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The amiloride-sensitive epithelial sodium channel (ENaC) plays a prominent role in sodium uptake
from alveolar fluid and is themajor component in alveolar fluid clearance in normal and diseased lungs.
The lectin-like domain of TNF-R has been shown to activate amiloride-sensitive sodium uptake in type
II alveolar epithelial cells. Therefore, several synthetic peptides that mimic the lectin-like domain of
TNF-R (TIP) were synthesized and their ability to enhance sodium current through ENaC was studied
in A549 cells with the patch clamp technique. Our data suggest that a free positively chargedN-terminal
amino group on residue 1 and/or a free negatively charged carboxyl group on residue 17 of the TIP
peptide is essential for the ENaC-activating effect. Ventilation strategies apart, no standard treatment
exists for pulmonary permeability edema. Therefore, novel therapies activating sodium uptake from the
alveolar fluid via ENaC could improve clinical outcome.

Introduction

Fluid balance in thehealthy adultmammalian lungdepends
on the regulation of reabsorption of fluid and solutes by the
alveolar anddistal epithelia on the one handandpassive secre-
tion of fluid, driven by hydrostatic pressure, from the vascular
space into the alveolar lumen, on the other.1,2 Excessive
accumulation of fluid in the alveolar spaces can be accom-
panied by reduction of alveolar liquid clearance (ALCa)
capacity, an epithelial and endothelial hyperpermeability, or
a disruption of the epithelial and endothelial barriers caused
by increased apoptosis or necrosis.3 Pulmonary edema is a
major complication of acute lung injury (ALI), severe pneu-
monia, and acute respiratory distress syndrome (ARDS),
where failure of lungs to rapidly clear edema fluid is associated
with higher morbidity andmortality.4,5 Resolution of alveolar
edema depends on the active removal of salt and water from
the distal air spaces of the lung across the distal lung epithelial
barrier.1,6 Evidence from clinical studies shows that increased
ALC leads to better clinical outcome in cases of pulmonary
edema andALI/ARDS.6 Apart from ventilation strategies, no
specific treatment exists for pulmonary edema and novel
therapies need to be developed to improve clinical outcome.7

The involvement of Naþ transporters in alveolar fluid
clearance in the mammalian lung has been well established
in recent years.2,8-10 Transport via the amiloride-sensitive

epithelial sodium channel (ENaC) in particular is one of the
major pathways for Naþ entry across alveolar and distal
epithelial cells.11 Although the primary site of edema fluid
clearance appears tobe in the alveolar epithelium,distal airway
epithelial cells can also absorb Naþ.8 The current understand-
ing of alveolar fluid clearance is that Naþ ions passively enter
alveolar epithelial cells through the apically located ENaC and
are extruded into the interstitium by basally located Naþ/Kþ-
ATPase accompanied by transport of water in the same
direction, following the osmotic gradient generated.9,12 The
large variety of metabolites and intricate signaling pathways
involved in regulation of ENaC activity in lung epithelia
illustrates the central role of regulationof lungNaþ absorption
and ENaC activity in lung fluid balance and function.2,3 For
this reason, enhancement of ENaC activity in pathological
conditions such as ALI and ARDS has been the focus of
intense research.

Tumor necrosis factor R (TNF-R) has been shown to pro-
duce an amiloride-sensitive increase in ALC in Pseudomonas
aeruginosa induced pneumonia in rats and to stimulate
amiloride-sensitive Naþ uptake by type II pneumocytes.13,14

Furthermore, TNF-R has been shown to stimulate ALC
during intestinal ischemia-reperfusion and during bronchial
asthma in rats.15,16 The activating effect of TNF-R on ALC is
mediated by its lectin-like domain.3,16-20

The original TIP peptide, 1, designed some 15 years ago,
mimics the lectin-like domain of TNF-R (TIP), corresponding
to residues C101-E116 of wild type human TNF-R (TIP).17

Peptide 1 contains a disulfide bridgewhich effectively restrains
the sequence of amino acid residues representing the lectin-
like domain into a cyclic structure (Figures 1 and 2).However,
the disulfide bridge is an unstable element in peptide 1 and
undesirable in a compound intended for therapeutic use. The
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aimof the present studywas todesignTIPpeptides lacking the
disulfide bridge which should be more stable than the original
TIP peptide and better suited for use as humanmedicine. The
presentwork investigated the effect of the originalTIPpeptide
1, and a series of novel cyclic peptides that also mimic the
lectin-like domain of TNF-R, on amiloride-sensitive sodium
current in A549 cells. The TIP peptides have been designed
and synthesized by solid-phase methods to retain the native
conformation of the lectin-like domain as much as possible
while exploring alternative linking solutions to bring about
cyclization of the linear sequence. The studywas also aimed at
elucidation of structural features that are important for the
ENaC-activating effect in order to achieve an improved TIP
peptide for therapeutic use. The continuous human ATII
alveolar cell line A549 was used to test the activity of the
peptides in an electrophysiological assay. Furthermore, the
selectivity of the activation effect of Naþ over Kþ was
investigated.

Results

PeptideDesign. In the present study, the lectin-like domain
of human TNF-R (from C101 to E116), previously shown to
be implicated in sodiumuptake activation inA549 cells14was
used as a template for the design of a series of novel peptides
in which cyclization was achieved, in all cases but one, by
amide bond formation between an amino group of an
N-terminal lysine or non-protein amino acid and a carboxyl
group of a C-terminal R-amino acid residue. The 3D struc-
tural model for human TNF-R, PDB ID: 1A8M, was used as
a template to build 3D models of the peptides, using molec-
ular graphics software, and the models provided estimates
of atomic distances in the cyclic molecules. Cyclic peptides
were generally designed such that the distance between the
N-terminal and C-terminal R-carbon atoms or atoms in
positions equivalent to these approximated that in 1

(C1-C17 CR-CR distance of 7.15 Å) or in human TNF-R
(P100-E116 CR-CR distance of 7.23 Å in PDB ID: 1A8M A
chain) (Figure 1).

The 19-residue, cysteine-free, cyclic peptide (3) comprises
the sequence of humanTNF-R fromK98 to E116, with C101
replaced by glycine and cyclization achieved by isopeptide
bond formation between the ε-amino group of K98 and the
γ-carboxyl group of E116 (Figure 1).

The cysteine-containing peptide (2) has the wild-type
sequence of TNF-R fromC101 toK112 to which two glycine
residues have been added followed by a C-terminal cysteine
residue. Disulfide bond formation between the two terminal
cysteine residues brings about cyclization in the 15-peptide 2.
Thus, 2 lacks P113 and bulky hydrophobic residues W114
andY115 ofTNF-R (P14,W15, andY16 of 1) while retaining
the residues T105, E107, and E110 (T6, E8, and E11 of 1)
(Figure 1), shown to be essential for the ENaC-activating
effect of TNF-R and 1.14,17-19

Amutant TIP peptide (12)17 having the same sequence as 1
but with T6, E8, and E11 each replaced by alanine was
included in the study for comparative purposes (Figure 1).
These novel peptides were compared to the original human
TIP analogue, CGQRETPEGAEAKPWYC (1), which con-
tains the sequence from P100 to E116 of human TNF-R but
with P100 and E116 replaced by cysteine residues and C101
replaced by glycine so that cyclization of the linear sequence
was achieved by disulfide bond formation between the two
terminal cysteine residues.17 The disulfide bond in analogue

Figure 1. Human TNF-R around TIP or lectin-like domain (C101-
E116) according to structure PDB ID: 1A8M and models for the
TIP peptides 1, 2, 3, and 12 based on the 1A8M template. Side
chains are shown only for those residues relevant to the discussion
and referred to in the text. Numbers adjacent to lines with double
arrowheads refer to CR-CR distances in Å. (i) Human TNF-R
molecule, A chain, showing parts of polypeptide chain, F64-L76
(blue), K98-E116 (green), disulfide bridge between residues C69 and
C101 and residues known from previous studies to be essential for
trypanolytic and ENaC-activating effects: T105, E107, and E110.
(ii) 3, the TIP peptide that most resembles wild-type TNF-R,
showing isopeptide link between side chains of K1 (K98 in TNF-
R) and E19 (E116 in TNF-R) and amino acid change G4 (C101 in
TNF-R). (iii) 1, showing disulfide bond between C1 (P100 in TNF-
R) and C17 (E116 in TNF-R) and amino acid change G2 (C101
in TNF-R); residues critical for ENaC-activating activity are T6,
E8, and E11. (iv) 2, showing disulfide bond between C1 (C101 in
TNF-R) and C15; sequence C1-K12 is the same as C101-K112 in
TNF-R, but residues corresponding to P113, W114, and Y115
are missing. (v) 12, showing disulfide bond between C1 (P100 in
TNF-R) and C17 (E116 in TNF-R) and amino acid change G2
(C101 in TNF-R), as well as mutated critical residues A6, A8, and
A11 (T105, E107, and E110 in wild-type human TNF-R and T6, E8,
E11 in 1).
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1 may be susceptible to reduction and scission, leading to
complications in medicinal use. Therefore, the focus of the
new peptide design described in this manuscript was re-
placement of the disulfide bridge of the original TIP ana-
logue, 1, with other molecular arrangements while preserving
the sequence of residues T105-E110 (Figure 2, Table 1),
shown to be essential for the ENaC-activating effect of
TNF-R.14,17-19

These cysteine-free cyclic peptides contain the amino acid
sequence from P100 to Y115 of human TNF-R, with P100
substituted by lysine, ornithine, or an aliphatic amino acid
and with the C101 replaced by glycine. Replacement of the
N-terminal lysine or ornithine by aliphatic amino acid
homologues, which lack the R-amino group, afforded a
comparison of the effects of positive charge distribution on
the ability of the peptides to activate ENaC in A549 cells.
Similarly, the effect of negative charge is revealed by re-
placement of C-terminal aspartic or glutamic acid residues
with glycine. In peptides with N-terminal lysine or ornithine,
cyclization has been achieved via the ε-amino or δ-amino
group, respectively. In peptides with C-terminal aspartic
or glutamic acid, cyclization has been achieved via the
β-carboxyl or γ-carboxyl group of aspartic acid or glutamic
acid, respectively. All cysteine-free peptides have in common
the 15-residue sequence -GQRETPEGAEAKPWY-.

Structure-Activity Relationship. TNF-R has been shown
to activate ENaC in alveolar epithelium.14 Therefore, syn-
thetic peptides that mimic the lectin-like domain of TNF-R

(TIP) were synthesized and evaluated for their ability to
enhance the amiloride-sensitive sodium current through
ENaC in A549 cells. Currents were recorded by means of
the patch clamp technique in the whole-cell mode. To prove
the specificity of the test compounds on the amiloride-
sensitive Naþ current, first, amiloride was added in control
experiments to identify the registered current as the amilor-
ide-sensitive Naþ current. Second, after a control period and
addition of the tested TIP peptide, amiloride was added after
a steady-state effect has been reached in order to prove
whether the peptide-induced increase in current is due to
the amiloride-sensitive Naþ current. In this experimental
setting it could be shown that, in a similarmanner to TNF-R,
TIP peptides 1, 3, 4, 5, 8, and 9 induced an amiloride-sensitive
sodium ion flux through ENaC at all tested membrane
holding potentials ranging from -100 to þ100 mV (Figure 3).
At a membrane holding potential ofEh=-100mV, amaximal
response to TNF-R and each ENaC-activating peptide was
reachedat a current level of 1073(15pA,whereasTIPpeptides
2, 6, 7, 10, 11, and 12 showed no effect on ENaC at concentra-
tions up to 480 nM.

For comparison of activity, the concentration for half
maximal response (EC50) was estimated atEh=-100mV for
TNF-R and all tested TIP peptides. TNF-R as the reference
compound increased Naþ current with an EC50 of 8.2 (
0.1 nM (n=5). The active TIP peptides showed 0.14-fold (TIP
peptide 3) to 0.43-fold (TIP peptide 9) the activity of TNF-R.
TIP peptide 3 with an estimated EC50 of 56.0 ( 0.8 nM

Figure 2. TIP peptide 1, 2D chemical structure. Atoms replaced in the derived TIP peptides 4, 5, 6, 7, 8, 9, 10, and 11 are shown in bold and
colored red. This part of the molecule refers to the cross-linking structures, which are listed in Table 1.
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Table 1. Cross-Linking Solutions To Replace the Disulfide Bridge of 1 in TIP Peptide Analoguesa

a
4-11 have the same sequence as 1 fromG2 to Y16, with natural and non-protein amino acids and aminocarboxylic acids replacing C1 and C17. 10

is a 16-peptide in which 7-aminoheptanoic acid replaces C1. In each peptide the cross-linking structure replaces the atoms shown in bold and red
in Figure 2.

Figure 3. Effect of 1 on current-voltage (IV ) relationship. Representative original whole-cell recordings from a cell clamped at holding
potentials ranging from -100 to þ100 mV (in 20 mV increments) are shown for the control (A) and in the presence of 120 nM 1 (B). At this
concentration the ENaC-activating effect wasmaximal. In panel C the IV curves are illustrated for the control (open circles, n=5), in presence
of 60 nM 1 (filled squares; note that in panel C the concentration of 1 is 60 nM, which is the concentration close to the EC50 value of 1, n=5 ).
Open triangles represent values obtained after addition of 10mMamiloride, which blocks the sodium current in the control (n=5) aswell as in
the presence of 1 (n = 5). Mean values ( SE are given for five experiments.
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(n= 4) increased the Naþ current to the same extent as
compound 1 (Table 2, Figure 4). All other active TIP pep-
tides, 4, 5, 8, and 9, were significantly (P < 0.05) more
effective at increasing the Naþ current than TIP peptide 1

(Table 2, Figure 4).
These data imply that either a free positively charged

N-terminal amino group on residue 1 (4 and 5) or a free
negatively charged carboxyl group on residue 17 (8 and 9) is
essential for the ENaC-activating effect. The presence of
both types of charged group on the terminal residues, as in
compounds 1 and 3, results in an ENaC-activating effect,
which is less pronounced than when either charged group is
present alone. This structure-activity relationship becomes
evident, since the TIP peptides 6, 7, 10, and 11, which lack a
free positively charged N-terminal amino group on residue 1
aswell as a free negatively charged carboxyl group on residue
17, showed no effect on ENaC at concentrations up to
240 nM. TIP peptides 2 and 12 were also ineffective.

Selectivity of ENaC-Activating Effect. All TIP peptides
showing an activating effect were highly selective for amilor-
ide-sensitive sodium current. The percentage increase in
whole-cell current, which could be attributed to ENaC, ranged
between 89.6% in the case of 9 and 99.4% for 1 and 4. Spe-
cifically, TIP peptides 1, 4, and 5 have virtually no effect on
potassium channels whereas 3, 8, and 9 do have a slight effect
(Table 2, Figure 5). The small current that was induced by
these latter peptides, when ENaC was blocked by amiloride,
couldbe reversedby theKþ channel blocker tetraethylammonium

chloride (TEA). These findings obtained with the whole-cell
recording mode were verified with single channel experi-
ments. Effects of peptides 3, 8, and 9 on amiloride-sensitive
Naþ current with a conductivity of 9.4( 0.1 pS (n=17) and
onTEA-sensitiveKþ currentwith a conductance of 261( 20 pS
(n=6) were observed. This estimated conductance is very close
to the value of 242( 33 pS reported for the TEA-sensitive
Ca2þ-activated Kþ channel in A549 cells.20

With regard to this point, it is interesting to note that 4 and
5 have a free positively charged N-terminal amino group on
residue 1 and no free negatively charged carboxyl group on
residue 17, whereas 8 and 9 have no free positively charged
amino group, but they do have a free negatively charged
carboxyl group on residue 17. Both 1 and 3 have a free amino
group on residue 1, but in 3, residue 1 is equivalent to K98 in
native TNF-R, whereas in 1 residue 1 is equivalent to P100;
thus, the N-terminal residues in these peptides represent
structurally different parts of the native TNF-R molecule.

Discussion and Conclusions

Both alveolar type I (ATI) cells (which cover at least 95%of
the internal surface area of the lung) and type II (ATII) cells
(which cover about 2-5% of the internal surface area of the
lung) have several different sodium-permeable channels in
their apical membranes that play a role in normal lung
physiology and pathophysiology.2 ENaC appears to be ex-
pressed in both ATI and ATII cells.12 The channel plays a
prominent role in sodium uptake from alveolar fluid, and its
involvement in alveolar clearance in normal and diseased

Table 2. Potency of ENaC-Activating TIP Peptides and Selectivity of Effect

selectivity

active test compound EC50 (nM) n ENaC (%) potassium current (%) n

TNF-R 8.2 ( 0.1 5 93.4 ( 1.9 6.9 ( 1.8 4

1 54.3 ( 0.8 5 99.4 ( 0.1 0.6 ( 0.1 3

3 56.0 ( 0.8 4 93.4 ( 0.6 6.1 ( 0.9 3

4 38.3 ( 1.7 3 99.4 ( 0.2 0.6 ( 0.1 3

5 45.5 ( 0.6 3 98.9 ( 0.3 1.1 ( 0.3 3

8 24.8 ( 0.5 5 91.2 ( 0.2 8.6 ( 0.1 3

9 19.9 ( 0.7 4 89.6 ( 1.2 10.4 ( 1.1 3

Figure 4. Concentration-response curves. For all ENaC-activat-
ing TIP peptides amaximal effect could be observed at 120 nM. TIP
peptides 4, 5, 8, and 9 were more active than reference compound 1

but less active than TNF-R, whereas 3 was as active as 1. Estimated
values for the Hill slope of the concentration-response curves were
smaller for TIP peptides than for TNF-R and 1, indicating attenu-
ated steepness of the curves. Mean values ( SE for three to five
experiments are given.

Figure 5. TEA-selective Kþ current. Current traces induced by
clamping the cell membrane to a holding potential of -100 mV
are presented. The original whole-cell recordings from two cells are
illustrated during control and after addition of 100 μM amiloride,
which blocks the amiloride-sensitive Naþ current through ENaC.
Addition of 1 and 8 to the bathing solution induced virtually no
(1, right) or only a small (8, left) current, respectively. This peptide-
induced current was completely blocked by TEA, indicating that
this current is a Kþ current. The pulse protocol and calibration bar
are illustrated at the bottom-right area.
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lungs has been widely demonstrated.1,6,9,21 Kþ channels are
also expressed in ATI and ATII cells,12,22 and they can
participate in transepithelial Naþ and Cl- exchange,22 as well
as alveolar fluid clearance.23 Apart from ENaC, several other
ion channels such as acid-sensing ion channels (ASIC) or ion
pumps and transporters like the sodium-calcium exchanger,
Naþ/Kþ-ATPase, or the Naþ/Kþ/Cl- cotransporter contri-
bute to the sodium homeostasis of a cell. Previous work
showed an effect of TNF-R on ENaC.14 ENaC is located at
the apical side of the cell, and in addition there is evidence that
TIP peptides rather work from the apical than basolateral
side.19 To our knowledge A549 cells express ENaC,24 potas-
sium channels,25 and a cyclic nucleotide-gated ion channel,26

but no coexpression of ASIC and ENaC in the A549 cell line
has been reported. Therefore, on the basis of these previous
findings, we chose A549 cells for our structure-activity
relationship studies on ENaC. However, we are aware that
the TIP peptides could affect directly or indirectly also other
channels than ENaC and also ion pumps and transporters,
which are responsible for sodium homeostasis.

TNF-R has been shown to activate amiloride-sensitive
sodium currents in alveolar epithelium.14 In accordance,
several in situ, ex vivo, and in vivo studies have indicated that
the lectin-like domain ofTNF-R promotes amiloride-sensitive
edema reabsorption and alveolar fluid clearance.3,19,27-30 The
seemingly contradictory roles of TNF-R in pulmonary edema
can be explained by the spatial separation of the different
functions of TNF-R, with its lectin-like domain that activates
edema reabsorption and with its receptor-binding sites that
inhibit edema reabsorption,31,32 being located in different
domains in the native molecule.3,18,19,29,30 Native murine
TNF-R (mTNF) has been shown to produce a similar
amiloride-sensitive increase in ALC in mice expressing TNF
receptors compared with mice genetically deficient for the
TNF receptors, indicating a TNF receptor-independent mech-
anism for amiloride sensitiveALC.28AmutantmouseTNF-R
with amino acid changes T104A, E106A, and E109A in the
lectin-like domain has no effect on Naþ uptake in flooded rat
lungs in situ, unlike the wild type mTNF, which increases
uptake.14 Furthermore, wild-type mTNF, but not mutant,
stimulates the amiloride-sensitive Naþ uptake in A549 cells
in vitro.14 The mouse TIP peptide has also been shown to
improve alveolar fluid balance in injured isolated rabbit
lungs.30 More recently it has been demonstrated that human
TIP peptide improved rat lung function after transplantation,
reducing ROS generation and neutrophil infiltration.19 The
latter study also provided evidence for the role of ENaC as the
primary site of action of the TIP peptide in monolayers of rat
type II alveolar epithelial cells, as the peptide activated trans-
epithelial current onlywhen introduced to the apical side of the
cells.19 Taken together, these observations indicate that the
receptor-binding sites of TNF-R inhibit, whereas its lectin-like
domain activates, edema reabsorption and support a thera-
peutic role for TIP peptides in treatment of pulmonary edema
and ALI/ARDS.

Native TNF-R is a homotrimer with the lectin-like domain
of each subunit (in human TNF-R the sequence of amino acid
residues fromC101 toE116) located close together at the tip of
the structure, whereas the TNF receptor-binding sites are
located in the basolateral regions of the molecule. Initially
characterized for its trypanolytic effect,17 the lectin-like do-
mainofTNF-Rhasbeen shown toactivate amiloride-sensitive
Naþ uptake in lung microvascular endothelial cells18 and in
the alveolar epithelial cell line A549.14 Therefore, synthetic

peptides that mimic the lectin-like domain of TNF-R were
synthesized. Replacement of C101 by a glycine residue (G2)
and addition of N-terminal (C1) and C-terminal cysteine
(C17) residues, linked by a disulfide bridge, resulted in the
17-residue cyclic peptide 1. The amino acid residues T105,
E107, and E110 of human TNF-R corresponding to T6, E8,
and E11 of 1 were shown to be essential for the ENaC-
activating effect of TNF-R and the analogue 1 peptide.17,18

From the TIP-domain of TNF-R, synthetic TIP peptides 3, 4,
5, 6, 7, 8, 9, 10, and 11 were derived.

A comparison of the ENaC-activating effect of all the TIP
peptides allows tentative conclusions to be drawn regarding
the influence of three main structural features of the TIP-
domain and 1 on ENaC. These features are, first, the T105,
E107, E110 triad of residues at the tip of the TNF-Rmolecule
previously shown to be necessary for the trypanolytic, chit-
obiose-binding, and ENaC-activating effects of TNF-R
and 1,14,17-19,33 second, a hydrophobic region introduced by
P113 and bulky, hydrophobic side chains of adjacent residues
W114 and Y115, and third, the presence of a positively
charged N-terminal amino group or a negatively charged
C-terminal carboxyl group or both of these.

The importance of residues T105, E107, and E110 (corre-
sponding to T6, E8, and E11 in 1) is substantiated in the
present study, as the mutant TIP peptide (12), in which these
residues are replaced by alanine, has no effect on the sodium
current in A549 cells, whereas 1 does have an effect (EC50 =
54.3 ( 0.8 nM). All novel peptides contain T6, E8, and E11,
which have been shown to be essential for the ENaC-activat-
ing effect of 1. The inactive TIP peptide 2 lacks residues
equivalent to P113, W114, and Y115 of human TNF-R and
therefore the bulky hydrophobic region of 1. Furthermore,
from the study of the ENaC-activating effect of these TIP
peptides, it became obvious that a free positively charged
N-terminal amino group on residue 1 and/or a free negatively
charged carboxyl group on residue 17 is essential for activity.
The most active peptides either have a free positively charged
aminogroupat theN-terminal in thepositionof residue1 (this
is the case for 4 and 5) or have a free negatively charged
carboxyl group at the C-terminal in the position of residue 17,
as is the case for 8 and 9. TIP peptides that lack a free
positively charged N-terminal amino group on residue 1 as
well as a free negatively charged carboxyl group on residue 17
(6, 7, 21, 22) did not affect ENaC. The importance of the
charged groups in the linker part of the peptides for activity
can be better appreciated by comparison of the activity of
pairs of peptides differing only in the presence or absence of a
charged group on the linker portion of the molecule. Specifi-
cally, peptide 4 and peptide 11 differ solely in that 4 has a
charged amino group on residue 1, 4 has an EC50 of 38.3 nM,
whereas 11 is inactive. Peptide 5 andpeptide 6 alsodiffer solely
in the presence of a charged amino group on residue 1 in 5 and
its absence in 6; 5has anEC50 of 45.4 nM,whereas 6 is inactive
(Table 2). A similar comparison concerning the presence of a
free carboxyl group shows that peptide 8, which has a free
carboxyl groupon residue 17, has anEC50of 24.8 nMwhereas
7, which lacks a carboxyl group, is inactive. TIPpeptides 1 and
3, which are approximately identical in their ability to activate
amiloride-sensitive Naþ current (EC50 of 54.3( 0.8 and 56.0
( 0.8 nM, respectively), each have both a positively charged
N-terminal amino group and a negatively charged C-terminal
carboxyl group. Therefore, it seems that the presence of
charge, positive on the N-terminal residue 1 or negative on
the C-terminal residue 17 (or residue 19 in the case of 3), is
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essential for the ENaC-activating effect of the TIP peptides.
All active TIP peptides were highly selective for ENaC with a
tendency toward less selectivity in molecules without a free
positively charged N-terminal amino group.

To conclude, the results of the present study show that TIP
peptides that have an ENaC-activating effect in A549 cells
possess (i) the triad of residues equivalent to T105, E107, and
E110 of human TNF-R, (ii) the group of adjacent hydropho-
bic residues equivalent to P113, W114, and Y115 of human
TNF-R, and (iii) a positively chargedN-terminal amino group
or a negatively charged C-terminal carboxyl group or both of
these, whereas peptides that lack one ormore of these features
do not exert such an effect.

Experimental Section

The determination of the purity of the test compounds was
done using HPLC. The purity of tested TIP peptides was g95%
except for peptide 3 (see Peptide Description).

Peptide Synthesis. All peptides in this study were synthesized
by solid-phase peptide synthesis according to the fluorenyl-
methyloxycarbonyl/tert-butyl protection strategy on 2-chloro-
tritylchloride resin. Diisopropyl carbodiimide and N-hydro-
xybenzotriazole were used as coupling reagents. All coupling
steps were carried out in N,N-dimethylformamide. Protected
amino acids were coupled in succession to the peptide chain,
starting with the C-terminal amino acid. Deprotection of fluor-
enylmethoxycarbonyl was carried out in 20% piperidine in N,
N-dimethylformamide. Cleavage of the completed, partially
protected peptide from the resin was carried out in a 1:1 mixture
of acetic acid and dichloromethane. In the case of cysteine-
containing peptides, after cleavage from the resin, side chain
deprotection in 95% trifluoroacetic acid and 5% water was
carried out followed by cyclization by oxidation of terminal
cysteine residues, achieved by aeration of the crude linear
peptide at pH 8.5 for 90 h. Crude peptide product was purified
by reverse phase medium pressure liquid chromatography (RP-
MPLC) on an RP-C18 silica gel column with a gradient of
5-40% acetonitrile. Finally, the trifluoracetate counterion was
replaced by acetate on a Lewatit MP64 column (acetate form).
Following a final wash in water, the purified peptide as the
acetate salt was lyophilized and obtained as a white to off-white
powder. In the case of cysteine-free peptides, the cyclization step
was carried out on the partially protected linear peptide follow-
ing cleavage from the 2-chlorotritylchloride resin.After selective
cyclization of the cysteine-free peptides, side chain deprotection
in trifluoroacetic acid followed by preparative RP-MPLC,
replacement of the trifluoroacetate ion by acetate, and lyophi-
lization of the acetate form of the peptide was carried out as for
cysteine-containing peptides. In the case of peptide 8, in which
cyclization involved amide bond formation through the side
chain carboxyl group of aspartic acid, selective cyclizaton was
achieved by starting the synthesis using the C-terminal aspartic
acid N-protected with the fluorenylmethyloxycarbonyl group
andwith the C-R carboxyl protected with a tertiary butyl (OtBu)
group. Synthesis proceeded by linkage of the C-terminal aspar-
tic acid residue to the trityl resin through the side chain carboxyl
group, followed by stepwise addition of the protected amino
acid residues to the peptide chain. After deprotection of the
amino group of N-terminal 4-aminobutanoic acid and cleavage
of the side chain protected peptide from the resin, cyclization
was carried out through the free side chain carboxyl group and
the amino group of N-terminal 4-aminobutanoic acid. Finally,
side chain protecting groups were removed with trifluoracetic
acid and the peptide was purified by RP-MPLC as for the other
peptides. The synthesis of peptide 9 followed the same principles
as that for 8 except that the C-terminal amino acid was glutamic
acid with the CR carboxyl group protected with OtBu and with
3-aminopropanoic acid as the N-terminal aminocarboxylic
acid.

The molecular masses of the peptides were confirmed by
electrospray ionization mass spectrometry or MALDI-TOF-
MS, and their purity was determined by analytical high perfor-
mance liquid chromatography.

Peptide Description.
Cyclo(CGQRETPEGAEAKPWYC) (1). Cyclization in pep-

tide 1was achieved by oxidation of the terminal cysteine residues
to form a disulfide bridge. The purity of the peptide was 96.3%.
m/z (ESI) 1924.2 (Mþ þ 1); theoretical average molecular mass
1923.1.

Cyclo(CQRETPEGAEAKGGC) (2).Cyclization in peptide 2
was achieved by oxidation of the terminal cysteine residues to
form a disulfide bridge. The purity of the peptide was 97.0%.
m/z (MALDI) 1534.8 (Mþ þ 1); theoretical average molecular
mass 1533.6.

Cyclo(KSPGQRETPEGAEAKPWYE) (3). Cyclization in
peptide 3 was achieved by formation of an amide bond between
the amino group attached to the ε-carbon of the N-terminal
lysine residue and the side chain carboxyl group attached to the
γ-carbon of the C-terminal glutamic acid residue. The purity of
the peptide was 89%. m/z (MALDI-TOF) 2142.7 (Mþ þ 1);
theoretical average molecular mass 2142.3.

Cyclo(KGQRETPEGAEAKPWYG) (4). Cyclization in pep-
tide 4 was achieved by creating an amide bond between
the amino group attached to the ε-carbon of the side chain of
the N-terminal lysine residue and the carboxyl group of the
C-terminal glycine residue. The purity of the peptidewas 98.8%.
m/z (ESI) 1888.2 (Mþþ1); theoretical average molecular mass
1886.0.

Cyclo(ornithine-GQRETPEGAEAKPWYG) (5). Cyclization
in peptide 5was achieved by creating an amide bondbetween the
amino group attached to the δ-carbon of the side chain of the
N-terminal ornithine residue and the carboxyl group of the
C-terminal glycine residue. The purity of the peptidewas 97.4%.
m/z (ESI) 1873.4 (Mþ þ 1); theoretical average molecular mass
1872.0.

Cyclo(5-aminopentanoic acid-GQRETPEGAEAKPWYG)
(6). Cyclization in peptide 6 was achieved by creating an amide
bond between the amino group of N-terminal 5-aminopentanoic
acid and the carboxyl group of the C-terminal glycine residue.
The purity of the peptide was 100%.m/z (MALDI-TOF) 1857.9
(Mþþ1); theoretical average molecular mass 1857.0.

Cyclo(4-aminobutanoic acid-GQRETPEGAEAKPWYG) (7).
Cyclization in peptide 7was achieved by creating an amide bond
between the amino group of the N-terminal 4-aminobutanoic
acid and the carboxyl group of the C-terminal glycine residue.
The purity of the peptide was 100%. m/z (MALDI-TOF) 1843.3
(Mþþ1); theoretical average molecular mass 1843.0.

Cyclo(4-aminobutanoic acid-GQRETPEGAEAKPWYD) (8).
Cyclization in peptide 8was achieved by creating an amide bond
between the amino group of 4-aminobutanoic acid and the side
chain carboxyl group attached to the β-carbon of the C-terminal
aspartic acid residue. The purity of the peptide was 100%. m/z
(MALDI-TOF) 1901.6 (Mþþ 1); theoretical average molecular
mass 1901.0.

Cyclo( β-alanine-GQRETPEGAEAKPWYE) (9). Cyclization
in peptide 9was achieved by creating an amide bond between the
amino group of the N-terminal β-alanine (3-aminopropanoic
acid) and the side chain carboxyl group attached to the γ-carbon
of the C-terminal glutamic acid residue. The purity of the peptide
was100%.m/z (MALDI-TOF) 1902.7 (Mþþ1); theoretical average
molecular mass 1901.0.

Cyclo(7-aminoheptanoic acid-GQRETPEGAEAKPWY) (10).
Cyclization in peptide 10was achieved by creating an amide bond
between the amino group of the N-terminal 7-aminoheptanoic
acid and the carboxyl group of the C-terminal tyrosine residue.
The purity of the peptide was 97.2%.m/z (MALDI-TOF) 1828.9
(Mþþ1); theoretical average molecular mass 1828.0.

Cyclo(6-aminohexanoic acid-GQRETPEGAEAKPWYG) (11).
Cyclization in peptide 11was achieved by creating an amide bond
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between the amino group of 6-aminohexanoic acid and the
carboxyl group of the C-terminal glycine residue. The purity of
the peptide was 100%. m/z (MALDI-TOF) 1872.6 (Mþ þ 1);
theoretical average molecular mass 1871.0.

Cyclo(CGQREAPAGAAAKPWYC) (12). Cyclization in
peptide 12 was achieved by oxidation of the terminal cysteine
residues to form a disulfide bridge. The purity of the peptide
was 98.2%. m/z (ESI) 1778.2 (Mþ þ 1); theoretical average
molecular mass 1777.0.

Structural Modeling. By use of 3D structural model for
human TNF-R, PDB ID: 1A8M as a template, 3D models of
the peptides were built in Accelrys DS Visualizer, version 2.0.1
(http://accelrys.com), Avogadro, version 1.0.0 (http://avoga-
dro.openmolecules.net/wiki/Main_Page), or DeepView/Swiss-
PdbViewer, version 4.0.1 (http://www.expasy.org/spdbv/) mo-
lecular graphics and editing programs.34 For all peptide models
the part of the structure immediately surrounding the lectin-like
domain in theA chain between residuesK98 andP117was taken
as a template formodeling. Amodel for 1was built inDeepView
bymutating the P100 andE116 residues to cysteine and theC101
to glycine, followed by removal of extra residues and energy
minimization. Models for the remaining peptides were built in
DeepView,AccelrysDS, andAvogadro bymutation of residues,
replacement of elements, and insertion or deletion of bonds
to achieve the desired molecular arrangement, followed by
energy minimization. Images of the peptide models were made
in PyMol, version 0.99 (http://www.pymol.org/), or RasMol,
version 2.7.4.2 (http://rasmol.org/).

Energy minimization computations were performed with the
GROMOS96 implementationof Swiss-PdbViewer.Computations
were performed in vacuo with the Gromos96 43B1 parameter set
without reaction field35 (http://www.igc.ethz.ch/GROMOS).

Two-dimensional chemical structures were drawn using
MarvinSketch, version 5.3.1 (http://www.chemaxon.com/),
and BioDraw Ultra, version 11.01 (http://cambridgesoft.com).

Cell Line. Experiments were carried out on the human
epithelial cell line A549 (ATTAC no. CCL-185) in passages
80-90. Cells were grown in Dulbecco’s modified Eagle’s medium/
nutrientmixture F12Ham, supplementedwith 10% fetal bovine
serum and containing 1% penicillin-streptomycin. All culture
mediawerepurchased fromSigma-AldrichGmbH(St.Louis,MO).

Electrophysiological Recordings. Effects on ENaC were stud-
ied on A549 cells at room temperature (19-22 �C) at 24-48 h
after plating. Currents were recorded with the patch clamp
method in the whole-cell mode. Glass coverslips with the
cultured cells were transferred to a chamber of 1 mL capacity,
mounted on the stage of an invertedmicroscope (Zeiss, Axiovert
100). The chamber contained 1 mL of the bath solution of the
following composition (in mM): 145 NaCl, 2.7 KCl, 1.8 CaCl2,
2 MgCl2, 5.5 glucose, and 10 HEPES, adjusted to pH 7.4 with
1MNaOH solution.Micropipettes were pulled from thin-walled
borosilicate glass capillaries (World Precision Instruments, Inc.,
FL) with a Flaming Brown micropipette puller (P87, Sutter
Instruments, CA) and polished on a microforge (Narishige,
Tokyo, Japan) to obtain electrode resistances ranging from
2.0 to 3.5 MΩ. This equipment is sold as micropipette puller
for the fabrication of micropipettes. The pipette solution con-
tained the following (inmM): 135 potassiummethane sulfonate,
10 KCl, 6 NaCl, 1 Mg2ATP, 2 Na3ATP, 10 HEPES, and 0.5
EGTA, adjusted to pH 7.2 with 1 M KOH solution. Chemicals
for pipette and bathing solutions were supplied by Sigma-
Aldrich (Vienna, Austria). Electrophysiological measurements
were carried out with an Axopatch 200B patch clamp amplifier
(Axon Instruments, CA). Capacity transients were canceled,
and series resistance was compensated.Whole cell currents were
filtered at 5 kHz and sampled at 10 kHz. Data acquisition and
storagewere processed directly to a PC equippedwith pCLAMP
10.0 software (Axon Instruments, CA).

After GΩ-seal formation, the equilibration period of 5 min
was followed by recordings at holding potentials (Eh) between

-100 and þ100 mV in 20 mV increments for 1 min at each Eh.
Amiloride was added in control experiments in order to identify
if the registered current is the amiloride-sensitive Naþ current.
In the series of experiments with the test compounds, after a
control period of 5 min, aliquots of a stock solution, which was
prepared with distilled water, were cumulatively added into the
bathing solution, resulting in concentrations ranging from 1.75
to 30 nM TNF-R and from 3.5 to 480 nM TIP peptide, respec-
tively. The wash-in phase lasted about 1 min. After steady state
had been reached, the same clamp protocol was applied during
control recordings and for each concentration of the peptide.
At the end of the experiments amiloride was added in order to
prove whether the peptide-induced increase in current is due to
the amiloride-sensitive Naþ current, so that the specificity of
these compounds on the amiloride-sensitive Naþ current could
be proven. Concentration-response curves and EC50 values
were fitted and estimated for currents recorded at Eh of -100 mV
with SigmaPlot 9.0. Differences in EC50 were calculated for
statistical significance (P<0.05) with the Student’s t test.

For evaluation of ion selectivity, ENaC was blocked by
10-100 μM amiloride hydrochloride hydrate before the addi-
tion of peptide. Subsequent addition of 10 mM tetraethylam-
monium chloride (TEA) indicated whether any observed
increases in the current were due to potassium current. These
experiments were also carried out at Eh=-100 mV.
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