites (Ser/Thr were replaced
by Ala) showed a reduced GFAP abundance suggesting that phosphorylation protects GFAP
against degradation (45). In line with these results we observed that in intact SNB19
glioblastoma cells, GFAP abundance was increased after adenoviral infection with cGKII.
Only catalytically active cGKIl was able to affect GFAP abundance in these cells: neither
the introduction of a catalytically inactive mutant of cGKIll, nor the adenoviral parent
vector affected GFAP protein expression (Figure 4 of Chapter 6). Semi-quantitative RT-PCR
experiments showed that the mRNA expression level in SNB19 cells was not affected by
adenoviral infection.

Together, these results indicate that phosphorylation of GFAP by cGKIl plays an
important role in the stabilization of the protein in astroglial cells. It has been shown
before that increased levels of intracellular cGMP (induced by inflammatory compounds)
in astrocytes affect the arrangement of intermediate filaments (including GFAP) and actin.
Our data indicates that these cGMP-dependent rearrangements may depend on direct
effects of cGKIl on GFAP phosphorylation and stabilization.

References

1. Moyer, B. D., Duhaime, M., Shaw, C., Denton, J., Reynolds, D., Karlson, K. H., Pfeiffer, J., Wang,
S., Mickle, J. E., Milewski, M., Cutting, G. R., Guggino, W. B., Li, M., and Stanton, B. A. (2000) J
Biol Chem 275(35), 27069-27074

2. Milewski, M. 1., Mickle, J. E., Forrest, J. K., Stafford, D. M., Moyer, B. D., Cheng, J., Guggino, W.
B., Stanton, B. A., and Cutting, G. R. (2001) J Cell Sci 114(Pt 4), 719-726

3. Moyer, B. D., Denton, J., Karlson, K. H., Reynolds, D., Wang, S., Mickle, J. E., Milewski, M., Cutting,
G. R., Guggino, W. B., Li, M., and Stanton, B. A. (1999) J Clin Invest 104(10), 1353-1361

4, Benharouga, M., Sharma, M., So, J., Haardt, M., Drzymala, L., Popov, M., Schwapach, B., Grinstein,
S., Du, K., and Lukacs, G. L. (2003) J Biol Chem 278(24), 22079-22089

5. Swiatecka-Urban, A., Duhaime, M., Coutermarsh, B., Karlson, K. H., Collawn, J., Milewski, M.,

Cutting, G. R., Guggino, W. B., Langford, G., and Stanton, B. A. (2002) J Biol Chem 277(42),
40099-40105

6. Ostedgaard, L. S., Randak, C., Rokhlina, T., Karp, P., Vermeer, D., Ashbourne Excoffon, K. J., and
Welsh, M. J. (2003) Proc Natl Acad Sci U S A 100(4), 1937-1942

7. Short, D. B., Trotter, K. W., Reczek, D., Kreda, S. M., Bretscher, A., Boucher, R. C., Stutts, M. J.,
and Milgram, S. L. (1998) J Biol Chem 273(31), 19797-19801

8. Haggie, P. M., Stanton, B. A., and Verkman, A. S. (2004) J Biol Chem 279(7), 5494-5500

9. Haggie, P. M., Kim, J. K., Lukacs, G. L., and Verkman, A. S. (2006) Mol Biol Cell 17(12),
4937-4945

10. Hillesheim, J., Riederer, B., Tuo, B., Chen, M., Manns, M., Biber, J., Yun, C., Kocher, O., and
Seidler, U. (2007) Pflugers Arch 454(4), 575-586

11. Murtazina, R., Kovbasnjuk, O., Zachos, N. C., Li, X., Chen, Y., Hubbard, A., Hogema, B. M.,

Steplock, D., Seidler, U., Hoque, K. M., Tse, C. M., De Jonge, H. R., Weinman, E. J., and Donowitz,
M. (2007) J Biol Chem 282(34), 25141-25151



14.
15.

16.
17.

20.

21.

22.

23.
24.

25.
26.
28.
29.
30.

31.

32.

34.

35.

36.

37.

38.

39.

40.
1.

42.

43.

44,

45.

147

Cinar, A., Chen, M., Riederer, B., Bachmann, 0., Wiemann, M., Manns, M., Kocher, 0., and Seidler,
U. (2007) J Physiol 581 (Pt 3), 1235-1246

Shenolikar, S., Voltz, J. W., Minkoff, C. M., Wade, J. B., and Weinman, E. J. (2002) Proc Nat! Acad
Sci USA99(17), 11470-11475

Weinman, E. J., Steplock, D., and Shenolikar, S. (2003) FEBS Lett 536(1-3), 141-144

Huang, P., Trotter, K., Boucher, R. C., Milgram, S. L., and Stutts, M. J. (2000) Am J Physiol Cell
Physiol 278(2), C417-422

Sun, F., Hug, M. J., Bradbury, N. A., and Frizzell, R. A. (2000) J Biol Chem 275(19), 14360-14366
Lee, J. H., Richter, W., Namkung, W., Kim, K. H., Kim, E., Conti, M., and Lee, M. G. (2007) J Biol
Chem 282(14), 10414-10422

Charizopoulou, N., Wilke, M., Dorsch, M., Bot, A., Jorna, H., Jansen, S., Stanke, F., Hedrich, H.
J., de Jonge, H. R., and Tummler, B. (2006) BMC Genet 7, 18

Farmen, S. L., Karp, P. H., Ng, P., Palmer, D. J., Koehler, D. R., Hu, J., Beaudet, A. L., Zabner, J.,
and Welsh, M. J. (2005) Am J Physiol Lung Cell Mol Physiol 289(6), L1123-1130

Cinar, A., Chen, M., Riederer, B., Hogema, B. M., De Jonge, H., Donowitz, M., Weinman, E. J.,
Kocher, O., and Seidler, U. (2006) Pflugers Arch 2006, http://www.physiologische-gesellschaft.
de/kongress/abstracts/2006/12899

Lamprecht, G., and Seidler, U. (2006) Am J Physiol Gastrointest Liver Physiol 291(5), G766-777
Schreiber, R., Boucherot, A., Murle, B., Sun, J., and Kunzelmann, K. (2004) J Membr Biol 199(2),
85-98

Thiagarajah, J. R., and Verkman, A. S. (2003) Curr Opin Pharmacol 3(6), 594-599

Seidler, U., Bachmann, 0., Jacob, P., Christiani, S., Blumenstein, I., and Rossmann, H. (2001) Jop
2(4 Suppl), 247-256

Kim, J. Y., Han, W., Namkung, W., Lee, J. H., Kim, K. H., Shin, H., Kim, E., and Lee, M. G. (2004)
J Biol Chem 279(11), 10389-10396

Cheng, J., Wang, H., and Guggino, W. B. (2004) J Biol Chem 279(3), 1892-1898

Li, J., Dai, Z., Jana, D., Callaway, D. J., and Bu, Z. (2005) J Biol Chem 280(45), 37634-37643
Wang, S., Yue, H., Derin, R. B., Guggino, W. B., and Li, M. (2000) Cell 103(1), 169-179
Raghuram, V., Mak, D. D., and Foskett, J. K. (2001) Proc Natl Acad Sci U S A 98(3), 1300-1305
Gisler, S. M., Pribanic, S., Bacic, D., Forrer, P., Gantenbein, A., Sabourin, L. A., Tsuji, A., Zhao, Z.
S., Manser, E., Biber, J., and Murer, H. (2003) Kidney Int 64(5), 1733-1745

Cha, B., Kim, J. H., Hut, H., Hogema, B. M., Nadarja, J., Zizak, M., Cavet, M., Lee-Kwon, W.,
Lohmann, S. M., Smolenski, A., Tse, C. M., Yun, C., de Jonge, H. R., and Donowitz, M. (2005) J
Biol Chem 280(17), 16642-16650

Yun, C. H., Lamprecht, G., Forster, D. V., and Sidor, A. (1998) J Biol Chem 273(40), 25856-25863
Lamprecht, G., Weinman, E. J., and Yun, C. H. (1998) J Biol Chem 273(45), 29972-29978

Yun, C. H., Oh, S., Zizak, M., Steplock, D., Tsao, S., Tse, C. M., Weinman, E. J., and Donowitz, M.
(1997) Proc Natl Acad Sci U S A 94(7), 3010-3015

Hryciw, D. H., Ekberg, J., Ferguson, C., Lee, A., Wang, D., Parton, R. G., Pollock, C. A., Yun, C.
C., and Poronnik, P. (2006) J Biol Chem 281(23), 16068-16077

Yun, C. C., Chen, Y., and Lang, F. (2002) J Biol Chem 277(10), 7676-7683

Vaandrager, A. B., Smolenski, A., Tilly, B. C., Houtsmuller, A. B., Ehlert, E. M., Bot, A. G.,
Edixhoven, M., Boomaars, W. E., Lohmann, S. M., and de Jonge, H. R. (1998) Proc Nat!l Acad Sci U
S A 95(4), 1466-1471

Vaandrager, A. B., Ehlert, E. M., Jarchau, T., Lohmann, S. M., and de Jonge, H. R. (1996) J Biol
Chem 271(12), 7025-7029

Honegger, K. J., Capuano, P., Winter, C., Bacic, D., Stange, G., Wagner, C. A., Biber, J., Murer, H.,
and Hernando, N. (2006) Proc Natl Acad Sci U S A 103(3), 803-808

Cha, B., Kenworthy, A., Murtazina, R., and Donowitz, M. (2004) J Cell Sci 117(Pt 15), 3353-3365
Fritsch, R. M., Saur, D., Kurjak, M., Oesterle, D., Schlossmann, J., Geiselhoringer, A., Hofmann,
F., and Allescher, H. D. (2004) J Biol Chem 279(13), 12551-12559

Schlossmann, J., Ammendola, A., Ashman, K., Zong, X., Huber, A., Neubauer, G., Wang, G.
X., Allescher, H. D., Korth, M., Wilm, M., Hofmann, F., and Ruth, P. (2000) Nature 404(6774),
197-201

Vo, N. K., Gettemy, J. M., and Coghlan, V. M. (1998) Biochem Biophys Res Commun 246(3),
831-835

Serulle, Y., Zhang, S., Ninan, I., Puzzo, D., McCarthy, M., Khatri, L., Arancio, O., and Ziff, E. B.
(2007) Neuron 56(4), 670-688

Takemura, M., Gomi, H., Colucci-Guyon, E., and Itohara, S. (2002) J Neurosci 22(16), 6972-6979












The chloride channel CFTR (cystic fibrosis transmembrane conductance regulator) and
the sodium/proton exchanger NHE3 are key proteins involved in transepithelial ion and
water transport in several epithelial tissues, including the intestine. To ensure proper
localization and function of CFTR and NHE3 several processes are of crucial importance,
including 1) the production and folding of these proteins, 2) targeting of the proteins to the
apical membrane, 3) their half-life time in the membrane, and 4) the regulation of their
activity by phosphorylation. In this thesis we mainly focus on the role of the NHERF (NHE3
Regulatory Factor) proteins as regulators of CFTR and NHE3 activity. The members of the
NHERF family of proteins (NHERF-1, -2, -3 and -4) contain PDZ protein-protein interaction
domains and mediate the formation of large protein complexes, thereby affecting the
localization and/or activation of their binding partners.

The role of the NHERF proteins in the regulation of CFTR is controversial. To date,
most studies have been performed in cultured cells in which the NHERF proteins and/
or the studied ion transporters were overexpressed or mutated to prevent binding. In
contrast, our studies have been performed mainly in native murine intestine, in which the
role of individual NHERF proteins in the regulation of ion transport was studied by using
“knockout” mice.

Functions of NHERF-1 and NHERF-2 in CFTR regulation and localization is described
in Chapter 2. Here we show that, in jejunal crypts of NHERF-1 and NHERF-2 deficient
mice, all detectable CFTR was localized apically, indicating that the trafficking of CFTR
to the apical membrane is not dependent on the presence of NHERF-1 and/or NHERF-2.
Moreover, Western blot analysis showed that the total abundance of CFTR in the intestine
of NHERF-1 and NHERF-2 deficient mice was unaltered. However, the local abundance of
CFTR in the crypts, as detected by confocal microscopy, was reduced by ~30% in NHERF-1
deficient mice. To account for these seemingly discrepant findings, we postulate that
NHERF-1 ablation results in a more diffuse distribution of CFTR in the apical membrane
and/or subapical vesicles.

Protein kinase A (PKA) and cGMP dependent kinase Il (cGKll) are known to
phosphorylate and activate CFTR in response to increased levels of cAMP and cGMP,
respectively. We found that cAMP- and cGMP-dependent activation of CFTR was moderately
reduced in the duodenum and jejunum (but not in ileum) of NHERF-1 deficient mice. No
changes were observed in NHERF-2 deficient mice. The reduced activation of CFTR in
NHERF-1 null mice may be explained by the altered distribution of CFTR in the NHERF-1
deficient mice. We found no evidence for a model in which CFTR targeting of PKA is
mediated by NHERF-1.

The role of NHERF-1 in the regulation of NHE3 was examined in Chapter 3.
NHERF-1 deficient mice displayed a decreased basal fluid absorption and a reduced
sodium absorption in the jejunum. In addition, basal (acid-activated) NHE3 activity was
decreased in the colon of NHERF-1 null mice. These observations may be explained by the
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reduced NHE3 protein level that we observed in the brush border membrane fraction of
jejunum and colon of these mice. In contrast to the basal activity, the cAMP- and/or cGMP-
dependent inhibition of NHE3 was not appreciably affected in NHERF-1 deficient mice.
Ablation of both NHERF-1 and NHERF-3 resulted in both a decreased basal fluid absorption
and a loss of cAMP-dependent inhibition of NHE3, which was also observed in NHERF-3
single-deficient mice. Unexpectedly, in ileum (in contrast to jejunum) NHERF-1 ablation
neither affected fluid absorption nor cyclic nucleotide dependent CFTR-mediated chloride
secretion (Chapter 2).

In Chapter 4 we describe the effects of NHERF-1 and/or NHERF-2 gene knockdown
on cGKll-mediated regulation of NHE3 and CFTR activity in polarized epithelial cell lines.
Based on measurements of Na*/H* exchange rates in Caco-2/bbe cells, NHERF-2 was shown
to be required for cGMP-dependent inhibition of NHE3. In contrast, knock-down of NHERF-1
and NHERF-2 did not affect cGMP-stimulated iodide efflux (a specific indicator for CFTR
activity) in IEC-CF7 cells. Taken together, the results indicate that in these cells NHERF-2
is required for cGKll-dependent regulation of NHE3, but not of CFTR.

An overview of the proteome of the jejunal brush border of the mouse is presented
in Chapter 5. A total of 570 proteins were identified, including 45 known transporters.
Eighteen of these transporters were not previously identified in intestinal cells. The
presence of aquaporin 7, Glut9b (glucose transporter 9b), NIS (Na*/I- symporter), non-
gastric H*/K*-ATPase and MPV (major vault protein) in the apical membrane was confirmed
by immunoblotting and immunofluorescence microscopy.

Finally, the experiments described in Chapter 6 show that the glial fibrillary acidic
protein (GFAP) is a specific binding partner for cGKIl. cGMP dependent kinase anchoring
proteins (GKAPs) bind the kinases, thereby increasing the efficiency of phosphorylation
of the target proteins. Using the yeast two-hybrid system, we searched for novel cGKll
binding partners and found an interaction with GFAP. GFAP is a member of the intermediate
filament protein family (IF) and is present in astrocytes of the central nervous system.
The N-terminal part of cGKIl was shown to bind to the coil 2 region of GFAP. Binding of
GFAP to cGKIl was confirmed by pull-down and gel overlay experiments. cGKIl was able to
phosphorylate GFAP in vitro. In addition, expression of active cGKIl in cultured glioblastoma
cells (using adenoviral infection), but not of a catalytically inactive form, increased GFAP
abundance. In contrast, mRNA levels of GFAP were not affected by cGKIl expression. From
our data we propose that cGKll-mediated phosphorylation of GFAP in the intracellular
environment results in a more stable configuration and a prolonged half-life of this glial
cell specific intermediate filament protein.









Het chloride kanaal CFTR (‘cystic fibrosis transmembrane conductance regulator’) en de
natrium/proton uitwisselaar NHE3 vervullen een sleutelrol in transepitheliaal ionen- en
water transport in verschillende weefsels, inclusief de darm. Voor een correct functioneren
van CFTR en NHE3 is een aantal processen cruciaal: 1) de productie en vouwing van deze
eiwitten, 2) transport van de eiwitten naar, en lokalisatie in het apicale membraan, 3)
de verblijftijd van de eiwitten in het membraan en 4) de regulatie van CFTR en NHE3
activiteit door middel van eiwit fosforylering. In dit proefschrift staat voornamelijk de
rol van de NHERF (‘NHE3 regulatory factor’) eiwitten als regulatoren van CFTR en NHE3
activiteit centraal. De NHERF eiwitten (NHERF-1, -2, -3 en -4) bevatten PDZ eiwit-eiwit
interactie domeinen en verzorgen de vorming van eiwitcomplexen, waardoor de lokalisatie
en/of activiteit van hun bindingspartners wordt beinvloed.

De rol van de NHERF eiwitten in de regulatie van CFTR is controversieel. De
bestaande studies waren meestal uitgevoerd in gekweekte cellen waarin die de NHERF
eiwitten en/of the ionen transporteurs tot overexpressie waren gebracht, of waarin de
binding tussen de transporteurs en de NHERF eiwitten was verbroken door een mutatie.
Onze studies zijn daarentegen grotendeels uitgevoerd in natief darmepitheel, waarbij we
de rol van de NHERF eiwitten in de regulatie van ion transport bestudeerden in normale en
in NHERF “knockout” muizen.

De rol van NHERF-1 en NHERF-2 in CFTR regulatie en lokalisatie is beschreven in
hoofdstuk 2. Hierin hebben we aangetoond dat al het detecteerbare CFTR eiwit apicaal
gelocaliseerd bleef in de crypten van het jejunum van NHERF-1 en NHERF-2 deficiénte
muizen. Dit impliceert dat het transport van CFTR naar het apicale membraan niet door
de afwezigheid van NHERF-1 en/of NHERF-2 gestoord werd. Daarnaast toonden we met
behulp van Western blots aan dat ook de totale hoeveelheid CFTR eiwit niet veranderd was
in NHERF-1 en/of NHERF-2 knockout muizen. Confocale immunofluorescentie microscopie
liet daarentegen zien dat de locale expressie van CFTR eiwit in de crypten van het jejunum
met ~30% verlaagd was in NHERF-1 deficiénte muizen. We interprteren deze verschillende
waarnemingen als een aanwijzing voor een meer diffuse distributie van CFTR in het apicale
membraan en/of het sub-apicale compartiment als gevolg van het ontbreken van de CFTR-
NHERF-1 interactie.

Het is bekend dat de eiwitkinasen PKA (proteine kinase A) en cGKIl (cGMP
afhankelijk eiwitkinase type Il) CFTR door middel van fosforylering kunnen activeren na een
verhoging van respectievelijk de cAMP en cGMP niveaus in de cel. Wij hebben gevonden dat
CAMP- en cGMP-afhankelijke CFTR activiteit verminderd is in het duodenum en jejunum
(maar niet in het ileum) van NHERF-1 deficiénte muizen. Deze veranderingen werden
niet waargenomen in NHERF-2 deficiénte muizen. De verminderde activiteit van CFTR
in NHERF-1 deficiénte muizen zou een gevolg kunnen zijn van de veranderde distributie
van CFTR in het apicale compartiment van de enterocyt. Wij hebben geen aanwijzingen
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gevonden voor een alternatief model waarbij NHERF-1 nodig is om PKA in de buurt van het
CFTR te verankeren en fosforylering van CFTR te bevorderren.

De rol van NHERF-1 in de regulatie van NHE3 is onderzocht in hoofdstuk 3. NHERF-1
deficiénte muizen vertoonden in het jejunum een verlaagde basale vloeistofabsorptie en
een verminderde natrium absorptie. Daarnaast was in het colon van deze NHERF-1 knockout
muizen de basale NHE3 activiteit verlaagd. Deze effecten van NHERF-1 deficientie konden
worden verklaard door een afname van de hoeveelheid NHE3 eiwit in de borstelzoom
membraan van het jejunum en colon van deze muizen. In tegenstelling tot de basale
NHE3 activiteit waren de cAMP- en de cGMP-afhankelijke remming van NHE3 activiteit niet
aantoonbaar veranderd in NHERF-1 deficiénte muizen. Afwezigheid van zowel NHERF-1 als
NHERF-3 (in NHERF-1-/NHERF-3-dubbel-deficiénte muizen) resulteerde echter in verlaagde
basale vloeistofabsorptie alsmede in verlies van de cAMP-afhankelijke remming van NHE3.
Dit verlies van cAMP remming van NHE3 was al eerder aangetoond in NHERF-3 deficiénte
muizen, en is dus NHERF-3 specifiek. Tegen onze verwachting in vonden we in het ileum
van NHERF-1 deficiénte muizen geen aanwijzingen voor een veranderde vloeistofabsorptie
(hoofdstuk 3) of cAMP-/cGMP-afhankelijk chloride transport via CFTR (hoofdstuk 2).

In hoofdstuk 4 beschrijven we de effecten van NHERF-1 en/of NHERF-2 gen “knock-
down” op cGKll-afhankelijke regulatie van NHE3 en CFTR activiteit in gepolariseerde
epitheliale cellijnen. Op basis van meting van Na*/H*-uitwisseling in Caco-2/bbe cellen
konden we laten zien dat NHERF-2 noodzakelijk was voor de cGMP-afhankelijke remming
van NHE3 in deze humane colon cellijn. Daarentegen had een verlaagde expressie van
NHERF-1 en NHERF-2 in IEC-CF7 cellen geen effect op de cGMP-afhankelijke CFTR activiteit,
gemeten met behulp van jodide efflux. Tezamen suggereren deze resultaten dat NHERF-2
noodzakelijk is voor cGKll-afhankelijke regulatie van NHE3, maar niet van CFTR.

In hoofdstuk 5 wordt een analyse van het proteoom van de brush border
membraan van het jejunum van de muis gepresenteerd. In totaal werden 570 eiwitten
geidentificeerd, waaronder 45 transport eiwitten. Achttien van deze transport eiwitten
waren nog nooit eerder aangetoond in darmepitheel. Door middel van immunoblots en
immunofluorescentie microscopie kon de aanwezigheid van de eiwitten aquaporine 7,
Glut9b (‘glucose transporter 9b’), NIS (‘Na*/I- symporter’), non-gastric H*/K*-ATPase en
MPV (‘major vault protein’) in het apicale membraan bevestigd worden.

Tenslotte laten we met de experimenten die beschreven staan in hoofdstuk 6
zien dat GFAP (‘glial fibrillary acidic protein’) een specifieke bindingspartner is van cGKII.
‘Verankerings’ eiwitten (GKAPs) voor cGMP afhankelijke kinases positioneren deze kinases
in de nabijheid van hun substraat en verhogen de efficiéntie van de fosforylering van deze
substraat eiwitten. Met behulp van het gist ‘two-hybrid’ systeem hebben we gezocht naar
nieuwe bindingpartners voor cGKII. Hierbij werd GFAP als een nieuwe GKAP geidentificeerd.
GFAP is een lid van de familie van intermediaire filament (IF) eiwitten en is aanwezig in
astrocyten van het centrale zenuwstelsel. Het amino-uiteinde van cGKIl bleek te binden
aan de ‘coil 2’ regio van GFAP. De binding van GFAP aan cGKIl kon bevestigd worden met



behulp van ‘pull-down’ en ‘gel overlay’ experimenten. cGKIl bleek ook in staat om GFAP in
vitro te fosforyleren. Expressie van katalytisch actief cGKIl (middels adenovirale infectie in
gekweekte glioblastoom cellen) resulteerde in een verhoging van de endogene hoeveelheid
GFAP eiwit. Een katalytisch inactieve cGKIl mutant had dit effect niet. De mRNA expressie
van GFAP werd niet beinvloed door de adenovirale infecties. Deze resultaten passen in een
model waarin de cGKIll-afhankelijke fosforylering van GFAP in de gliacellen resulteert in
een stabielere configuratie en een verhoogde halfwaardetijd van dit astrocyt-specifieke
intermediaire filament eiwit.
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Chapter 2, figure 5. Western blot
analysisof CFTRexpressioninjejunal
epithelium and immunocytochemi-
caldetection of CFTRinjejunal crypt
cells from WT, NHERF-1-deficient
(N1-/-), NHERF-2-deficient (N2-/-),
and NHERF-1/2-deficient (N1/2-/-)
mice. A, Western blot analysis of
CFTR in jejunal epithelial cell ex-
tracts (20 ug/lane) and BBMVs from
jejunum (5 pg/lane) displayed no
significant difference in the amounts
of CFTR protein among mice of the
different genotypes. The positions
of band B (immature CFTR) and
band C (mature, complex glycosy-
lated CFTR) are indicated. Actin was
used as a loading control. Represen-
tative Western blots from at least
five independently isolated samples
are shown at the left, and the av-
erage amounts of CFTR levels rela-
tive to wild type mice are shown in
the right panel. The data represent
relative signal intensity of at least
eight Western blots. The error bars
indicate the S.E. B, confocal micro-
scopic analysis of CFTR abundance
and localization in jejunal crypts
of wild type, NHERF-1-deficient,
NHERF-2-deficient, NHERF-1/2-defi-
cient, and CFTR-deficient (CFTR-/-)
mice. CFTR-dependent fluorescence
was significantly (p<0.05) reduced
in NHERF-1-and NHERF-1/2-deficient
mice. No signal was detected in sec-

tions from CFTR-deficient mice, demonstrating the high specificity of the antibody. C, quantitative analysis of con-
focal microscope datasets of three sex- and age-matched couples of wild type, NHERF-1-, NHERF-2-, and NHERF-
1/2-deficient mice. Three jejunal crypts from each section were analyzed, and the total and average intensities
from all Z-stacks with detectable CFTR signal were calculated for each individual crypt. The average intensity was
significantly lower in NHERF-1 and NHERF-1/2 null mice compared with wild type (left panel). Likewise, the total
intensity per crypt was reduced in NHERF-1 and NHERF-1/2 but not in NHERF-2-deficient mice (right panel). *
p<0.05 versus wild type. D, CFTR and villin abundance in jejunal crypts was studied by confocal microscopy in wild
type (left three images) and NHERF-1-deficient mice(right three images). CFTR (shown in green) colocalization
with villin (shown in red) in the apical border is unaltered in NHERF-1 null mice compared with wild type control.



Chapter 2, figure 6. Localization and quan-
tification of NHERF-1 in jejunum by immu-
nocytochemical and Western blot analysis.
A, immunocytochemical staining shows that
NHERF-1 lines the apical border of epithelial
cells along the entire crypt-villus axis. No al-
terations were observed in NHERF-2-deficient
(N2-/-) mice. No staining was detected in tissue
sections from NHERF-1-deficient (N1-/-) and
NHERF-1/2 double deficient (N1/2-/-) mice.
B, Western blot analysis of NHERF-1 in pooled
BBMV extracts from jejunum (5 pg/lane) and
pooled jejunal epithelial cell extracts (10 ug/
lane). NHERF-1 expression was not significantly
altered in NHERF-2-deficient mice. Actin was
used as a loading control.
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a jejunum

b colon

Chapter 3, figure 8. Immunohistochemical NHE3 staining reveals normal localization of NHE3 in the jejunal and
colonic apical membrane of NHERF-1 -/- mice. The NHE3 localization at the apical border of the jejunum (Figure
8A) and colon (Figure 8B) was qualitatively similar in NHERF-1 +/+ and -/- mice, with considerable variability
in the signal intensity within each group of mice. Images are representative examples from five independent
experiments. Inserts show a 10x magnification of a part of the image shown in the larger panels.



Sodium lodide Symporter (NIS) H /K ATPase

Aquaporin 7 Major Vault Protein (MVP)

Glucose transporter9b (Glut9b)

Chapter 5, figure 4. Validation of presence
in mouse jejunal BBMV of several transport
proteins using immunofluorescence/light
microscopy for localization. Histologic sec-
tions (4 um) of mouse jejunum were stained
for localization of Na-I co-transporter, non-
gastric H*/K*-ATPase, aquaporin 7, major
vault protein (MVP), and Glut9b with Alexa
488 tagged secondary antibody (1:100). IF
localization supported presence in the BB of
NIS, non-gastric H*/K*-ATPase, aquaporin 7,
and a low level of Glut 9b. Bottom right is
overexposed to more clearly demonstrate
BB Glut 9b (arrows) Major vault protein was
intracellular with a small amount of apical
signal that could not be definitely separated
from edge artifact. Inserts represent high-
er power magnification (400x) of jejunal
BB. Arrows indicate BB expression. Nuclei
stained with Hoechst 350.
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Chapter 6, figure 4. GFAP expression and
abundanceis upregulatedin cells expressing
active cGKIl. A. Semi-quantitative PCR of
cDNA from SNB19 cells showed that GFAP
mRNA expression is unaltered in cells that
were infected with the catalytically active
cGKIl (cGKIl) compared to non-infected (NI),
parent vector (PV) or catalytically inactive
cGKIl (K482A) infected cells. GAPDH and
actin were used to normalize the cDNA input
for the PCR reactions. B. The amount of GFAP
protein is ~4-fold increased in cells that were
infected with adenovirus encoding cGKIl
(cGKIl) compared to non-infected (NI), parent
vector (PV) or catalytically inactive cGKlIl
(K482A) infected cells. Actin was used as a
loading control. C. Confocal images of SNB19
cells infected with adenovirus encoding cGKIl
(cGKIl; left panel) display a strong increase in
GFAP abundance compared to cells expressing
catalytically inactive cGKIl (cGKIl K482A;
right panel). Images are representative
examples of four independently performed
experiments.
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