Selection of a high affinity peptide ligand
binding to a novel functional site of 32
Integrin p150

Inauguraldissertation
der Philosophisch-naturwissenschaftlichen Fakultat
der Universitat Bern

vorgelegt von
Christoph Frick

von Schaan, Firstentum Liechtenstein

Leiter der Arbeit
PD Dr. Alex Odermatt

Inselspital Bern
Abteilung Nephrologie und Hypertonie



Selection of a high affinity peptide ligand
binding to a novel functional site of 32
Integrin p150

Inauguraldissertation
der Philosophisch-naturwissenschaftlichen Fakultat
der Universitat Bern

vorgelegt von
Christoph Frick

von Schaan, Furstentum Liechtenstein

Leiter der Arbeit
PD Dr. Alex Odermatt

Inselspital Bern
Abteilung Nephrologie und Hypertonie

Von der Philosophisch-naturwissenschaftlichen Fakultat angenommen.

Bern, 24. Marz 2004 Der Dekan:

Prof. Dr. G. Jager



2.1

2.2.

2.3.

2.4,

2.5.

2.6.

2.7.

2.8.

3.1.

Summary

Introduction

32 integrins

32 integrin p150 (CD11c/CD18)

Leukocyte transmigration

Intercellular adhesion molecules

Fibrinogen

Hairy cell leukemia

Phage-display

M13 phage

Manuscripts and publications

Part |

10

11

12

13

Selection of a high affinity peptide ligand binding to
a novel functional site of 32 Integrin p150

Selection of peptide ligands binding to the

basolateral cell surface of proximal convoluted tubules

References



1.  Summary

32 integrins are adhesion plasma membrane proteins involved in endothelial and
epithelial migration of leukocytes and are therefore potential target molecules to prevent
inflammation. Peptide ligands binding specifically to integrins may operate as functional
blockers of leukocyte transmigration. Such ligands may also be used for the development

of vectors for the targeting of cells expressing specific integrins.

In this work phage-display libraries were screened for peptide ligands biniding to purified
32 integrin p150 (CD11c¢/CD18), which is so far only poorly characterized. Screening
phage-display libraries revealed a phage displaying the circular peptide C-
GRWSGWPADL-C. This phage shows several thousand-times higher binding to
immobilized p150 than an unspecific control phage. The selected phage failed to bind
Mac-1 (CD11b/CD18), a B2 integrin having 67% homology with pl150. Using
fluorescence activated cell sorting (FACS) analysis we showed binding of the selected
phage to monocytes known to express high levels of p150, in contrast to lymphocytes
(negative control) where no specific phage binding was observed. The binding of
synthetic peptide C-GRWSGWPADL-C to pl150 was examined by Surface Plasmon
Resonance (SPR) and a Kp of 20 to 50 uM was determined.

Intercellular adhesion molecule-1 (ICAM-1) plays an essential role in leukocyte
transmigration and is a native ligand of p150. ICAM-1 contains a stretch of amino acid,
which is highly homologous with the peptide C-GRWSGWPADL-C. Currently, the
epitopes involved in the interaction of both proteins are not known. The phage we
selected may help to elucidate the properties of the binding units of p150 and ICAM-1.
Moreover, C-GRWSGWPADL-C peptide or variants of it can be tested for prevention of
leukocyte transmigration or for targeting pl150 positive cells, such as polymorphic

mononuclear leukocytes (PMN) or certain blood cancer cells known to express p150.

We also applied the phage-display technique in a project to select peptide ligands binding
to the basolateral cell surface of renal proximal convoluted tubules (PCT). Various

proteins such as, channels, receptors and transporters, responsible for the absorption of



amino acids, ions, water and glucose from the primary urine are essential in PCT for the

proper function of the kidney.

The previous established phage-display method was effectively improved and screenings
of phage-display peptide libraries on microdissected intact renal PCT segments resulted
in the selection of two phage displaying peptide sequences containing the RDXR motif or
the GV(K/R)GX;3(T/S) motif. These phage revealed significant higher binding to
microdissected PCT over microdissected cortical collecting duct (CCD), a segment
different from PCT and further downstream of the kidney tubular system. Specific phage-
binding to PCT was shown by confocal microscopy and by quantitative phage binding
assays. The binding of the two phage was abolished by adding the corresponding
synthetic peptide in concentrations > 10 pumol/L. The GV(K/R)GX3(T/S) motif has
homology with the sequence GVKGERGS contained in human collagen-o. subunit and

was suggested to be its native epitope.

In this biopanning experiment two short peptide motifs were selected and shown to bind
specifically to the basolateral side of intact microdissected PCT. Ligands for PCT are
relevant for further investigations of cell receptor-ligand interactions. Furthermore,
peptide ligands binding to receptors on the cell surface be used for the development of

specific viral or non-viral targeting vectors specific for a given tubule segment.



2. Introduction

Integrins are plasma membrane cellular adhesion molecules (CAM) playing an important
role in cell-to-cell and cell-to-extracellular matrix (ECM) interactions. Integrins are
expressed by all multicellular organisms, but their diversity varies. Humans have 19 -
and 8 B- subunits, whereas Drosophila and Caenorhabditis elegans expresses only five a
and two B subunits [3]. Integrins mediate the attachment of cells to extracellular matrix
proteins of the basement membrane or to ligands on other cells. Gene deletion has
demonstrated the essential role that integrins play in both the maintenance of tissue
integrity and the promotion of cellular migration. Integrin receptors are involved as well
in transduction of bi-directional signals between extracellular adhesion molecules and
intracellular cytoskeletal and signaling molecules.

Leukocyte extravasation across endothelium, followed by epithelial transmigration is a
significant process in inflammatory diseases. Different cellular signalling and adhesion
molecules, chemokines and many others are involved in the progression of inflammation.
Integrins belong to the key molecules in various adhesion steps during extravasation and
transmigration. Many different integrins do exist, whereas 32 integrins are of importance

in endothelial and epithelial leukocyte transmigration.

2.1. B2 integrins

Integrins are transmembane glycoproteins consisting of two noncovalently linked a- and
B-chains, both are type 1 transmembrane proteins (Figure 1). Integrin a-chains consist of
a short carboxy-terminal (30-50 amino acids) cytoplasmic domain, a single
transmembrane domain and a large globular extracellular domain (700-1000 amino acids)
containing a bivalent cation binding site, usually binding calcium or magnesium. The two
subunits are held together by non-covalent interactions. In a simplified way the integrin
structure can be described as a large head on two legs, with the N-termini of both
subunits forming the head responsible for most ligand interactions and the legs formed by
the C-termini. Integrins are familiarized determining their B-subunit. 8 different B-
subunits and 19 different oi-subunits are known. Each sub-family, an individual B-chain,

may be associated with several types of a-chains. Not all theoretically possible



combinations occur. Up to now 24 different integrin combinations have been discovered

[4].
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32 integrins undergo a conformational change encompassing the phosphorylation of the
B-subunit but its contribution to function is not clear. The activation is controlled by the
GFFKR site immediately adjacent to the transmembrane domain of the alpha chain. The
GFFKR motif serves to lock the heterodimers into a low affinity conformation in the
absence of activating signals and is involved in a/B association [5]. Truncations,
mutations and deletions of the GFFKR motif in LFA-1 (CD11a/CD18) cause constitutive
ICAM-1 recognition. The I domain located in the third B sheet of the a-subunit mediates
most ligand binding sites. The N-terminus of the B-subunit posses an I-like domain.
Mutations in this region circumvent ligand binding, indicating its involvement in the
binding process. The I domain can adopt two different conformations, an open or
“active” and a closed or “inactive” structure [6]. At the top of the a subunit, a Mg®" ion is

ligated at a metal-ion-dependent adhesion site (MIDAS). The MIDAS is critical for



switching between the open and closed conformation, which regulate ligand binding. The
closed conformation appears in absence of ligand and the open conformation when the I
domain is bound to ligand. The MIDAS can alter two of the three loops that undergo a
conformational change. The coordination of the metal ion is altered too, which leads then
to a more electrophilic environment.

B2 integines are exclusively expressed on leukocytes and are heterodimeric proteins that
consist of a distinct a and a common f subunit. The genes of the o subunit of LFA-1
(CD11a/CD18, arf2) , Macl (CD11b/CD18, amPa, complement receptor 3 (CR3)) and
p150,95 (CD11c/CDI18, oaxP., complement receptor 4 (CR4) are clustered on
chromosome 16p11 (Corbi et al., 1988). The gene for the B subunit which is assessed
jointly is located on chromosome 21922 (Marlin et al, 1986). LFA-1 is expressed on all
leucocytes, whereas Mac-1 and p150 are expressed primarily on granulocytes, monocytes
and natural killer (NK) cells. The importance of P2 integrins in the immune and
inflammatory reaction is clearly shown in a disease which is called leukocyte adhesion
deficiency (LAD). Patients suffering from this disease lack a correct 32 subunit and often
have severe bacterial and fungal infections. Neutrophils in this rare inherited diseases fail

to migrate to inflammatory sites.

2.2. [32 integrin p150 (CD11c/CD18)

Functional antibodies raised against CD11¢/CD18 effectively block monocyte migration
and adherence to endothelial cells [7]. CD11¢/CD18 can be induced in promyeloblastic
leukemic cell line HL60 incubated with phorbol 12-myristate 13-acetate (PMA) for 48
hours, resulting in markedly increased mRNA levels, showing that its expression is
transcriptionally regulated and provoking a differentiation of HL60 cells along the
monocytic pathway [8]. P150 binds ligands through the inserted domain (I domain) of
the o subunit. Ligands include the complement factor fragment iC3b, fibrinogen and
intercellular adhesion molecule 1 (ICAM-1). Site directed mutagenesis of the I domain of
the o subunit resulted in an increased affinity up to 200—fold to 2.4 uM compared with
wild-type affinity of 400 uM [9]. P150, like other B2 integrins, is inactive in resting

leukocytes and can be activated after cellular stimulation. Stimulation is not uniform for



all B2 integrins, p150 is less sensitive to activation. However, 2 integrines are known to
be expressed on leukocytes such as granulocytes and monocytes, whereas pl150 in
particular has an expression distribution among monocytes, macrophages and CDS§

subset of dendritic cells [10].

2.3.  Leukocyte transmigration

Leukocyte (neutrophils and monocytes) transmigration is an event that must occur at the
site of infection as a necessary part of the primary defense mechanism, but excessive
accumulation of leukocytes leads to inflammation and tissue damage. Therefore,
leukocyte transmigration must be tightly controlled. It is a process that can be subdivided
in four steps: 1. leukocyte rolling 2. activation 3. arrest of rolling and adhesion to the
endothelial cell layer, and 4. transendothelial migration (Figure 2). Selectins, which
belong to a subgroup of CAMs, are responsible for rolling, the initial adhesion and
interaction between PMN and endothelium [11]. Antibodies raised against selectins are

not able to prevent transepithelial migration of PMN.
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Activation is mediated by chemoattractants, including chemokines and other molecules.
Binding of these chemoattractants results in a G-protein-mediated activation signal,
which causes a large increase in the affinity of the integrin molecules on the leukocyte
membrane. Intercellular adhesion molecule-1 (ICAM-1) is a binding partner located on
the apical side of the endothelium of PMA expressing LFA-1 and Mac-1. The increased
affinity of the integrin molecules causes the leukocyte to bind tightly to the ICAM-1

molecules on the surface of the endothelial cells (step 3 of leukocyte transmigration).

Adhesion Molecule PMN-Epithelium PMN-Endothelium
CD11a/CD18 (LFA-1) - +
CD11b/CD18 (Mac-1) + +
CD11c¢/CDI18 (p150) +/-? +/-?
CD11d/CD18 ? ?
CD47 + +
CD31(PECAM) + +
CD54 (ICAM-1) 2 +
CD62L (L-selectin) - +
CDG62E (E-selectin) - +
CD62P (P-selectin) - +
Other (carbohydrate-mediated) + +

Table 1. Contrasting adhesive interactions during neutrophil (PMN) transepithelial and
transendothelial migration

*Following cytokine stimulation or bacterial exposure, epithelia express CD54 (ICAM-1)
on the apical epithelial surface, where it may serve as a PMN adhesive receptor. Apical
compartmentalization of this receptor, however, precludes it from being used as a PMN

receptor during the process of transepithelial migration.

Table taken from Jaye & Parkos, 2000

Extravasation is the last step in the process of leukocyte endothelial transmigration.



As table 1 shows 2 integrins are of relevance for PMN migration across endothelia and
epithelia. PMN from leukocyte adhesion deficiency (LAD) patients, who lack (2
integrins, fail to migrate through endothelia [12]. Ex vivo molecules, antibodies and
chemoattractants can be tested to block epithelial and endothelial PMN transmigration in
a migration assay chamber system as described by Parkos and Jaye [13]. PMN move
across the epithelial cell layer from the basolateral epithelial membrane, through the
paracellular space, and finally they pass the tight junctions. Epithelial cell lines such as
T84 are grown to confluence on permeable filters with pores which allow PMN to
transmigrate to the other chamber. The system may be set up in an apical-to-basolateral
direction adding PMN to the upper chamber and chemoattractants to the lower chamber.
To study the physiological relevant migration, which is from the basolateral-to-apical
side, PMN have to be added into the lower chamber and chemoattractans into the upper
chamber.

Using such an approach as a model system, peptide-ligand binding receptors, which are
involved in endothelial and epithelial PMN transmigration, can be tested for

functionality, helps to elucidate the features of molecules contributing to PMN migration.

2.4. Intercellular adhesion molecules (ICAM)

ICAM’s normally function to promote intercellular adhesion and signalling. The N-
terminal domain of the receptor binds to the rhinovirus “canyon” surrounding the
icosahedral 5-fold axes, during the viral attachment process. ICAM family belongs to the
Ig superfamily and is therefore related to the family ig. Five different ICAMs are known,
designated as ICAM-1 to ICAM-5 and are known to bind leukocyte B2 integrins
(CD11/CD18) during inflammation and in immune responses. ICAMs are highly
glycosylated type 1 transmembrane proteins. In addition, ICAMs may exist in soluble
forms in human plasma, due to activation and proteolysis mechanisms at cell surfaces.
ICAM-1 (CD54) has a molecular weight of 57826 Daltons and contains five Ig-like
domains. It is expressed on leukocytes, endothelial and epithelial cells and is upregulated
in response to bacterial invasion. ICAM-1 is a ligand for lymphocyte-function associated
1 (LFA-1) antigens, fibrinogen [14], the major group of human rhinoviruses [15],
Plasmodium flaciparum [16], and also a receptor for B2 (CD11a/CD18 and



CDI11b/CD18). ICAM-1 has been suggested to be a counterreceptor for pl50
(CD11¢/CD18) [17].

,3 : :;‘\ Figure 3
f . 7 ‘-\}Q_ } A model for the ICAM-1 dimer on the cell surface. Domains 1
{\ ;n\ /4 /) and 2 and their orientation in the dimer are derived from the
N " crystal structure.
X 5\‘\_/ 5,7 (Figure taken from Casanovas et al.,1998[2])
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The first domain of ICAM-1 binds to LFA-1 and the second domain of ICAM-1 has a
role in maintaining the structure of the LFA-1 ligand-binding site in the first domain [18].
The binding sites of all of its other binding partners has been located in the first domain
and the binding sites were different or overlapping [18]. Domain 1 and 2 of ICAM-1

were crystallized and a model for an ICAM-1 dimer was suggested as shown in Figure 3

[2].

2.5.  Fibrinogen

Fibrinogen is a major blood plasma protein which is converted into fibrin to prevent
blood leaks from blood vessels [19]. Besides blood clotting, fibrinogen is involved in
additional functions such as platelet aggregation, leukocytes adhesion, and stimulation of
cytokine release in macrophages [20]. Fribrinogen can be cleaved into two types of
fragments by plasmin, which are called, fragment E and fragment D. Mac-1 and p150
bind to fragment D and fragment E, respectively. Fibriongen is a ligand for both Mac-1
(CD11b/CD18) and p150 (CD11¢/CD18). The two B2 integrins recognize different sites
of the fibrinogen molecule even though they have quite similar molecular structure. The

I-domain of p150 is the binding partner for fibrinogen.



2.6. Hairy cell leukemia

Hairy cell leukemia (HCL) is a malignant cancer disease in which tumor cells are found
in the blood and bone marrow. The disease is called hairy cell leukaemia because these
cancer cells look “hairy” when viewed under the microscope. HCL is a rather rare cancer
and was first described in 1958 as leukemic reticuloendotheliosis. About 600 new cases
are diagnosed every year in the United States that is about 2 % of the adult cases of
leukaemia each year. HCL specifically affects B-lymphocytes, which mature in the bone
marrow. When HCL develops, the B-lymphocytes become abnormal in the way they
appear (hairy) and in the way they act (proliferating without the normal control
mechanisms). HCL cells tend to accumulate in the spleen and express high levels of
p150 (CD11c¢/CD18). Therefore spleens from HCL patients are taken as source for the
purification ofp150 [21].

Patients suffering from HCL have limited production of normal white blood cells and
may have frequent infections. Infections of any kind are the major cause of death of HCL
patients. Some individuals with HCL have very few or no symptoms at all. There are
three possible treatments: splenectomy (removal of spleen), immunotherapy (interferon)
and chemotherapy. Most commonly used chemotherapeutic substances are purine
analogues, particulary pentstatin and cladribine. Most patients have relatively good
prognosis and life expectancy is 10 years or longer. The disease may remain silent for

years with treatment.

Source:  http://www.healthatoz.com/healthatoz/Atoz/ency/hairy cell leukemia.html

htttp://www.nlm.nih.gov/medlineplus/print/druginfo/medmaster/a692004.html
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2.7.  Phage-display

Phage display technology was first applied to display (name) proteins or peptides from
monoclonal antibodies on the surface of bacteriophage particles. The phage display
method was then improved and used as a tool for screening proteins or peptides displayed
on phage, a process called biopanning (Figure 4). Such peptide display libraries can be
screened for various properties of interest, including the ability to bind to purified target

molecules or specific target cells.

Biopanning: Affinity-Selection of Ligands
From Phage Display Libraries

Incubate with10" to 102 TU

of libraries that have 106 to
. 10" independent clones
Ligands
¥ Targets {Ligates)

— P4 s Figure 4

SelectiV ~ Schematic

representation of the

phage-display
method

- / Source:

'l' 'Eﬁf.’if.'ﬁé‘a?.’éi Elution http://www.niddk.ni

DNA extraction h.gov/fund/other/gen
e oproteo/wang.pdf

Phage display describes an in vitro selection technique in which a peptide or protein is
genetically fused to a coat protein of a bacteriophage. This physical linkage between the
displayed protein and the DNA encoding it allows screening of a huge number of
different protein, which are linked to its corresponding DNA. The first step of a
biopanning procedure is incubating the library (a pool of various phage) with the target
molecule immobilized on a surface. The unbound phage are then washed away.
Afterwards the bound phage can be eluted by low pH or specifically by ligands toward
the immobilized target or antibodies. The cluted phage are then amplified in E.coli and
reapplied to immobilized target molecule for a further round of selection. This procedure
results in an enrichment of specific phage binding the target molecules. After several
rounds of panning (usually 3-5) phage DNA is isolated, sequenced and individual clones

are analyzed.
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2.8. M13 phage

Several phage have been used for phage display expression, including the filamentous
phage M13, T7 and T4. M13 is probably the most widely-used system. These phage are
about 900 nm long and 9 nm wide and consist of only 5 different proteins (Figure 5).

The major coat protein is expressed by gene 8 (g8p) and there are approximately 3000
copies of this protein per phage, together with minor capsid proteins g3p, gép, g7p and
29p approximately 5 copies of each, which are located at the very end of the filmanentous
particle. The genome of M13 is 6.4 kbp long. To create M13 phage display libraries
mainly the gene coding for g3p and g8p are modified.

£3p (F" attachment protein,
5 copies)

A 26p

Y

Y’:!:-_;“

X

P

mimgmm
A

4
WA
M

e
XXX
i L

g8p (coat protein,
2700-3000 copies)

‘i"}

"’

Figure 5

)

o

STLELIAALY
YiVLY,
RAKAA

(Y
vo\

M13 bacteriophage
used for phage-display
screening

DNA

9

!'

L L

LIRS
RARA)

L[ Source: http://www-
micro.msb.le.ac.uk/22
4/Phages.html

2% g7p

In the present project, two different libraries were used. In library LL9 linear random
nonapeptides were fused to the N-terminal end of the g3p protein, whereas in library
CL10 two cysteins residues flanking the random decapeptides allowed circular display of
the peptides at the tip of the M13 phage [22]. The use of linear and circular libraries in
the screening for high affinity binding motifs has proven to be useful since the distinct

conformation of the peptide motif often is critical for binding specificity.
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Summary

Integrin p150 (CD11¢/CD18) is expressed at high levels in certain hematopoietic
malignancies and plays a role in leukocyte and cell matrix adhesion. However, its
physiological function is poorly characterized. Here we describe the identification of a
phage expressing a circular peptide with the sequence C-GRWSGWPADL-C that was
selected screening a phage display peptide library using purified p150. Phage bearing this
peptide showed 10°-fold higher binding to p150 than control phage.

The selected C-GRWSGWPADL-C phage failed to bind to purified Mac-1
(CD11b/CD18). It bound specifically to monocytes expressing pl50 but not to p150
negative lymphocytes. The synthetic circular peptide C-GRWSGWPADL-C bound to
purified p150 with a Kp of 20-50 uM but did not bind to Mac-1. The synthetic peptide
was unable to displace the phage from pl150, suggesting that multimeric display is
essential for high affinity binding of the phage. Neither Fibrinogen nor anti-p150
antibody 4G1 significantly reduced binding of C-GRWSGWPADL-C phage to p150,
indicating that this motif mediates binding to a novel and potentially functional site on
p150. This motif may be used as a marker, or for the development of delivery vectors

targeting p150 positive cells.
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Introduction

Leukocyte extravasation across the endothelium, followed by epithelial transmigration is
an essential process in inflammatory diseases. Various cellular signaling and adhesion
molecules, chemokines and other regulatory factors are involved in the progression of
inflammation. Integrins belong to the molecules playing a key role in various steps during
extravasation and transmigration. While circulating in blood or lymphatic vessels,
leukocytes are in a resting or low adhesive state. However, when stimulated by signals
from the immune system, integrins on the surface of leukocytes are activated. During
activation, integrins undergo a conformational change involving the I-domain, which is
part of the a-subunit [9]. In resting leukocytes, low affinity integrins are equally
distributed over the plasma membrane. Upon activation, integrins can bundle within
seconds and act locally as high affinity spots. Integrins consist of an o-subunit and a [3-
subunit, whereby many different combinations are known. B2 integrins are of relevance
for neutrophil migration across endothelia and epithelia. They have a common B-subunit,
CD18, but vary in their a-subunit [23]. LFA-1 (CD11a/CD18) is known to be involved
exclusively in neutrophil endothelial transmigration, whereas Mac-1 is of importance for
neutrophil and endothelial and epithelial transmigration [13].

To identify specific peptide ligands binding to various integrins, Ruoslahti and coworkers
applied phage-display to screen peptide libraries for ligands binding to purified integrins
as well as to intact cells expressing integrins [24]. These screenings often resulted in the
selection of peptide ligands containing the conserved RGD motif. The RGD motif
mediates binding to asp;, avps, ayBs, and oypPs integrins. Koivunen et al. [25] identified a
peptide LLG-C4 that mediated binding to B2 integrins. They showed inhibition of
leukocyte cell adhesion by adding the synthetic peptide LLG at a concentration of 1 mM.

In contrast to the well characterized Mac-1, little is known on the role of p150 in
leukocyte adhesion and in transmigration. p150 is expressed at high levels in certain
hematopoietic malignancies and plays a role in leukocyte and cell matrix adhesion. Here,
we describe a peptide ligand binding specifically to p150 but not Mac-1. This novel

ligand should be useful for the elucidation of the function of p150 in future experiments.
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Methods

Screening of phage display peptide libraries

In experiments 1, 2, 4 and 5, purified p150 was diluted in HANKS buffered salt solution,
pH 7.4, coated onto wells at 0.5 pg/well (polysorb 96-well microtiter plate, NUNC-
IMMUNO PLATE, Life Technologies, Merelbeke, Belgium) for 2 h at 37°C. Experiment
3 was conducted with purified Mac-1 bound to sepharose beads. Incubation was for 4 h at
4°C, followed by washing twice with incubation buffer and six times with HANKS
buffer containing 0.2% octylglucoside. Microtiter wells were washed with incubation
buffer (HANKS, pH 7.4, containing 0.1% heat inactivated BSA and 0.05%
octylglucoside) to remove unbound protein. Biopanning in microtiter wells was
performed in a total volume of 100 pl and panning on beads in 1 ml, containing 10"
transducing units (TU) of library CL10 displaying random decapeptides with a structural
constraint imposed by a disulfide bond between two cysteins residues flanking the
variable region, or library LL9, displaying linear random nonapeptides [22]. In
experiment 1 and 3 bound phage were eluted with 100 pl of 20 mM sodium EDTA, pH
7,4; in experiment 2 elution was by adding 0.2 pg of anti Mac-1 antibody CBRM1/29;
and in biopanning 4 and 5 bound phage were eluted with 0.9% NaCl, 100 mM glycine,
pH 2.2, followed by neutralization of the pH by adding 100 pl of 200 mM sodium
bicarbonate, pH 7.4. Eluted phage were amplified in K91 Escherichia coli as described
[26] An aliquot of 10'® TU was reapplied in a subsequent round of panning. After the
fourth or fifth round of panning, single-strand DNA was prepared from individual phage
clones and the unique nucleotide region of the plII protein encoding the random peptide

was sequenced using the oligonucleotide primer 5> GTTTTGTCGTCTTTCCAGACG 3°.

Phage binding assay

Purified p150 (0.5 pg/well) or Macl (5 pg/well) were coated onto microtiter wells as
described above. Integrins were incubated with 10° TU of the corresponding phage for 4
h at 4°C. After extensive washing with HANKS buffer, pH 7.4, containing 0.05%
octylglucoside, bound phage were eluted with 100 pul of 0.9% NaCl, 100 mM glycine, pH

2.2, followed by neutralization of pH as described above. Phage titer was determined by
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plaque assay as described earlier [27]. Data are presented as mean =+ SD and were

obtained from four independent experiments.

Competition assay

Purified p150 (0.5 pg/well) was coated as described above and pre-incubated for 10 min
at 25°C with various concentrations of fibrinogen, ranging from 100 pM to 1 mM, or
with various concentrations of synthetic C-GRWSGWPADL-C, ranging from 100 pM to
100 uM. Phage (10°® TU) were then added, followed by incubation for 2 h at 4°C. After
extensive washing with HANKS, pH 7.4, containing 0.05% octylglucoside, bound phage
were eluted as described above and phage titer was determined by plaque assay. Data

were obtained from three independent experiments. Data are given as mean + SD.

Surface Plasmon Resonance

All BIAcore experiments were performed on CMS5 chips with continuous flow of
HANKS, pH 7.4, containing 1% octylglucoside. The surface of a CM5 chip was activated
by injecting 50 pl of N-hydroxylsuccinimide/N-hydroxylsuccinimide (NHS) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) with a flow of 5 pl/min, resulting in a
baseline of approximately 13000 RU. The activated chip was then coated with 80 ul of a
solution containing 500 ng of purified p150 in 50 mM potassium acetate, pH 5.0, 2 mM
MgCly, 2 mM CaCl,, and 1% octylglucoside, by injection with a flow of 5 pl/min, giving
a typical signal increase of about 5000 RU. Excess reactive groups were deactivated by
injecting 30 ul of 1 M ethanolamine, pH 9.0, within 6 min. In a typical BIAcore
experiment, various concentrations of ligands were analyzed with a flow of 5 pl/min,
giving an association and dissociation time of 2 min each, followed by injection of TAE
wash buffer (Tris 50 mM, EDTA 0.1 M, pH 11.5). Analyzed ligands were diluted in
HANKS buffer, pH 7.4, containing 1% octylglucoside. The interacting proteins were
released from p150 on the CMS5 chip by washing with buffer TAE, containing 1%
octylglucoside.

The data analysis was performed by using the BlAevaluation version 3.1 software

(BIAcore). All analyzed interactions were assumed to follow pseudo-first order kinetics.
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The calculated association (k,) and dissociation (kq) rates were derived by fitting the

biosensor curves. Kp was calculated from the relation Kp = kg/Ka.

Fluorescence-activated cell sorting (FACS)

Human mononuclear blood cells were isolated from healthy volunteers and flow
cytometric immunophenotyping was performed essentially as described [28], [29]. Cells
were analyzed on a FACSort cytometer (Beckton Dickinson, San Jose, CA). At least
10,000 events were measured. Data acquisition and analysis were accomplished using
Cellquest software, version 3.1 (Beckton Dickinson, San Jose, CA). Standard criteria
were used for placing gates on different hematopoietic cell populations.

MI13 phage was detected using anti-M13-biotin antibody (Serotec Inc, Raleigh, North
Carolina) and streptavidin- PE antibody (Jackson Laboratories, Bar Harbor, Maine). P150
was detected with mouse monoclonal anti-p150 antibody 4G1 [21] and Alexa-488 anti-
mouse IgG antibody.
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Results

Selection of phage binding to Mac-1 and p150

In a search for peptide ligands binding specifically to B2 integrin p150 (CD11¢/CD18) or
Mac-1 (CD11b/CD18), the circular decapeptide library CL10 and the linear nonapeptide
library LL9 were screened using purified integrins. Biopannings were performed using
either purified integrins coated onto polysorb microtiter wells or, alternatiely, on
sepharose beads. After the fourth or fifth round of panning several phage were sequenced
(Table I). Panning on Mac-1, performed on polysorb strips screening library LL9, yielded
phage expressing peptides with the consensus sequence MDKXH. Phage MDNGTKRRL
and RIFSDKHPP have an incomplete motif. The sequence of the peptide displayed by
eight individual phage was determined. Elution was with 20 mM EDTA. In similar
pannings using circular library CL10, phage bearing peptides with the MDKXH motif
were absent (not shown). From a panning performed on Mac-1 using the circular library
CL10, phage with a consensus motif WRS were selected. Surprisingly, among the eight
phage analyzed from this panning, one phage with an inverted WRS motif (C-
WTAPGSRWEV-C ) was selected. In this biopanning experiment phage were eluted with
antibody CBRM1/29, a partial blocker of Mac-1. In addition, we performed pannings
with Mac-1 coated to beads. Two independent experiments yielded, phage expressing
two different sequences, the linear nonapeptide AHKSARKTE or WSYWETVAK.
Elution of the phage was with 5 mM EDTA. In the first panning 9 of 10 phage had the
same sequence AHKSARKTE, whereby the nucleotide sequence was identical,
indicating that they were derived from one original phage clone.

Two independent pannings performed with coated p150 using the circular library CL10
yielded exclusively phage with the sequence C-GRWSGWPADL-C. The phage were
eluted with low pH. Sequencing phage after the fourth round of panning did not yield C-
GRWSGWPADL-C phage or phage containing a partial motif. A second panning
experiment with circular library CL10 and p150 yielded 5 out of 10 sequenced phage
displaying the circular peptide C-HKGHDRGKK-C.

19



Circular phage C-GRWSGWPADL-C binds specifically to p150

To assess the specificity of the selected phage, we incubated Mac 1 (Figure 1A) and p150
(Figure 1B) with purified selected phage. Selection on Mac-1 did not lead to the
identification of a high affinity binding phage. None of the phage selected on Mac-1
bound significantly better to Macl than control phage F2. Phage C-GRWSGWPADL-C,
selected on pl150, showed about a ten-fold higher binding to Mac-1 compared with
control phage F2, which displayes two random amino acids (RV). The same set of phage
was tested to bind to p150. None of the selected phage showed significant binding to
p150 except phage C-GRWSGWPADL-C, which showed approximately 5000 fold
higher binding to p150 than the control phage. Phage C-HKGHDRGKK-C, which is a
peptide selected from an independent panning on p150 did not show specific binding to
p150. Binding of phage C-GRWSGWPADL-C to uncoated wells (No) was not
detectable.

Synthetic peptide C-GRWSGWPADL-C and fibrinogen could not compete for
binding of C-GRWSGWPADL-C phage to p150

We further investigated binding of circular phage C-GRWSGWPADL-C to pl150.
Fibrinogen is a known ligand for p150; thus, in a competition assay binding of C-
GRWSGWPADL-C phage was analyzed in the presence of various concentrations of
fibrinogen. P150 was preincubated with fibrinogen, ranging from 1 pM to 1 mM. After
10 min, C-GRWSGWPADL-C phage or F2 control phage were added. Fibrinogen did not
affect C-GRWSGWPADL-C phage binding at any concentration. The increased binding
of C-GRWSGWPADL-C phage and F2 control phage observed at high concentrations of
fibrinogen (>100 puM) may be due to unspecific binding at high total protein
concentrations. Binding of control phage was several orders of magnitude lower at all

fibrinogen concentrations than binding of C-GRWSGWPADL-C phage.

Synthetic peptide C-GRWSGWPADL-C binds to p150

Binding of synthetic peptide C-GRWSGWPADL-C to pl150 was measured by surface
plasmon resonance. The CMS5 chip surfaces were coated with purified p150 followed by a

constant flow with a solution containing synthetic peptide C-GRWSGWPADL-C (1,332
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kDa). Peptide C-GRWSGWPADL-C bound to p150, resulting in an association phase
and a dissociation phase (Figure 3 B), whereas the control BSA and the circular control
peptide C-ELRGDMAAL-C did not bind to p150 (data not shown). A Kp of 20 to 50 uM
was obtained for peptide C-GRWSGWPADL-C. We next analyzed binding of fibrinogen
(340 kDa) to immobilized p150. Binding of fibrinogen to p150 resulted in a typical
receptor — ligand binding curve, with an association, saturation and dissociation phase. A
Kp of 20 nM was determined for fibrinogen. In contrast to the rather weak signal
obtained with the small peptide C-GRWSGWPADL-C binding of fibrinogen, which is
about 250 times higher, resulted in a more pronounced interaction signal. Binding of
peptide C-GRWSGWPADL-C to p150 was specific since no signal was detected when

Mac-1 protein was coated onto the surface plasmon resonance chip.

Circular peptide C-GRWSGWPADL-C could not be coated onto the CM5 chip because
of lack of an amine group for immobilization. Also C-GRWSGWPADL-C phage did not
result in a typical binding phase with association and dissociation, when applied on p150

coated on the CMS5 chip.

C-GRWSGWPADL-C phage binds specifically to monocytes

Monocytes and a subset of lymphocytes, NK-like, express high levels of p150. Binding
of C-GRWSGWPADL-C phage to these cell types was tested by Fluorescence
Associated Cell Sorting (FACS). As shown in Figure 4, monocytes and a small subset of
lymphocytes shift with C-GRWSGWPADL-C phage, consistent with the known pattern
of p150 expression and indicating that C-GRWSGWPADL-C phage binds to pl150
positive cells. In contrast, the main population of lymphocytes, which do not
expressp150, were not shifted by C-GRWSGWPADL-C phage. We next tested whether
synthetic C-GRWSGWPADL-C peptide inhibits C-GRWSGWPADL-C phage binding to
monocytes and the NK-like subset of lymphocytes. Neither 1 mM of peptide C-
GRWSGWPADL-C nor 1 mM of control peptide inhibited binding of C-
GRWSGWPADL-C phage, indicated by the similar pattern obtained for the control in
absence of peptide C-GRWSGWPADL-C (not shown). Mean fluorescent intensities were
not statistically different. Anti-CD11c antibody 4G1, known as a partial functional
blocker of p150, was tested in FACS analysis to inhibit C-GRWSGWPADL-C phage

21



binding (Figure 5). Antibody 4Gl failed to inhibit C-GRWSGWPADL-C phage binding
to both cell types tested in comparison to a control incubation with anti-CD14 antibody
(Figure 5A and B). Simultaneous staining of antibody 4G1 and C-GRWSGWPADL-C
phage (Figure 5C) or of control anti-CD14 antibody and C-GRWSGWPADL-C phage
(Figure 5D) shows that binding of C-GRWSGWPADL-C phage and anti p150 antibody
4G1 is directly proportional. Anti-CD14 antibody binds exclusively to monocytes.
Comparison with the binding of C-GRWSGWPADL-C phage indicate that the findings
in Figure 5C are not merely due to inadequate compensation. These results suggest that
phage C-GRWSGWPADL-C and antibody 4G1 bind to non-overlapping sites on the

same cell.
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Discussion

Here we describe the selection of a highly specific peptide ligand for the leukocyte 32
integrin p150 (CDI11¢/CD18) using the phage-display screening method. Phage
displaying circular peptide C-GRWSGWPADL-C bound with high affinity to purified
p150 but failed to bind to purified Mac-1 (CD11b/CD18). We have further shown that
this phage specifically mediated binding to monocytes known to express high levels of
p150 but not to lymphocytes not expressing p150.

P150 and Mac-1 both possess a common [ subunit (CD18) but a different o-subunit,
which is about 63% identical in its amino acid sequence [21]. The specific binding of C-
GRWSGWPADL-C phage to p150 suggests binding to the CD11c a-subunit of p150.
Our results indicate that the multimeric display of the five copies of C-GRWSGWPADL-
C peptide attached to the plll protein at the tip of the phage are critical for high affinity
binding to p150 since the synthetic peptide C-GRWSGWPADL-C was unable to displace
C-GRWSGWPADL-C phage from purified p150 or from monocytes expressing high
levels of p150. The reason for this is not clear, it may be due to differences in the
conformation of the peptide ligand when expressed on the phage surface compared to the
free peptide in solution or, alternatively, this effect may be explained by the high local
concentration of the peptide when five copies are displayed at the tip of the phage.
Assuming that the five copies of the peptide are located in a volume of about (10 nm’),
the local concentration of the peptide at the tip of the phage may reach up to 10 mM,
exceeding the concentration of the applied monomeric synthetic peptide (100 uM) by a
factor 100. In surface plasmon resonance experiments the synthetic peptide C-
GRWSGWPADL-C bound specifically to purified p150 with a Kp of 20 to 50 uM. Since
the multimeric display of the C-GRWSGWPADL-C peptide seems to be critical for high
affinity binding, the C-GRWSGWPADL-C peptide might be displayed on dendrimers or
inserted in liposomes in future experiments investigating the physiological effect of this
peptide motif. Binding of C-GRWSGWPADL-C phage to p150 could not be assessed by
surface plasmon resonance. The size of the phage might be too large (900nm) to fully
protrude in to the diffusion area of the chip and allow binding to the coated p150. The

surface plasmon resonance RU amplitude obtained with fibrinogen (340 kDa) was much
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more intense than that of the, C-GRWSGWPADL-C peptide (1.332 kDa), due to the high
size difference. The high affinity synthetic binding of fibrinogen with a Kp of 20 nM
demonstrates that the p150 coated on the chip was in a functionally active conformation.
Vorup-Jensen et al. [9] reported a Kp of 400 uM of the p150 ligand iC3b in a surface
plasmon resonance protein interaction experiment. A mutation which caused a
conformational change in the [-domain C-terminal helix, increased the affinity up to 200-
fold.

Biopanning using Mac-1 did not yield any peptide motif that mediated significantly
increased binding to Mac-1. Phage bearing the MDKXH or WRS motif had low affinity
for Mac-1 and did not distinguish between Mac-1 and p150 did not observe any phage
bearing the LLG motif described by Koivunen et al. Whether this is due to the different
constraint by the CX;C and CXoC library used by the present study remains to be
investigated. Mac-1 and pl150 are the main receptors for fibrinogen expressed on
neutrophils, monocytes, macrophages and several subsets of lymphocytes. Despite of the
high similarity between Mac-1 and p150, they recognize different regions of fibrinogen.
The CDI11c¢ I-domain binds fibrinogen, whereby the binding is dependent on divalent
cations (Sang-Uk Nham, 1999). Our experiments indicate that fibrinogen and C-
GRWSGWPADL-C phage bind to different epitopes on pl150 since fibrinogen was not
able to prevent binding of C-GRWSGWPADL-C phage binding to purified p150.
Antibody 4G1, a partial blocker of p150 function and recognizing the a.-subunit (CD11c¢)
and did not inhibit C-GRWSGWPADL-C phage binding. Binding experiments by
Stacker and Springer [21] with chimeric molecules of CD11b and CD11c located the 4G1
binding site on CD11c of p150 between the third divalent cation binding domain and the
C-terminus. This experiment suggests that the region downstream from I-domain of
CDl1c has functional properties as well. The simultaneous detection of the binding of C-
GRWSGWPADL-C phage and antibody 4G1 to monocytes expressing p150 suggests that
they bind to independent sites on p150. In addition, the FACS experiments demonstrate
that C-GRWSGWPADL-C phage recognizes an epitope which is accessible under native
conditions.

ICAM-1 is a rather poorly characterized ligand to p150 (Diamond, 1993), and neither the
p150 nor the ICAM-1 sites involved in the binding are known. Alignment of the peptide
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sequence with that of ICAM-1 reveals a highly homologous motif in ICAM-1 (CD54)
upstream of its fifth IG domain, a region for which no binding properties have been
described so far (Figure 6). Four of six amino acids are identical. Amino acids that are
different have similar side chains, e.g. serine and threonine (OH) or asparagines and
arginine (NH;), respectively. Based on the sequence comparison we hypothesize a
disulfide bridge between cysteine 403 and cysteine 419 that would allow a phage-like
circular display of the sequence in ICAM-I1. Interestingly, the SwissProt database
predicts a disulfidebridge between cysteine 419 and cysteine 457 suggested by similarity
analysis. Domain one and partially domain two of ICAM-1 are responsible for binding to
LFA1 (CD11a/CD18) (Staneley, 2000). Koivunen et al. [25] successfully selected a
phage displaying a peptide with the motif LLG from a panning performed on Mac-1.
LLG is part of the sequence of the IG domain one of ICAM-1 and of von Willebrand
factor. Domain one and two of ICAM-1 were crystallized. In agreement with
dimerization of ICAM-1 on the cell surface, a dimer model was postulated (Casasnovas,
1998), allowing dimeric display of the GNWTWP motif. This supports our hypothesis
that multimeric display of the motif is essential for high affinity binding. Based on the
present findings, we propose that ICAM-1 interacts with p150 via the motif located right
upstream of the start of the fifth IG domain. Clearly, further experiments have to be
performed to elucidate whether this is indeed the binding epitope.

In conclusion, we have identified a peptide ligand, C-GRWSGWPADL-C binding
specifically with high affinity to B2 integrin p150. Binding of C-GRWSGWPADL-C is
not interfering with binding of antibody 4G1 or fibrinogen. The similarity of the peptide
sequence of this motif with residues GNWTWP in ICAM-1 suggests that this sequence in
ICAM-1 mediates interaction with p150. In future experiments, the potential role of
residues GNWTWP in ICAM-1 for interaction with p150 should be investigated. The
corresponding interacting motif or a multimeric display of peptide C-GRWSGWPADL-C
may serve as potential PMN migration blockers. ICAM-1 is known to play a crucial role
in neutrophil (PMN) transendothelial migration as well as in transepithelial
transmigration after cytokine stimulation or bacterial exposure (Jaye and Parkos, 2000).
Moreover, a multimeric display of peptide C-GRWSGWPADL-C could prove useful for

the development of vectors targeting p150 in monocytes or leukocytes from patients
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suffering from Hairy Cell Leukemia (HCL) express high levels of p150. Peptide ligands
can be used to target p150 positive cells. C-GRWSGWPADL-C might also be helpful to
study the function of p150 as well as of ICAM-1.
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Figure legends

Figurel

Binding of selected phage relative to control phage F2 to purified Mac-1 (A) and p150
(B). Purified integrins coated to polysorb strips were incubated with 10® transducing units
(TU) of various purified phage (see Table I). After intense washing, phage were eluted
with low pH. Recovered phage were titered. A negative control showing binding of C-
GRWSGWPADL-C phage to polysob strips in the absence of integrins is indicated by
No. Binding of F2 control phage was normalized to 1. Data represent mean + SD of the
number of phage plaques on lawns of bacterial cells, determined from three independent

experiments.

Figure 2

Binding of purified C-GRWSGWPADL-C phage to p150 in the presence of various
concentration of Fibrinogen. @ C-GRWSGWPADL-C phage O unspecific phage.

Wells coated with p150 were blocked with heat inactivated BSA to prevent unspecific
binding and incubated with various concentrations of fibrinogen for 10 min. C-
GRWSGWPADL-C phage (10° TU) was then added, followed by incubation for 2 hours.

After extensive washing phage were eluted with low pH and titered.

Figure 3

Binding of fibrinogen (A) and synthetic peptide C-GRWSGWPADL-C (B) to purified
p150 measured with Surface Plasmon Resonance. P150 was coated on a CMS5 BlAcore
chip. Various concentrations of fibrinogen and synthetic peptide C-GRWSGWPADL-C
were applied. A curve indicating typical receptor-ligand binding was observed. A Ky, for
fibrinogen of 20 nM and for synthetic peptide C-GRWSGWPADL-C of 20-50 uM was

calculated using BIAevalutaion software.
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Figure 4

Pattern of binding of C-GRWSGWPADL-C phage and control phage to monocytes and
lymphocytes. Monocytes M and lymphocytes ® were isolated from healthy volunteers
and binding of control phage (A) and C-GRWSGWPADL-C phage (B) was analyzed in
flow cytometric analyses. Cell bound phage were detected with biotinylated anti-M13
phage antibody followed by secondary antibody PE-streptavidin.

Figure 5

C-GRWSGWPADL-C phage binding to monocytes M and subset of lymphocytes B was
investigated in the presence of antibody 4Gl (A) a functional blocker for p150, and
control antibody anti-CD14 (B). Simultaneous incubation of antibody 4Gl and C-
GRWSGWPADL-C phage (C) or control antibody anti-CD14 and C-GRWSGWPADL-C
phage (D).

Figure 6

Alignment of C-GRWSGWPADL-C phage and human ICAM-1 (amino acid 361 - 479).
N412 indicates the begin of the fifth domain of ICAM-1. Suggested disulfide bridge
between C419 and C457 by SwissProt. Based on the similarity to the sequence of the C-
GRWSGWPADL-C phage, we postulate a disulfide bridge between C403 and C419

which would allow a circular display of the clasped sequence similar to that in the phage.
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Table 1

Phage selected from pannings on Mac-1(A)and pl150(B)

A) Expl Bl: MDKTHEVNE linear LLS EDTA
B2: KQYGMDKILH linear LL9 EDTA
B3: MDNGTKRRL linear LLS EDTA
B4: RIFSDKHPP linear LLS EDTA
Exp2 E4: OGGEWRSKAK circular CL10 CBRM1/29
E5: TGQLAWRSRD circular CL10 CBRM1/29
E6: KHDWQSPFGE circular CL10 CBRM1/29
Exp3 AHK: AHKSARKTE linear LLS9* EDTA
W2: WSYWETVAK linear LLY9* EDTA
B) Exp4 N1l: GRWSGWPADL circular CL10 low pH
Exp5 P8: HKGHDRGKKR circular CL10 low pH

The linear nonapeptide phage-display library LL9 and the circular decapeptide
library CL10 were screened on purified Macl (A) or purified p150 (B) as
described under “Materials and Methods”. Individual phage clones were selected
after 4 or 5 rounds of panning and the sequence of the displayed peptide was
determined.
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Selection of peptide ligands binding to the basolateral cell sur-
face of proximal convoluted tubules.

Background. Recently, we have reported a novel approach of
screening phage-display peptide libraries on microdissected in-
tact renal tubular segments and identified an RGD-containing
peptide ligand that specifically binds to the basolateral membrane
of cortical collecting ducts (CCD). However, screening phage
libraries on proximal convoluted tubules (PCT) did not yield a
tubule segment-specificligand. Here, we describe the successful
modification of our previously developed phage-display approach
and the identification of two distinct ligands that bind specifically
to receptors expressed at the basolateral membrane of PCT.

Methods. Exvivo screening of phage-display peptide librar-
ies for specific ligands was adapted for PCT. The previously
developed method was significantly extended by applyingit toa
distinect tubular segment, varying the number of rounds of bio-
panning and incubating phage libraries with absorber cells prior
to biopanning. Binding specificity and cellular localization of
selected peptide-displaying phage or the corresponding syn-
thetic peptide were analyzed using various epithelial cell lines
aswell as competition assays and confocal immunofluorescence
microscopy.

Results. Screening phage-display peptide libraries, depleted
of ligands binding to ubiquitously expressed receptors by pre-
incubation with HEK-293 cells, led to the identification of two
PCT-specificligands. Phage expressing peptides with the consen-
sus sequence GV(K/RYGX:(T/S) or RDXR mediated 15-fold
and 13-fold higher binding to PCT than control phage, and bind-
ing to PCT was 13-fold and 21-fold higher than binding to CCD,
respectively. Neither phage mediated significant binding to var-
ious epithelial cell lines, and binding of both ligands was abol-
ished by the addition of the corresponding synthetic peptide.
Immunofluorescence experiments revealed a submembrane lo-
calization of both ligands upon incubation with PCT.

Conclusions. BExploiting the versatility of phage-display and
biopanning allowed the identification of two distinct peptide li-
gands that bind specifically to the basolateral membrane of
PCT. Tubule segment-specific ligands, such as the described
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Received for publication May 17, 2001
and in revised form July 9, 2001
Accepted for publication August 27, 2001

@ 2002 by the International Society of Nephrology

342

PCT ligands, may be useful for the analysis of cell-extracellular
matrix interactions and may contribute to the development of
new therapeutic strategies for renal discases.

Proximal tubules express numerous transporters, chan-
nels, and receptors at the luminal and basolateral mem-
brane for the reabsorption of electrolytes, water, amino
acids and substances like glucose from the tubular fluid.
While many investigators have studied the expression of
apically located membrane proteins in proximal tubules
[1], little is known about basolateral epithelial markers
and their ligands in this segment. Since the expression
of cell surface receptors may be significantly altered upon
culturing of cells [2, 3], a native system for the identifica-
tion of kidney tubule-specific ligands is advantageous.

Recently, we described the screening of phage-display
peptide libraries ex vivo on microdissected intact renal
tubular segments [4]. This approach allowed the identi-
fication and characterization of a ligand that binds spe-
cifically to cortical collecting duct (CCD), whereas pep-
tides selected from proximal convoluted tubule (PCT)
were not tubule segment-specific. Here, we report the
successful selection of two ligands that mediate preferen-
tial binding to PCT after biopanning phage-display pep-
tide libraries that were pretreated with absorber cells to
remove unspecific phage.

METHODS

Sprague-Dawley rat kidneys were perfused in situ
via the abdominal aorta, and tubular segments were iso-
lated by microdissection as described recently [4], with
minor modifications. The slightly modified perfusion so-
lution contained 120 mmol/L. NaCl, 5 mmol/L. KCl, 0.25
mmol/L CaCly, 1 mmol/L MgSQ,, 0.2 mmol/L Na,HFPO,,
0.15 mmol/L. NaH,PQ,, 5 mmol/L glucose, 2 mmol/L.
lactate, 1 mmol/L pyruvate, 4 mmol/L essential and non-
essential amino acids, 20 mmol/L. HEPES, pH 7.4, and
the osmolarity was adjusted to 400 mOsm/kg by the
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addition of mannitol. The left kidney was treated with
perfusion solution containing 3.0 mg/mL (0.9 U/mg) of
collagenase Clostridium histolyticum (Serva, Heidel-
berg, Germany). For the removal of endothelial cells
and extracellular matrix, small cortical pieces were incu-
bated in perfusion solution containing 0.65 mg/ml. colla-
genase for approximately 45 minutes at 31°C, and PCT
and CCD were microdissected in aerated perfusion
buffer containing 0.25 mmol/L CaCl; and 1 mg/mlL bo-
vine serum albumin (BSA) at 0°C to 4°C. Intact nephron
segments of a total length of 25 or 50 mm, corresponding
to approximately 7500 and 15000 cells, respectively, were
subjected to incubation with phage or synthetic peptides
as described below.

Microdissected intact PCT of a total length of 50 mm
(15,000 cells) were preincubated in 200 pl. of phage in-
cubation buffer (perfusion solution containing 1% BSA
and 100 pmol/L chloroquine) for 15 minutes at 37°C.
Tubules were then incubated for 40 minutes at 37°C with
10" plaque forming units ( PFU ) of phage from the linear
random nonapeptide library LL9 or the circular random
decapeptide library CL10 in a first set of biopanning
experiments or from depleted LL9 libraries (discussed
later in this article in a second set of experiments). The
ratio of phage per cell was 6.7 % 10°. Unbound phage was
removed by extensive washing, followed by an acid wash
and neutralization with perfusion solution. PCT-asso-
ciated phages were then recovered and amplified as de-
scribed previously [4]. In subsequent rounds of biopan-
ning, 10" PFU of purified selected phage were reapplied
to freshly isolated PCT (50 mm, 15,000 cells), and af-
ter three or four rounds individual phage clones were
isolated and the sequences of the expressed peptides
determined.

In an attempt to deplete library LL9 [3, 6] of phage
binding to various types of renal tubular segments, two
different conditions were chosen. In one set of experi-
ments, 10" PFU of phage from library LL9 were incu-
bated with CCD (50 mm, 15,000 cells) for 30 minutes at
37°C, followed by centrifugation of the tubules at 150 x
g for three minutes. The ratio of phage per CCD cell
was 6.7 % 10°, Subsequently, the supernatant containing
the unbound phage was incubated with isolated PCT,
and PCT-binding phage were isolated as described above.
This procedure of depleting the phage pool on CCD and
selection of phage binding to PCT was repeated four
times, followed by analysis of individual phage clones.
In a second set of experiments, the depletion of library
LL9 was performed with HIEK-293 cells. Upon incuba-
tion of 101" PFU of phage with 5 < 10° HEK-293 cells
(ratio of 2 »x 10° phage/cell), unbound phage were sepa-
rated from the cells by filtration through 0.45 pmol/L
pore size filters (Millipore, Bedford, MA, USA).

Phage-binding to isolated tubules was quantitated ac-
cording to the selection procedure described above by

incubating tubules (25 mm) at 37°C for 40 minutes with
10" PFU of an individual phage clone. In competition
experiments, the selected phage and various concentra-
tions of its corresponding synthetic peptide or a random
control peptide with the sequence PSRHIPPQL were in-
cubated simultaneously with tubule segments. After acid
wash, cell-associated phages were recovered and quanti-
tated by plague assay.

The binding specificity of selected PCT-binding ligands
was assessed by simultaneous incubation of 10" PFU of
an individual phage clone with either 10° cells of different
epithelial origin (MDCK-II, kidney CCD origin; MCF-7,
breast; SUT, lung; SW-620, intestine; HELA, cervix;,
LLCPK-1, kidney PCT origin; rat GMC, kidney glomeru-
lar origin) or the corresponding synthetic peptide (Macro-
molecular Resources, Fort Collins, CO, USA) at various
concentrations (Fig. 1). After extensive washing, cell-asso-
ciated phage was determined as described above.

For intracellular localization of peptides, microdis-
sected PCT (25 mm) were preincubated in phage incuba-
tion buffer (perfusion solution containing 1% BSA and
100 pmol/L chloroquine) for 15 minutes at 37°C prior
to the addition of 10 pmol/L of synthetic biotinylated
peptide and incubation for one hour at 37°C. Reactions
were terminated by adding ice-cold phage incubation
buffer, followed by the removal of unbound peptides by
extensive washing and acidic wash. The pelleted PCT
were taken up in 100 pl. of microdissection buffer, sub-
jected to cytospin centrifugation at 100 X g for three min-
utes onto glass cover slides and fixed with 4% parafcrmal-
dehyde supplemented with 4% sucrose in 100 mmol/L
sodium phosphate buffer, pH 7.4, for 10 minutes at 25°C.,
Immunostaining and analysis by confocal microscopy
were performed as described previously [4], whereby
the Na/HCQO, cotransporter was detected with a rabbit
polyclonal antibody (Chemicon, Temecula, CA, USA)
and ALEXA-594-conjugated goat anti-rabbit Ig(, and
synthetic peptides were visualized using fluorescein-con-
jugated mouse monoclonal anti-biotin antibody (Molec-
ular Probes, Leiden, The Netherlands).

Statistical analysis of phage binding specificity was per-
formed using the Wilcoxon signed rank test. A P value
less than 0.05 was considered as statistically significant.

RESULTS

Screening phage display peptide libraries for
PCT-binding ligands

In a previous screening of phage-display libraries, four
rounds of selection on isolated PCT yielded phage-
expressing peptides of the consensus sequence KX;TNIHP,
which were not tubule segment-specific. Due to the com-
petitive nature of biopanning, ligands binding to recep-
tors with lower expression levels or ligands with lower
affinity may have been lost after four rounds of selection.
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Fig. 1. Analysis of phage-binding specificity.
(A) Ratios of phage binding to proximal con-
voluted tubule (PCT) versus cortical collect-
ing duct (CCD) (PCT/CCD, W) and of phage
binding versus control to PCT [PCT (specific
phage)/PCT (control phage); (I]. (B) Inhibi-
tion of PCT binding of GV-phage byarandom
control peptide (A) or bythe synthetic peptide
GVKGVQGTL (O), and inhibition of PCT
binding of RD-phage by a random control pep-
tide (A) or by the synthetic peptide GMRD
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Therefore, in the present study, individual phage clones
were analyzed after three rounds of selection on PCT.
Phage expressing the consensus sequence KX, FX(E/D)
VW were recovered from panning the linear library L19

HRMTT (M) was determined. Data represent
mean * SE of the number of phage plaques
(A) or of phage binding (PFU X 10¢) per cm
of tubule (B) from three to five independent
experiments.

in addition to the motif KX;TNHP (Table 1). Three
rounds of biopanning the circular library CL10 yvielded
the circular motif C-X,(T/S)ISWLXEWL-C (Table 1),
which mediated 30-fold higher binding to PCT than con-
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Table 1. Peptides selected from microdissected proximal convoluted tubules (PCT)
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Type of library N of identical
N of biopanning rounds Selected sequence sequences
Linear Library L19 KMGGTNHPE @)
(3 rounds, 12 clones were sequenced) KSAVTNHGT 2)
HLNHPMSTM (1)
Consensus KXXXTNHP
KYKFEEVWR “)*
EMAFQDVWM @)
KSGENEVWP )
Consensus KXXFX(E/D)VW
Constrained Library CL10 CEKDTSWLGEWLC 4=
(3 rounds, 8 clones were sequenced) CEESSWLAEWLC 2)
CLLTSFLGEVYC (1)
CLISQRHVASSC (1)
Consensus C{T/5)SWL(A/G)EWLC
Linear Library LL9 MGSHIEFGG (*
Depleted on CCD TGSFGVAGS 2)
(4 rounds, 12 clones were sequenced) GOMVSQGSK (1)
GGMGEHGSS (1)
Consensus G(G/S)XEXHG(G/3)
Linear Library LL9 GVEGVQGTL (3)*
Depleted on HEK-293 HGVRGNLIS )
(4 rounds, 16 clones were sequenced) GVRGQLATF 1
Consensus GV(K/RIGXXX(T/S)
GMREDHRMTT (@)*
ETMQRDVEA @)
TROFRD TWA (1)
STRDRGET (1)
HLNMWRD GG (1)
GOATEDTAON (1)
Consensus RDXR

Alignment of phage-displayed peptides isolated from screening the linear nonapeptide library LL9 or the circular decapeptide library CL10 on microdissected
PCT. To deplete library LL9 of ubiquitously binding phage, a library aliquot was incubated with either CCD or HEK-293 cells in each round of biopanning, and
the pool of unbound phage was screened for phage binding to PCT. The number of isolated phage expressing identical peptide sequences is indicated in parenthesis.
The phage ligands used for analytic studies are indicated by an asterisk. Residues characteristic for the binding motif are underlined.

trol phage (P < 0.05; Fig. 1A). Unfortunately, all three
ligands selected from screening crude libraries were not

tubule segment-specific with only two- or threefold in-
creased binding to PCT compared to CCD (Fig. 1A).

Affinity purification of PCT-specific peptide ligands
from depleted libraries

In an attempt to deplete the linear nonapeptide library
LL9 of ligands binding unspecifically to different neph-
ron segments, we incubated a library aliquot with isclated
CCD prior to panning unbound phage on microdissected
PCT. This procedure resulted in the selection of phage
expressing peptides with the conserved sequence G(G/S)
X, G(G/S) (Table 1), which was not observed when screen-
ing the undepleted library. Binding studies using purified
phage expressing the peptide MGSHIEPGG revealed 34-
fold increased binding to PCT compared to control phage
but almost equal binding to PCT and CCD (Fig. 1A).

To achieve a more efficient depletion of ubiquitously
binding ligands, a library aliquot was incubated with HEK-
293 cells at a ratio of 2 < 10° phage per cell. Comparison
of the peptide sequences expressed by 16 isolated individ-
ual phage clones revealed the two distinet motifs GV{K/R)
GX4(T/S) (GV-phage) and RDXR (RD-phage) (Table 1).

Neither motif was observed in previous biopanning ex-
periments.

Characterization of binding properties of GV-phage
and RD-phage

Analysis of binding of GV-phage or RD-phage to micro-
dissected tubules revealed 15-fold and 13-fold increased
binding to PCT versus control phage, whereby binding
ratios of PCT to CCD were 13-fold and 21-fold, respec-
tively (P < 0.05; Fig. LA). The binding specificity of GV-
phage and RD-phage was characterized further by com-
paring binding of specific phage with that of control
phage to various epithelial cell lines. Binding of both
GV-phage and RD-phage to isolated CCD or to the cell
lines MDCK-II {(kidney, CCD origin), MCF-7 (breast),
SUT (lung), SW-620 (colon), HELA (cervix), LLCPK-1
(kidney, PCT origin), and GMC (kidney, glomerular
origin) was determined by using the plaque assay as
indicated in Figure 1A, vielding binding that was not
significantly higher than control phage binding (data not
shown). Highest binding of the RD-phage, at only 2.5-
fold higher levels than control phage binding, was ob-
served for LLCPK-1 cells. In competition assays, coincu-
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segments successfully yielded a ligand binding specifi-
cally to CCD, however, no specific ligand was selected
for PCT [4]. The aim of the present work was to extend
this method in order to make it suitable for the identifi-
cation of ligands for various defined renal segments such
as PCT. For this purpose, the previous screening proce-
dure for PCT was extended by two modifications. First,
analysis of individual phage clones was performed after
three instead of four rounds of biopanning on PCT. Since
the screening of phage-display libraries is a competitive
process that ultimately tends to result in the selection of
the “best-fit” sequence, ligands binding to receptors with
lower expression levels or ligands with lower affinity may
have been lost after four rounds of selection in the pre-
vious experiments. The reduction of panning rounds re-
sulted in the isolation of two peptide ligands that were
not observed previously (Table 1). Their motifs, KX,FX
(E/DYVW and C-X,('T/S)ISWLXEWL-C, resemble each
other when considering conservative substitutions of
amino acids, suggesting that both peptides bind to the
same receptor. However, these ligands were again not
tubule segment-specific. Second, in order to deplete
phage-libraries of ubiquitously binding ligands, phages
were preincubated with absorber cells prior to selection
on PCT. The number of approximately 1.5 x 10¢ CCD
cells and a ratio of 6.7 > 10° phages per cell might have
been insufficient for library depletion, leading to the
isolation of a peptide ligand with the conserved sequence
G(G/S)X,G(G/S) (Table 1) that bound to PCT but was
not segment specific (Fig. 1A). In contrast, efficient
depletion of unspecific phage was achieved by incubation
of phage with HEK-293 cells at a ratio of 2 % 10° phages
per cell. This modification allowed the isolation of two
distinct phage containing the motifs GV{K/RYGX,('T/S)
and RDXR (Table 1) which exhibited significant binding
specificity for PCT over CCD (Fig. 1A). A database
search with the consensus sequences of the two motifs
did not reveal their native epitope. However, possible
candidates among several proteins containing the motif
GV(K/R)IGX;(T/S) are collagen-« subunits. Human and
rat collagen « 1 (I1T) contain the sequence GVKGERGS
whereas human collagen o 1 (XI) and collagen « 1 (XVI)
contain the sequence GVRGLLKGS and GVRGLPGT,
respectively. It should be noted here that none of the
ligands selected from PCT contained an RGD sequence
as previously found in panning experiments on isolated
CCD [4]. Further analysis of binding specificity of these
two phage to various epithelial cell lines revealed binding
that was less than 2.5-fold that of control phage (data
not shown). Importantly, the two motifs did not mediate
significant binding to LLLCPK-1 cells, which are often
used as a cell model for PCT. Isolation and culturing of
rat proximal tubule cells have been shown to result in
significantly altered expression and distribution of cell
surface receptors [2]. These observations emphasize the

need for a native cell system for the identification of
renal epithelial cell ligands and their cognate receptors.
Detection of GV-peptide and RD-peptide by immu-
nofluorescence suggested the initial binding of the spe-
cific peptides to the basolateral cell surface (not shown)
and internalization to a submembranous localization
upon prolonged incubation at 37°C (Fig. 2). Evidence
for internalization also is given by the fact that phage
resisted the acid wash after incubation with PCT for 40
minutes at 37°C. The submembranous localization of
specific peptides may be explained by a recycling path-
way between the cell membrane and early endosomes
as described for some receptor-ligand complexes [7]. Al-
ternatively, further trafficking of the PCT-binding pep-
tides beyond early endosomes may have been hampered
by a disruption of the cellular microtubule network due
to a lack of oxygen or a temperature-dependent effect.
Actin filaments and microtubules are involved in endo-
and exocytotic pathways, whereby endocytosis from the
apical membrane appears to be more affected by cvto-
skeleton disrupting agents than from basolateral mem-
branes [8, 9]. In proximal tubule cells, ischemia causes
a rapid, duration-dependent dissociation of the actin cyto-
skeleton and a redistribution of some surface membrane
proteins [10]. Cold treatment followed by rewarming of
renal epithelial cells results in a partially reversible dis-
ruption of the microtubule network, especially in proxi-
mal tubules, and a redistribution of some membrane pro-
teins [11]. We cannot exclude the possibility that in our
experiments microtubules were affected by the micro-
dissection procedure that was performed on ice and did
not completely recover within the 15-minute adaption
period at 37°C prior to the addition of peptide ligands.
The utility of defining basolateral ligands for PCT is
twofold. Such ligands are relevant for putative investiga-
tions of cell-matrix interactions and for therapeutic pur-
poses. Delivery of biologically active molecules to the
proximal tubule is of interest in some acquired or con-
genital proximal tubulopathies such as Dent’s disease
[12] or Fanconi syndrome [13]. Ligands such as those
found in the present study may be used for targeting of
viral or non-viral vectors to distinct nephron segments.
Transduction of renal epithelial cells via the basclateral
membrane, however, necessitates the access of the deliv-
ery vector from the blood stream across the endothelium
and the extracellular matrix to the epithelium, a pathway
sown by other groups to be facilitated by coapplication
of substances that increase vascular permeability [14].
In conclusion, we have significantly extended our re-
cently developed strategy of screening phage-display li-
braries ex vive on microdissected renal tubular segments
and identified two peptide ligands that bind specifically
to the basolateral cell surface of PCT. The identification
and characterization of ligands with tubule segment-
specific properties provide a means to extend existing
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knowledge about tubular epithelial cell functions such
as cell-extracellular matrix interactions and receptor-
mediated endocytosis, and contributes to the develop-
ment of vectors for drug and/or gene delivery to specific
renal tubular segments for future therapeutic treatment.
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1.  Summary

11B-hydroxysteroid dehydrogenase type 1 (11B-HSD1) converts biologically inactive cortisone into
biologically active cortisol. It acts as a reductase and catalyzes the 11-ketogroup of cortisone. 113-HSD1
activity was shown to play a critical role in several disease states such as obesity and diabetes type 2. A
better understanding of 11B8-HSD1 in terms of structure and function is therefore of interest.

11B8-HSD1 is a single transmembrane endoplasmatic reticulum (ER) membrane protein, having a short N-
terminal membrane anchor and the catalytic domain oriented towards the ER-lumen. The physiological
role of the 11B-HSDI1 lumenal topology is still unclear. Previous studies showed, that a single point
mutation of a single positively charged amino acid at the cytoplasmic side of the membrane anchor
(Lys5) inverts the topology of the enzyme towards the cytosol. Surprisingly, such mutants retain wild-
type like activity.

Here, we show that negatively charged glutamates located on the cytoplasmic side of the membrane
anchor also are critical for the topology. In addition these glutamates are critical for the enzyme activity.
The ER membrane anchor of 50 kDa-esterase/arylacetamide deacetylase (E3) has a high homology with
the membrane anchor of 11B-HSD1, but otherwise E3 is functionally not related with 113-HSDI. In a
previous analysis, changing the topology of E3 by a single point mutation on the cytoplasmic side of the
membrane anchor failed. In the present work, we show that mutating negatively charged amino acids into
positively charged residues on the lumenal side of the transmembrane sequence determines the
cytoplasmic orientation of these E3 mutants.

This study clarifies the relevance of negative charges on the lumenal side of the membrane anchor of
118-HSD1 and E3. Understanding more about the membrane anchor determining the topology of 118-

HSD1 may help to elucidate the physiological function of the lumenal topology in future experiments.



2. Introduction

The adrenal glands are situated above the kidneys. They consist of an outer region or cortex and an inner
region called medulla. The cortex produces a class of lipid-soluble hormones derived from cholesterol
and called steroids. Cortisol is a steroid hormone and is secreted from the zona fasciculata of the adrenal
cortex under the control of adrenocorticotrope-hormones (ACTH). ACTH secretion is controlled by an
endocrine negative feedback mechanism, with cortisol inhibiting ACTH production (synthesis). Highest
levels of cortisol and ACTH are measured early in the morning and lowest levels around midnight.

Beside glucocorticoids the mineralcorticoids are also synthesized in the adrenal glands, e.g. in the outer
zona glomerulosa. The mineralcorticoids are essential for maintenance of sodium and potassium balance

and the regulation of the blood pressure.

2.1. 11R-hydroxysteroid dehydrogenases
Two isoforms of 11B-hydroxysteroid dehydorgenases (1168-HSD) are known, called 118-hydroxysteroid
deyhrogenase type 1 (118-HSD1) and 118-hydroxysteroid dehydrogenase type 2 (118-HSD2).

113-HSD1

Cortisol Cortisone
MNGYY oH

H 118 HSD2, o O

@)

Corticosterone 11-Dehydrocorticosterone

Figure 1

The two isoenzymes 1168-HSD1 and 11B-HSD2 interconvert glucocorticoids. Type 1 acts predominantly
as a reductase (substrates are cortisone and 11B-dehydrocorticosterone, the preferred cofactor is
NADP(H) in vivo but has oxidative activity (substrates are corticosterone and cortisol, the preferred
cofactor is NAD). Type 2 acts exclusively as an oxidase and accepts cortisol and corticosterone as

substrates.



They catalyze the interconversion of corticosteroids (cortisol in human and corticosterone in rodents) [1,
2]. Although 118-HSDlis a bidrectional enzyme in vitro, it acts in vivo predominantly as a reductase and
converts the biologically inactive cortisone from its 11-keto form into the biologically active 11B-
hydroxy form cortisol. In contrast 113-HSD2 catalyzes exclusively the oxidative reaction from cortisol to
cortisone. The two isoenzymes share only 18% identical amino acid sequence and have different
physiological roles and tissue-specific expression.

11B-HSD2 plays an essential role in the protection of the mineralcorticoid receptor from inappropriate
activation by glucocorticoids. Mutations in the gene encoding 1168-HSD2 lead to elevated intracellular
concentrations of active 11B-hydroxyglucocorticoids and, as a consequence, cause excessive activation of
the mineralcorticoid receptor [3]. This syndrome is called apparent minceralcorticoid excess since the
receptor is no longer controlled by aldosterone but overactivated by cortisol. 118-HSD2 knock-out mice
develop a similar syndrome of excessive cortisol dependent mineralcorticoid receptor activation with
sodium retention and severe hypertension [4]. Recent studies sowed the cytoplasmic orientation of 118-
HSD2, which is an integral ER membrane protein [5, 6]. The cytoplasmic orientation is important for the
efficient protection of the mineralcoricoid receptor from cortisol.

118-HSD1 regulates the local activation of glucocorticoid hormones in tissues like liver and adipose
tissue and is thereby a key regulator of tissue concentrations of cortisol. Animals overexpressing
selectively the 118-HSD1 gene in adipose tissue convert increased amounts of cortisone to cortisol but
have normal glucocorticoid levels in plasma. The transgenic mice develop visceral obesity,
hyperglycemia and become insulin-resistant [7]. In contrast, knockout 11B3-HSD1 animals have normal
glucocorticoid levels in the plasma, but cannot regenerate glucocorticoid within cells in liver and adipose
tissue and are thereby protected from visceral obesity and insulin resistance [4].

Agarwal et al first described the cloning of rat liver 118-HSD in 1989 [8]. 118-HSD from rat liver. Two
years later the human 11B-HSD1 was cloned [9]. The gene is located on chromosome 1 and contains six
exons. 1168-HSDI belongs to the short-chain alcohol dehydrogenase (SCAD) superfamily, also known as
short-chain dehydrogenases/reductases (SDR). The SDR belong to the superfamily of Rossmann-fold
proteins (RFP). The RFP, which bind NAD or NADP use a structurally equivalent and evolutionary
conserved cofactor-binding site and they interact with the adenosine and ribose moieties of the cofactor in
a very similar manner [10]. The second characteristic feature of this enzyme class is the conserved inner
surface of a a-helix in which a tyrosine side chain is positioned in close proximity to a lysine residue four
residues downstream in the sequence. The main function of this Tyr-Lys couple is to facilitate tyrosine
hydroxyl group participation in proton transfer [11].

118-HSD1 is a 34 kDa protein (292 amino acids) and is an integral membrane protein with restricted

localization to the endoplasmatic reticulum (ER) membrane [5, 12]. The protein has a hydrophobic N-



terminal sequence with a single transmembrane span, which acts as an anchor and determines restricted
localization to the ER-membrane. 1168-HSD1 belongs to the type 2 transmembrane proteins having an N-
terminal stop sequence towards the cytosol and the C-terminal catalytic domain, protruding into the ER-
lumen. 11B-HSD1 contains three glycosylation sites at positions Asn'*’, Asn'®® and Asn®”’, respectively.
Partial inhibition of glycosylation of 11B-HSD1 did not affect the reductase activity, but decreased the
dehydrogenase activity 50%][13] Other studies did not find altered activities after inhibition of
glycosylation [14-16]. The Km of 1168-HSDI1 for the oxidase reaction and reductase reactions are in the
high nanomolar to low micromolar range. Despite of the importance of 118-HSD1 and its role in disease
relatively little is known on the structure function relationship and the physiological role for the

orientation of 118-HSD1 to the ER-lumen remains unclear.
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2.2. Insertion of newly synthesized proteins into the membrane

ER membrane proteins are distinguished concerning their orientation and the number of transmembrane
domains. Type 1 proteins have a signal sequence on the amino terminus, which enters first through the
translocating channel until a hydrophobic stop sequence is reached. The hydrophobic stop sequence is
then inserted into the membrane and forms the anchor for that protein. The signal sequence at the N-
terminus is then cleaved by a protease located inside the ER-lumen. Type 2 proteins differ from Type 1
proteins that they do not have a cleavable signal sequence and that they have a rather long hydrophobic

region that mediates anchoring in the membrane.
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Figure 3

Topology of integral membrane proteins Type 1, having the N-terminus on the trans-side of the
membrane (lumenal), Type 2, having the N-terminus on the cis-side of the membrane (cytoplasmic) and
Type 3, with two or more membrane spanning segments. Type 1 and 2 are bitopic proteins, whereas Type

3 proteins are polytopic.

Type 2 proteins are threaded into the lumen with the C terminus leading. The protein continues to be
inserted until it reaches the hydrophobic stop signal sequence. Type 3 proteins are similar as Type 2, but
they dispose multiple internal start and stop transfer sequences [17]. The “positve inside rule” declares
that amino acid residues on the cytosolic side of the anchor sequence are positively charged and those on
the lumenal side of the hydrophobic transmembrane domain are negatively charged. The topology of a
protein can be altered by mutating single positively charged amino acids on the cytoplasmic side and

exchanging them with more negatively charged groups.



2.3. Outlook

118-HSD1 is located in the endoplasmatic reticulum membrane and is lumenally oriented. Mutants of
118-HSD1 having a single point mutation K5S in the hydrophobic anchor sequence, were shown to
switch their topology to a cytoplasmic orientation of the catalytic domain [5](Figure 4). Surprisingly, this
and other mutants with inverted topology retained wild-type activity in intact cells, using
dehydrocorticosterone and cortisone as substrates. Therefore, the mutant enzyme with inverted topology
did not reveal functional differences compared to wild-type 118-HSDI1. The functional consequences of
the lumenal orientation can now be studied using the mutant construct.

Several substances are known inhibitors of 113-HSDI, such as carbenoxolone (CBX), glycyrrhetinic acid
(GA), chenodeoxycholic acid (CDCA) and flavanone [18]. GA and CBX inhibit 118-HSDI in the nM
range whereas CDCA and flavanone inhibit in the uM range. Until now, most 118-HSD1 inhibitors are
poorly characterized and experiments were mostly performed with lysates but not in intact cells. Testing
these inhibitors in an 11B-HSD1 profiling assay by comparing effects on wild-type and mutant 118-
HSDI1 enzyme may help to elucidate obscurities about these inhibitors. It is likely that some of these
inhibitors will show potent inhibition of the cytoplasmic mutant K5S but only weak inhibition of lumenal
wild-type 118-HSD1 and vice versa. This may reveal that a particular inhibitor does not pass freely
across the ER membrane and would function in a compartment specific way. In contrast, inhibitors may
only act on the wild-type 11B-HSD1 but not on the mutant K5S, indicating that the inhibitor is
transported by vesicles from the plasma membrane directly to the ER-membrane, without having access

to catalytic site of mutant K5S.
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Schematic intracellular localization of wild type 118-HSD1 and 118-HSD1 mutant KS5S. Wild type 118-
HSD1 is lumenal oriented whereas 113-HSD1 mutant K5S looks cytosolic. Inhibitors of wild type 118B-
HSD1 are forced to pass the plasmamembrane and the ER membrane. Inhibitors of 113-HSD1 mutant

K5S should pass only the plasmamembrane.
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Summary

Previous studies have shown that the lumenal orientation of the two type Il endoplasmic reticulum (ER)
membrane proteins 11B-hydroxysteroid dehydrogenase type 1 (11B-HSD1) and the 50 kDa-
esterase/arylacetamide deacetylase (E3) is determined by their highly similar N-terminal transmembrane
domains. Whereas substitution of Lys® by Ser in 11B-HSDI led to an inverted topology of the enzyme in
the ER-membrane, the topological determinants in E3 remained unknown. Here, we used
immunohistochemistry and protease protection assays to analyze the topology of a series of mutant
proteins. Our results demonstrate that in both enzymes a single lysine residue in their short cytoplasmic
sequences, Lys’ in 11B-HSD1 and Lys” in E3, act as the major topological determinants. In addition, the
negatively charged residues following on the C-terminal side of the transmembrane span, Glu* and Glu*®
in 11B-HSD1 and Asp® in E3, play an important role for the determination of their lumenal orientation.
Our results suggest that the exact location of specific residues rather than the net charge distribution on
either side of the transmembrane span determines their orientation in the ER-membrane. Furthermore,
functional analysis of mutations in the N-terminal domain of 11B-HSD1 revealed a 60% reduction of
enzymatic activity when Glu® and Glu®® were substituted by Lys and completely abolished catalytical
activity when Lys®” and Lys®® were replaced by Ser, suggesting that these residues are responsible for the

observed stabilizing effect of the N-terminal membrane anchor on the catalytic domain of 113-HSD1.



Introduction

In humans, 11B-HSD1 catalyzes the reduction of biologically inactive cortisone to active cortisol, thereby
playing an essential role in the local activation of the glucocorticoid receptor (GR). Recent animal
experiments provided insight into the pathophysiological role of 113-HSD1. Mice deficient of 113-HSDI1
were resistant to hyperglycemia induced by obesity or stress (1), whereas transgenic mice overexpressing
118-HSD1 developed visceral obesity with insulin resistance and dyslipidemia. In addition,
overexpression of 11B-HSDI1 in adipose tissue caused salt-sensitive hypertension mediated by an
activated renin-angiotensin system (2, 3). Therefore, 113-HSD1 is currently considered as a promising
drug target for the treatment of diabetes type 2. Experiments in obese and diabetic mice treated with a
specific 11B-HSDI inhibitor showed reduced blood glucose levels and increased insulin sensitivity (4, 5).
In addition to its role in the activation of glucocorticoids, 113-HSD1 might play a role in the
detoxification of reactive keto-compounds such as the potent tobacco carcinogen nicotine-derived
nitrosamine ketone (NNK) and the anti-cancer drug oracin (6, 7). Despite its importance, relatively little
is known about the molecular mechanisms by which 113-HSD1 exerts its physiological function.
11B-HSD1 belongs to the family of short-chain dehydrogenases-reductases (SDR) (8, 9). SDRs are
characterized by a core domain with conserved regions, including the Rossmann-fold for binding of the
cofactor NADP(H) and the Tyr-(Xaa)s;-Lys motif in the catalytic site, which are flanked by less
conserved N- and C-terminal sequences. We have previously shown that the single N-terminal
transmembrane helix is responsible for the lumenal orientation of the catalytic moiety of 113-HSD1 (10,
11). This stands in contrast to its counterpart 113-HSD2, which converts cortisol to cortisone and has
three transmembane spans determining cytoplasmic orientation in the ER-membrane. Several studies
using 11B-HSD1 constructs with N-terminal deletions demonstrated that this part of the enzyme is
essential not only to anchor it to the ER-membrane but also for enzyme stability and activity (10, 12-14).
However, the residues involved were not identified.

The N-terminal transmembrane span of 11B-HSDI is highly similar to that of the 50-kDa
esterase/arylacetamide deacetylase (E3)(11), but otherwise the two proteins are unrelated (Figure 1). E3
is highly expressed in liver and adrenal glands and to a lesser extent in small intestine, stomach, kidney
and pancreas (15). E3 acts as a N-deacetylase catalyzing hydrolytic reactions and plays a role in the
prevention of arylamine-induced carcinogenesis (16). E3 might be involved, like the putative
triacylglycerol hydrolase El, in trafficking of apoB100 from ER to Golgi for secretion of hepatic very
low density lipoprotein triacylglycerol (15). A significantly reduced expression of E3 is oberved in
insulin-deficient diabetes, which is characterized by a severe decrease in the secretion of hepatic very low

density lipoprotein triacylglycerol. Both 11B-HSD1 and E3 are exclusively expressed in the ER-
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membrane and their N-terminal membrane anchors determine their lumenal orientation (10, 11). Previous
studies to identify the determinants for the topology of these enzymes revealed a role for Lys’ for the
lumenal orientation of 11B-HSD1; however, substitution of the analogous Lys* in E3 had no effect on
topology, and the determinants for the lumenal orientation of E3 remained unknown.

Here, we tested the hypothesis whether the negatively charged residues following the transmembrane
span on the lumenal side might be critical for the determination of the topology of these two enzymes.
We evaluated also the role of charged amino acid residues in the N-terminal domain for enzymatic

activity of 113-HSD1.

Materials and Methods

Materials

Cell culture reagents were purchased from Invitrogen, Basel, Switzerland. [1,2,6,7—3H]—corticosterone
was from Amersham Pharmacia, Diibendorf, Switzerland. Fluorescence labelled antibodies were from
Molecular Probes. Proteinase K was from Roche Diagnostics, Rotkreuz, Switzerland. All other chemicals
were from Fluka AG, Buchs, Switzerland and were of the highest grade available.

Construction of Plasmids

The plasmid for expression of FLAG epitope-tagged human 113-HSD1 was constructed as described
(10). Mutant 11B8-HSDI1 constructs were generated by site-directed mutagenesis according to the Quick
Change Mutagenesis kit (Stratagene, La Jolla, CA). The rabbit esterase E3-enhanced green-fluorescent
protein (EGFP) chimera, containing the N-terminal membrane anchor sequence of E3 with a C-terminal
EGFP, was constructed as described (11). For immunofluorescence experiments, a construct containing
the N-terminal 34 amino acids of rabbit esterase E3 followed by a FLAG epitope-tag was generated by
three-piece ligation of an ECoRI-BamHI fragment containing the N-terminal 34 amino acids of E3, a
BamHI-Xbal fragment encoding the FLAG epitope (MDYKDDDD) and an EcoRI-Xbal pcDN3
expression vector fragment. Mutant E3-FLAG and -EGFP constructs were made by site-directed
mutagensis. All constructs were verified by sequencing.

Cell Culture and Transient Transfection

HEK-293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum, 4.5 g/l glucose, 50 units/ml penicillin, 50 mg/ml streptomycin and 2 mM glutamine. For

microscopy experiments, cells were seeded at approximately 10% confluence onto glass coverslips
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placed in six-well plates. After growth for 24 h at 37°C under 5% CO,, cells were transfected with 2
png/well of the corresponding expression plasmid and 1 pg/well EGFP-control plasmid. After incubation
for 8 h, the medium was replaced to remove the Ca**-phosphate precipitate. For isolation of microsomes
and activity analysis, cells were seeded to 50% confluence in 10 cm dishes, transfected and medium
replaced or cells washed three times with steroid-free DMEM (doubly charcoal treated).

Selective Permeabilization and Immunofluorescence Analysis

Immunofluorescence analysis was performed 48 h post-transfection as described previously (10). Briefly,
paraformaldehyde (4%) fixed cells coexpressing the corresponding FLAG-tagged construct and EGFP
control were washed four times with buffer NAPS (150 mM sodium phosphate, pH 7.4, 120 mM
sucrose). For complete permeabilization of membranes, cells were blocked in NAPS buffer containing
1% milk powder and either 0.5% Triton X-100, for 113-HSDI1 constructs, or 1% saponin, for E3
constructs. For semipermeabilization of the plasma membrane, 25 uM digitonin was used. FLAG-tagged
constructs were detected using anti-FLAG antibody M2 as primary antibody and ALEXA-594 goat anti-
mouse secondary antibody. EGFP served as a transfection efficiency control. Following incubation with
antibodies in NAPS containing 0.1% milk, samples were washed four times with NAPS and treated with
Slow Fade Antifade kit (Molecular Probes). Samples were analyzed on a Carl Zeiss confocal microscope
LSM410 (Carl Zeiss, Goettingen, Germany).

Isolation of Microsomes from HEK-293 Cells

HEK 293 cells were transfected with 8 pg of the corresponding expression plasmid per 10 cm dish. Cells
from 4 dishes were collected 48 h post-transfection, washed with PBS, centrifuged at 150 x g for 3 min
and the pellet resuspended in 1.2 ml buffer containing 10 mM Tris-HCI, pH 7.5, 0.5 M MgCl, and
protease inhibitor (Complete, Roche). Cells were sonicated, 1.2 ml isotonic buffer (1 M sucrose, 10 mM
Tris-HCI, pH 7.5, 2.5 M NaCl, 1 mM dithiothreitol (DTT)) added and lysates centrifuged at 1’000 x g for
10 min at 4 °C, followed by centrifugation at 11’000 x g for 10 min at 4 °C and 100°000 x g for 1 h at 4
°C. The pellet was resuspended in 300 pl buffer containing 10 mM Tris-HCI, pH 7.5, 0.5 M sucrose, 1.25
M NacCl and 0.5 mM DTT. The protein concentration was adjusted to 1 mg/ml, microsomal preparations
shock frozen in liquid nitrogen and stored at -70 °C until analysis.

Protease Protection Assay and Immunoblotting

Microsomes (20 pg of total proteins) were incubated in a total volume of 25 pul with 0.25 pg/ul proteinase
K (Roche) for 30 min on ice in the presence or absence of 0.5% Triton X-100. Proteinase K was
inactivated by adding 2.5 pl of 10 mM phenylmethylsulfonyl fluoride in isopropanol for 5 min, followed
by solubilization of proteins with SDS sample buffer and boiling for 5 min. Proteins were subjected to

SDS-PAGE and Western blot analysis using anti-FLAG antibody M2 or anti-EGFP antibody as primary
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antibodies and secondary horse-radish peroxidase conjugated antibody (Roche). Antibody binding was
visualized using the ECL Western detection system (Pierce, Rockford, IL.).

Assay for 114-HSD

Oxidative activity of 11B-HSD1 was measured as described previously (10). Briefly, the rate of
conversion of corticosterone to 11-dehydrocorticosterone was determined in a final volume of 20 pl
containing 400 pM NADP", 30 nCi of [*H]-corticosterone and unlabeled corticosterone at different
concentrations ranging from 12.5 nM to 800 nM. The reactions were started by mixing 10 pl cell extract
corresponding to 2-5 ug of total proteins with 10 ul reaction mixture and incubated for 10-20 min at
37°C. The reactions were stopped by adding an excess of unlabelled steroids in methanol, followed by
separation of steroids by TLC. Enzyme kinetics were analyzed by the FEadie-Hofstee linear
transformation of the Michaelis-Menten equation. Data represent mean * SD of at least four independent

transfections.

Results

The cytoplasmic Lys* and the lumenal Asp? determine the topology of E3

In a previous study, we have shown restricted localization of E3 to the ER-membrane and lumenal
orientation of its catalytic moiety (11). The determinants for the topology of E3, however, remained
unknown, and substitution by Ile for residue Lys®, which is analogous to Lys’ of 11p-HSDI, did not
affect its topology. Here, we subjected a construct, containing the N-terminal 34 amino acids of esterase
E3 followed by a FLAG eptiope for facilitated immunodetection, to site-specific mutagenesis and
analyzed the orientation of the mutant proteins in the ER-membrane. Cells, coexpressing the
corresponding FLAG-tagged construct and EGFP control protein, were subjected either to complete
permeabilization of membranes by 0.5% Triton X-100 or to selective permeabilization of the plasma
membrane using 25 uM digitonin, followed by fluorescence microscopic detection. To investigate the
role of negatively charged residues at the lumenal side of the transmembrane helix, we replaced Asp®,
Glu*” and Glu®® in either wild-type or mutant K4I to Lys (Figure 2A).

The lumenal orientation of E3 was not altered in the mutant containing Lys*, however, in mutant K4I
substitution of negatively by positively charged Lys led to inverted insertion into the ER-membrane
(Figure 3). Additional mutagenesis revealed that substitution of Asp/Glu/Glu to Asn/GIn/Gln or a single
substitution of Asp> by Lys is sufficient to invert the topology of mutant K41. All of the mutant proteins
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analyzed showed exclusive localization to the ER-membrane. These results indicate that both Lys* and
Asp” are essential for the topology of E3 but not for ER retention. To confirm the effects on topology,
microsomal vesicles expressing wild-type and mutant constructs consisting of the N-terminal 34 residues
of E3 fused to EGFP were subjected to proteinase K digestion in the presence or absence of detergent
(data not shown).

The lumenal residues Glu® and Glu® are important determinants for the topology of 11p-HSD1
Previous experiments identified Lys® as an important determinant for the topology of 118-HSDI1 (10).
Substitution of Lys’ to Ser inverted the orientation of the catalytic moiety of 113-HSD1 from lumenal to
cytoplasmic. Here, we investigated the role of the lumenal di-glutamate motif downstream of the
transmembrane helix by analyzing a series of mutant 113-HSDI1 constructs tagged at the C-terminus with
a FLAG epitope (Figure 2B). Substitution of both Glu*® and Glu®® to Lys led to an inverted orientation of
11B-HSD1 in the ER-membrane (Figure 4). When Glu® was replaced by Lys and Glu® by Gln, the
orientation of the mutant 113-HSD1 was not altered, indicating that the change of charge at both
positions is necessary to invert the topology of the enzyme. We have shown previously that mutant K5S
but not K6S showed inverted topology. To test whether Lys® also is involved in determination of
topology, we mutated Glu® and Glu*® in mutant K6S. Independent of the residue at position 6, the
orientation of the enzyme was only inverted when both Glu® and Glu*® were changed to Lys. These
results indicate that Lys® is not involved in determining the topology of 11B-HSDI. In addition, all
mutations analyzed in the present study did not alter the restricted expression of 113-HSDI1 in the ER-
membrane.

To confirm the effect of these mutations on the topology of 11B8-HSDI1, microsomal vesicles were
subjected to proteinase K digestion in the presence or absence of detergents. As seen in Figure 5, in intact
vesicles mutants E25K/E26K and K6S/E25K/E26K were completely digested by proteinase K, whereas
wild-type 11B3-HSD1 and all other mutants were protected from proteinase K-dependent digestion. Upon
addition of Triton X-100, all constructs were digested. These results are consistent with the findings from
fluorescence microscopic analyses of semipermeabilized cells, demonstrating an essential role of Glu®
and Glu?® for the membrane topology of 11p-HSDI.

The effect of mutations in the N-terminal ER-membrane anchor of 118-HSD1 on enzymatic activity
Mutagenesis of the topological determinants at position 5/6 and 25/26 did not alter apparent K,, values of
11B8-HSD1, with values around 300 nM (Table 1), indicating that the orientation in the ER-membrane
does not affect enzymatic activity. Except for mutant E25Q, all mutant enzymes with alterations in
positions 25/26 showed a slight but significant reduction in their activity (p < 0.05). The least active
mutants were K6S/E25K/E26K, KS5S/K6S/E25K/E26K and E25K/E26K, followed by E25K/E25Q,
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K6S/E25K/E26Q and E25Q/E26Q. Thus, there is a clear tendency for a loss of Vi, when substituting
the negatively charged Glu residues first by polar Gln and then by positively charged Lys. All of the
mutant enzymes showed exclusive localization to the ER-membrane, excluding a role of residues Glu®
and Glu®® as an ER retention signal.

Replacement of Lys> and Lys>® by Ser neither affected ER-localization nor its orientation in the ER-
membrane; however, it completely abolished enzymatic activity, demonstrating that Lys®> and Lys® are

essential for enzymatic activity of 113-HSD1.

Discussion

Cotranslational integration of proteins into the ER-membrane occur at sites termed translocons (17, 18).
The ribosome synthesizing the polypeptide chain binds to the translocon, forming an aqueous pore
through which the lumenal domain of a membrane protein passes from the cytoplasm to the ER-lumen.
The N-terminus of the growing polypeptide chain of type 2 transmembrane proteins stays on the
cytoplasmic side, and the polypeptide chain is threaded into the ER-lumen with the C-terminus leading.
The type 1l signal anchored ER-membrane proteins 113-HSD1 and E3 represent suitable models to study
the determinants of membrane topology. Although they are otherwise unrelated, they share a highly
similar N-terminal region consisting of a conserved Lys in the short cytoplasmic sequence, a membrane
spanning helix with a cluster of Tyr residues and a segment of negatively charged amino acid residues C-
terminal of the membrane span.

Charged residues in flanking regions often play a critical role in determining the topology of
transmembrane helices, whereby positively charged residues show a strong preference for retention in the
cytosol, while negatively charged residues have a weak affinity for translocation to the ER-lumen (19).
According to the positive-inside rule, net charges on the polypeptide sequences flanking the
transmembrane span determine the orientation, with the more positive of the two remaining on the
cytoplasmic side of the membrane (20).

In the present study, we show that the topology of 113-HSD1 and E3 is determined by both a cytoplasmic
conserved Lys and lumenal, negatively charged amino acid residues. The topology of wild-type E3, with
N-terminal charge +1 and C-terminal charge —3, when considering six residues downstream of the
membrane span (+1/-3), and 11pB-HSD1 (+2/-2) is predicted by the positive-inside rule (Figure 6).
However, the present analysis of several mutant proteins revealed that only some of the charged residues

are critical and that their position plays an essential role.

15



We have previously shown that mutant K41 (0/-3) still adopts wild-type topology (Neyt/Cium)(11).
Therefore, we now analyzed the role of lumenal, negatively charged amino acid residues. Substitution of
the three negatively charged residues that are closest to the membrane span by Lys in mutant
D25K/E27K/E28K (+1/+3) did not alter its topology despite the excess of positive charges introduced at
the C-terminal end of the membrane span. Thus, the topology of this mutant clearly does not follow the
positive-inside rule. However, substitution of Asp® by Lys, K4I/D25K (0/-1), or of Asp® by Asn and
Glu® and Glu®® by Gln in mutant K41, K4I/D25N/E27Q/E28Q (0/0), led to an inverted orientation in the
ER-membrane. This indicates that Lys® is the major determinant of E3 topology, whereby the
introduction of several positively charged residues on the C-terminal end of the membrane span cannot
overcome the dominant N-terminal signal. In mutants lacking the N-terminal signal, Asp”’, the negatively
charged residue closest to the membrane span, dictates the topology.

That the topology of 113-HSD1 is determined by the appropriate charge at a specific position rather than
by the net charge distribution is indicated by the fact that mutant K5S (+1/-2) adopts Njum/Cey: topology,
whereas K6S shows wild-type N¢/Cium orientation (10). The importance of Lys’ is also reflected by the
fact that it is conserved in all known species, but Lys® is replaced by Thr in squirrel monkey and by Asn
in mouse. Substitution of Glu* and Glu*® by Lys led to an inverted Njum/Cey: orientation, indicating that
in 11B-HSD1 the introduction of two positive charges at the C-terminal side of the membrane span is
dominant over the N-terminal Lys’ signal. This stands in contrast to E3, where the effect of Lys” is not
affected by the substitution of three negative by positive charges at the C-terminal side of the membrane
span. In mutant K68, like in wild-type 11B-HSD1, both Glu* and Glu®® had to be replaced by Lys to
invert its topology, further demonstrating that Lys® is not important for topology.

The localization of both 11B-HSDI and E3 is restricted to the ER-membrane, and their N-terminal
transmembrane spans were sufficient to mediate retention in the ER-membrane (10, 11). Here, we show
that removal by mutagenesis of the cytoplasmic Lys signal, the lumenal negatively charged residues
following C-terminal of the membrane helix or of Lys”™ and Lys*® in 11p-HSD1 does not affect retention
in the ER-membrane, suggesting that intrinsic properties of the transmembrane sequence may be
responsible. We have previously shown that mutations in the transmembrane Tyr motif did not affect
restricted localization to the ER-membrane (10). A recent study by Blum et al. (13) demonstrated ER-
membrane attachment of the truncated splice variant 113-HSD1B, lacking the transmembrane span,
suggesting that the hydrophobic domain located at amino acid residues 136-158 also sufficiently mediates
retention to the ER-membrane.

A fusion protein containing the transmembrane anchor of 113-HSD2 followed by residues 40-292 of
11B8-HSD1 as well as the truncated 11B3-HSD1 protein alone (residues 40-292, starting with Met-Thr-Gly)
were catalytically inactive (10). This may be explained by the present finding that Lys> and Lys’® are
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absolutely required for enzymatic activity. The positive charge at positions 35/36 is highly conserved
throughout different species with only cattle and sheep having Arg instead of Lys*®. Recently, Blum et al.
(13) reported that the naturally occurring truncated splice-variant 113-HSD1B, lacking the first 30 amino
acids but containing Lys™ and Lys’®, could be partially reactivated upon solubilization from the

microsomal fraction. Substitution of Val'*’

by Arg in this truncated splice-variant rendered the protein
more soluble; however, this protein was like 113-HSD1B not stable, indicating that the more N-terminal
residues are required for the stability, e.g. for full activity of the enzyme. In line with this assumption,
Walker et al. (12) purified a truncated enzyme lacking the first 23 amino acids, which retained activity.
Since we found that mutagenesis of residues Glu® and Glu® led to a reduced Vinax, which seems to be
independent of the orientation of 11B-HSDI1 in the ER-membrane, these residues may play a role in
stabilizing a conformationally active enzyme. Furthermore, Blum et al. (13) found that a construct

149
1

missing the N-terminal 15 residues showed stable activity and both mutation of Val'™ to Arg or to Glu

led to soluble, active forms of this truncated protein. This is supported by our previous finding that

821 in the transmembrane helix led to a loss of activity (10), suggesting that the Tyr

mutation of Tyr
motif, which is conserved among species, with the exception of mouse containing only three Tyr
residues, stabilizes the active conformation of 113-HSD1.

At present, the physiological consequences of the lumenal orientation of 11B3-HSD1 still remain unclear.
In in vitro assays, using intact HEK-293 cells transiently expressing 113-HSDI1, the oxidation and
reduction reaction are of comparable efficiency for both lumenally oriented wild-type enzyme and
cytoplasmic mutant K5S. This is rather surprising since reductive conditions and cofactor NAD(H) are
present in the cytoplasm whereas in the ER-lumen oxidative conditions and cofactor NADP(H) are
predominant. However, 11B-HSDI accepts both cofactors with a slight preference for NADP(H), and
neither glycosylation nor disulfide briges are required for the catalytic activity of the enzyme (10, 21, 22).
Thus, the HEK-293 expression system with comparable catalytic activities for mutant K5S and wild-type
enzyme offers a suitable system to study the functional relevance of the lumenal orientation of 11[3-
HSDI1. A successful 113-HSD1 inhibitor for the treatment of diabetes type 2 must enter the ER-lumen
and inhibit the enzyme under lumenal, oxidative conditions. The unspecific interference with the
activities of cytoplasmic enzymes would be excluded if a pharmaceutical compound would be active only
under oxidative but not reductive conditions.

In conclusion, our results suggest that (I) the orientation of 113-HSD1 and E3 in the ER-membrane is
primarily determined by the conserved Lys in position 5 and 4, respectively, and, to a lesser extent, by the
negatively charged Glu® and Glu®™ or Asp®, respectively; (II) the ER-membrane retention of 11p-HSDI1

is a combination of intrinsic properties of the N-terminal anchor sequence and the membrane attachment
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site between residues 136-158 and (III) the transmembrane Tyr motif, the di-glutamate motif and the di-

lysine motif in the N-terminal anchor domain are essential for stabilization and activity of 113-HSD1.
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Footnotes

The abbreviations used are: 113-HSD, 11B-hydroxysteroid dehydrogenase; DMEM, Dulbecco’s modified

Eagle’s medium; DTT, dithiothreitol; E3, 50-kDa esterase/arylacetamide deacetylase; EGFP, enhanced

green-fluorescent protein; ER, endoplasmic reticulum; GR, glucocorticoid receptor; HEK, human

embryonic kidney; SDR, short-chain dehydrogenases-reductases; TLC, thin-layer chromatography.
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Table |

Oxidation of cortisosterone by wild-type and mutant 113-HSD1 enzymes

Oxidation of corticosterone by lysates of HEK-293 cells transfected with 113-HSD constructs was
determined as described under “Materials and Methods”. Activites are expressed in terms of apparent Ky,

and apparent V.x. Data were obtained from 4-8 independent experiments and are presented as mean *

S.D.

Construct K Vo™

11B-HSD1 (wild-type) 308 + 92 49415
E25Q 342 £ 96 52109
E25K 294 + 89 31+£14
E26K 338 £75 35£04
K6S/E25K 302 £ 105 3.0£04
E25Q/E26Q 289 £ 72 24+0.7
K6S/E25Q/E26Q 278 £ 69 27+04
E25K/E25Q 319+ 50 22+0.6
K6S/E25K/E26Q 321 £71 22+04
E25K/E26K 328 £92 20+£0.9
K6S/E25K/E26K 317+ 53 0.9+0.5
K5S/K6S/E25K/E26K 302 £96 1.7£0.3
K35S/K36S n.d. n.d.

& Apparent K., (nM) and apparent V,.x (nM/hxmg of total protein) were calculated according to Eadie-
Hofstee, assuming the reaction follows first-order rate kinetics (Hill coefficients ranging between 0.93
and 1.15).

® For calculation of Vi the amount of 11B8-HSD protein per mg of total proteins was determined
semiquantitatively by densitometric analysis of Western blots, whereby each FLAG-tagged mutant was
compared with the value obtained for FLAG-tagged wild-type 113-HSD1.

¢ Activity not detectable despite normal expression level.
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Figure Legends

Figure 1. Schematic representation of the N-terminal membrane anchoring region of 113-HSD1 and E3.

Figure 2. Wild-type and mutant constructs of rabbit 50-kDa esterase/arylacetamide deacetylase E3 and
human 11B-HSDI1. The name of the mutant protein is given on the left, mutated residues are in italic and

bold, and the orientation of the corresponding construct in the ER-membrane is indicated on the right.

Figure 3. Orientation in the ER-membrane of constructs containing wild-type or mutant membrane
anchoring regions of rabbit 50-kDa esterase/arylacetamide deacetylase E3. Wild-type or mutant proteins
indicated on the top of each lane were coexpressed with enhanced green-fluorescent protein (EGFP) in
HEK-293 cells. Plasma membranes of cells were selectively permeabilized with digitonin (first two rows)
or membranes completely permeabilized with 1% saponin (row 3 and 4), followed by detection of the C-
terminally attached FLAG epitope by mouse monoclonal anti-FLAG antibody M2 and secondary

fluorescent ALEXA-594 anti-mouse antibody using confocal microscopy.

Figure 4. Orientation of wild-type or mutant 113-HSD1 in the ER-membrane. HEK-293 cells were
cotransfected with C-terminally FLAG-tagged wild-type or mutant 113-HSD1 (indicated at the top of
each lane) and EGFP. Cells were either completely permeabilized with 0.5% triton X-100 (row 3 and 4),
or the plasma membrane was selectively permeabilized using 25 uM digitonin (row 1 and 2), allowing

restricted access of the antibody to the cytosolic compartment.

Figure 5. Proteinase K sensitivity of wild-type and mutant 113-HSD1 in ER-microsomes. HEK-293 cells
were transfected with FLAG epitope-tagged wild-type 11B8-HSD1 (A), mutant E25K/E26K (B),
K6S/E25K/E26Q (C), E25K/E26Q (D) or K6/E25K/E26K (E), and microsomal vesicles were isolated as
described under Materials and Methods. Microsomal preparations were incubated for 30 min at 4°C in
the presence (+) or absence (-) of 0.25 pg/ul proteinase K and 0.5% Triton X-100. Proteins were
separated on 12.5% SDS-PAGE, transferred to nitrocellulose, followed by detection with mouse

monoclonal anti-FLAG antibody M2 and secondary anti-mouse HRP antibody.

Figure 6. Models showing the orientation of 113-HSD1 and E3 constructs in the ER-membrane. A, in
wild-type 11B-HSD1 Lys’ acts as a signal to retain the N-terminus in the cytoplasm. The C-terminal
catalytic moiety then is guided through the translocon to the ER-lumen. In mutant E25K/E26K, the two

lysine residues prevent the C-terminal catalytic domain from passing through the ER-membrane. The N-
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terminal segment containing Lys’ then flips to the lumenal side and stabilizes the protein in a Nium/Ceyt
orientation in the ER-membrane. B, In E3 Lys* retains the N-terminus on the cytoplasmic side and the
growind polypeptide is guided through the translocon into the ER-lumen. In mutant K4I/D25K Lys” is
absent and the N-terminal segment passes through the translocon to the ER-lumen and stabilizes the

protein in a Nyym/Cey orientation in the ER-membrane.
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