J. Membrane Biol. 190, 93-103 (2002)
DOI: 10.1007/s00232-002-1027-3

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 2002

Structural Implications of Placing Cationic Residues at either the NH,- or COOH-Terminus

in a Pore-forming Synthetic Peptide

J.R. Broughman'*, L.P. Shank', O. Prakash', B.D. Schultz’, T. Iwamoto', J.M. Tomich', K. Mitchell*
1Department of Biochemistry, 104 Willard Hall, Kansas State University, Manhattan, KS 66506, USA
2Department of Anatomy and Physiology, 228 Coles Hall, Kansas State University, Manhattan, KS 66506, USA

Received: 30 March 2002/Revised: 9 July 2002

Abstract. Restoration of chloride conductance via
introduction of an anion-selective pore, formed by a
channel-forming peptide, has been hypothesized as a
novel treatment modality for patients with cystic fi-
brosis. Delivery of these peptides from an aqueous
environment in the absence of organic solvents is
paramount. M2GlyR peptides, designed based on the
glycine receptor, insert into lipid bilayers and polar-
ized epithelial cells and assemble spontaneously into
chloride-conducting pores. Addition of 4 lysine resi-
dues to either terminus increases the solubility of
M2GlyR peptides. Both orientations of the helix
within the membrane form an anion-selective pore,
however, differences in solubility, associations and
channel-forming activity are observed. To determine
how the positioning of the lysine residues affects these
properties, structural characteristics of the lysyl-
modified peptides were explored utilizing chemical
cross-linking, NMR and molecular modeling. Initial
model structures of the a-helical peptides predict that
lysine residues at the COOH-terminus form a capping
structure by folding back to form hydrogen bonds
with backbone carbonyl groups and hydroxyl side
chains of residues in the helical segment of the pep-
tide. In contrast, lysine residues at the NH,-terminus
form fewer H-bonds and extend away from the heli-
cal backbone. Results from NMR and chemical
cross-linking support the model structures. The C-
cap formed by H-bonding of lysine residues is likely
to account for the different biophysical properties
observed between NH,- and COOH-terminal-modi-
fied M2GlyR peptides.
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Introduction

Peptide-based channel-replacement therapy is a po-
tentially useful method for addressing human dis-
eases such as cystic fibrosis (CF)' that are caused by a
loss of channel function. This approach also permits
evaluation of the role of anion secretion in the pa-
thology of the CF disease process. A human-derived
CF cell line (CFT1) incubated with NK4M2GlyR
exhibited a restoration of both anion secretion and
glutathione transport (Gao et al., 2001). This pro-
posed treatment modality lies midway between con-
ventional drug therapy and gene therapy. In the case
of cystic fibrosis, currently approved conventional
drug therapy addresses only symptoms such as
inflammation, mucus accumulation and bacterial
infection. Gene therapy, though not approved,
addresses the root cause of the disorder but requires

'Abbreviations: AchR, acetylcholine receptor; BS®, Bis[sulfosuc-
cinimidyl]suberate; CF, cystic fibrosis; CFP, channel-forming
peptide; DMEM, Dulbecco’s Modified Eagle Medium; DMSO,
dimethyl sulfoxide; 1-EBIO, 1-ethyl-2-benzimidazolinone; FBS,
fetal bovine serum; Fmoc, fluoren-9-yl methoxycarbonyl; HEPES,
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid; HMP, p-hy-
droxymethylphenoxymethyl; HPLC, high performance liquid
chromatography; Isc, short circuit current; MALDI-TOF, matrix
assisted-laser desorption time-of-flight mass spectroscopy; MDCK,
Madin-Darby canine kidney cells; M2GlyR, second transmem-
brane segment of the glycine receptor; NOESY, nuclear Overhauser
effect spectroscopy; PAGE, polyacrylamide gel electrophoresis;
SDS, sodium dodecylsulfate; TFE, trifluoroethanol; TOCSY, total
correlation spectroscopy.
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stable transfection as well as all of the cell’s tran-
scriptional, translational and post translational pro-
cessing to place a functional protein in the apical
membrane of airway epithelium. Peptide-based
channel replacement therapy for cystic fibrosis, also
in the developmental stage, involves merely applying
the peptide to the apical surface of the airway epi-
thelium (the air/cell interfacial membrane). Once
bound to the target membrane, the peptide inserts
across the bilayers and assembles into functional ion
conductive pores.

Developing new amphipathic peptides that retain
channel-forming activity with improved aqueous
solubility and decreased solution propensity to form
high molecular weight associations is a key objective
in making “peptide-based channel replacement ther-
apy” a reality. Throughout the search for a lead CF
therapeutic, an iterative process has been employed
to identify peptide sequences that are highly soluble
in aqueous solution, yet retain the ability to form
functional channels in epithelial cell membranes. The
studies presented in this report detail experiments
that show the structural consequences of manipulat-
ing the position of the lysine adducts or the sequential
removal of amino acids at either the COOH- or NH>-
terminus. It is clear from the present work that sep-
arate and discrete segments exist within the M2GIyR
sequence, which direct solution peptide-peptide as-
sociation and membrane assembly of these sequences.
Removal of the association domain greatly enhances
the population of monomer with enhanced channel-
forming activity (Broughman et al., 2002).

A synthetic peptide based on the second trans-
membrane segment of the ol subunit of the brain
glycine receptor (M2GlyR; residues 284-306; PAR-
VGLGITTVLTMTTQSSGSRA) is capable of as-
sembly into chloride-selective pores (Reddy et al.,
1993). The addition of four lysine residues to the
COOH-(CK4-M2GlyR) or the NH,-terminus (NK-
M2GIlyR) results in increased aqueous solubility with
retention of channel-forming activity (Tomich et al.,
1998). CK4-M2GlyR and NK4,-M2GIlyR can form
channels in planar lipid bilayers (Broughman et al.,
2001; Mitchell et al., 2000), increase whole-cell chlo-
ride conductance in isolated epithelial cells (Brough-
man et al., 2001; Mitchell et al., 2000) and induce
chloride secretion and water transport from epithelial
cell monolayers (Broughman et al., 2001; Tomich
et al., 1998; Wallace et al., 2000; Wallace et al., 1997).

Differences in both the biophysical and electro-
physiological properties of the NH,- vs. COOH-ad-
ducted peptides have been demonstrated previously.
In separate experiments, the maximal increase in
short-circuit current (/sc, indicative of anion secre-
tion) induced by treatment of epithelial monolayers
with NK4-M2GlyR is 50% greater than the increase
in Isc induced by CK4-M2GIlyR (Broughman et al.,
2001; Wallace et al., 2000). In addition, NK;4-
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M2GIlyR forms more stable channels in planar lipid
bilayers than does CK4-M2GlyR (Broughman et al.,
2001; Mitchell et al., 2000). M2GlyR is hydrophobic
and aggregates in aqueous solution; modification
with lysine residues at either terminus results in in-
creased aqueous solubility of both peptides. However,
NK4M2GIyR is less soluble than CKy4-M2GlyR
(13.4 mm vs. 27.5 mwm, respectively) (Tomich et al.,
1998). In Ringer solution, the shielding of the polar
lysine residues of both peptides by ionic solutes re-
sults in the formation of soluble high molecular
weight associations, as measured by increased vis-
cosity of the peptides over time (Tomich et al., 1998).
The time-dependent increase in viscosity for NKjy-
M2GIyR follows a second-order process and pro-
duces peptide-peptide associations that are subject
to shear. CK4-M2GIyR, under identical conditions,
displays viscosity increases that are first-order,
forming associations less susceptible to shear. These
differences in the biophysical properties of NKy-
M2GlyR and CK4-M2GlyR likely result from dif-
ferences in the structure of the peptides near the ly-
sine tail and/or interactions of the lysine residues with
the helical M2GlyR segment of the peptide.

NH>,- and COOH-terminal helix capping motifs
are important in stabilizing secondary structure
in proteins (Richardson & Richardson, 1988). The
capping residues are thought to form H-bonds with
the last four backbone carbonyl and amide groups at
the helix termini. The uneven distribution of residues
found at the ends of helices in proteins in nature
suggests that some residues may be favored in helix-
capping motifs (Richardson & Richardson, 1988). In
particular, polar side chain-backbone interactions
may be important (Aurora & Rose, 1998; Presta &
Rose, 1988). COOH-terminal capping motifs have
been proposed for synthetic peptides as well. A report
(Zhou et al., 1994) described H-bonding interactions
between the side-chain amide of an asparagine re-
sidue at the COOH-terminus of a synthetic o-helical
peptide with the backbone carbonyl of a residue four
positions further along the peptide chain. This re-
sulted in a tightening of the COOH-terminus into a
3'0 helix. In a similar study, a single lysine residue at
the COOH-terminus of a synthetic 22-amino-acid
channel-forming o-helical peptide was shown to dis-
tort the geometry of the helix at the COOH-terminus
by interactions between the lysine amino group and
the backbone carbonyl of a residue four positions
further along the peptide chain (Esposito et al., 1997).
Based on the significance of capping motifs in nature
and the effects of polar side chains at the COOH-
termini of synthetic peptides, we sought to explore
how lysine residues at the COOH- vs. the NH,-ter-
minus of the M2GIyR sequence influence helical
structure and thus activity.

CK4-M2GlyR forms fewer cross-linked associa-
tions than NK4-M2GlyR. This reduction in cross-
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linking of CK4-M2GlyR may be due to differences in
orientation of the individual peptides within the as-
sociations, perturbations of the monomer structure
that mask sequence elements that promote peptide-
peptide associations or to lysine g-amino groups that
are less available to cross-linker reagents. NMR data
suggest that the environments for the lysine residues
are different for the two peptides. Molecular model-
ing and molecular dynamics were used to generate
structures of the NK4-M2GIlyR and CK4M2GlyR
peptides to explore these structures further. Initial
model structures of the 27-amino-acid a-helical pep-
tides predict that the four lysine residues, when at the
COOH-terminus, form a capping structure by folding
back to form H-bonds with backbone carbonyl
groups and hydroxyl side chain groups of residues in
the helical segment of the peptide. In contrast, the
lysine residues at the NH,-terminus extend away
from the helix backbone and form fewer H-bonds
with the helical segment of the peptide. The differ-
ences in the capping structures formed by lysine res-
idues at the NH,- and COOH-termini are likely to
account for the different biophysical properties of the
lysine-modified M2GlyR peptides including channel
assembly, associations and solubility.

Materials and Methods

PEPTIDE SYNTHESIS

All peptides were synthesized by solid-phase synthesis using 9-flu-
orenyl methoxycarbonyl (Fmoc) chemistry on an ABI 431A pep-
tide synthesizer (Perkin-Elmer, Norwalk, CT). p-Hydroxymethyl-
phenoxymethyl (HMP) resin preloaded with the COOH-terminal
amino acid was purchased from Perkin-Elmer, N-a-Fmoc-pro-
tected amino acids were purchased from Perkin-Elmer, Bachem
(Torrence, CA), Peninsula Laboratories (Belmont, CA) and Pep-
tides International (Louisville, KY). All peptides were character-
ized by reversed-phase HPLC and matrix assisted-laser desorption
time-of-flight mass spectroscopy (MALDI-TOF).

Sequence Name
KKKKPARVGLGITTVLTMTTQSSGSRA NK,4-M2GlyR
PARVGLGITTVLTMTTQSSGSRAKKKK CK4-M2GlyR

SHORT-CIRCUIT CURRENT MEASUREMENTS

Madin-Darby canine kidney (MDCK) cells were maintained in
culture as described previously in detail (Broughman et al., 2001;
Wallace et al., 1997). For Ussing-chamber experiments, cells were
seeded onto 1.13-cm® permeable supports (Snapwell, Costar,
Cambridge, MA) at a density of approximately 1 x 10° cells/well
and incubated in Dulbecco’s Modified Eagle Medium with Ham’s
F12 nutrient mixture (DMEM/F-12), supplemented with fetal bo-
vine serum (FBS) and antibiotics (changed every other day) for 2-3
weeks prior to being mounted in modified Ussing chambers.
Transepithelial ion transport was evaluated in a modified Ussing
chamber (Model DCV9, Navicyte, San Diego, CA) as described
previously in detail (Broughman et al., 2001). Isc data are from
steady-state flux levels. Results are presented as mean + SEM.
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CHEMICAL CROSS-LINKING

Bis[Sulfosuccinimidyl]suberate (BS®) (Pierce, Rockford, IL), a
water-soluble homo-bifunctional cross-linking reagent that reacts
with free amino groups, was made as a 200 mM stock solution in
dimethyl sulfoxide (DMSO). Peptide stock solutions (1 mm) were
made in distilled water. The cross-linking reactions were carried out
by diluting the peptide stock solutions in 10 mm 4-(2-Hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer, pH 6.5, to
a final concentration of 150 pum in a final volume of 97 pl. After
equilibration of the diluted peptide solution at room temperature
for 15 min, BS® (3 pl) was added to obtain a final concentration of 6
mm, resulting in a forty-fold molar excess of cross-linker over
peptide. After 30 min, the cross-linking reaction was terminated by
the addition of 1 N HCI (1:10). The reaction mix was dried under
vacuum and dissolved in distilled water. The reaction mix was di-
luted in tricine-SDS sample buffer (50:50, v/v), and boiled for 5
min. The samples were resolved by electrophoresis on 10-20%
tricine gels (Schagger & von Jagow, 1987) and visualized with silver
staining (SilverXpress®, Invitrogen, Carlsbad, CA). Apparent
molecular mass of the peptides was calculated from a standard
curve made by plotting the log;, of the molecular mass of the
known standard proteins versus the distance of migration.

NMR SPECTROSCOPY

NMR Spectroscopy was performed as described previously (Vogen
et al., 1998). High-resolution one- and two-dimensional "H-NMR
experimental data were acquired on an 11.75 T Varian UNITYplus
spectrometer (Varian, Palo Alto, CA) operating at 499.96 MHz for
'H, with a 5-mm triple-resonance inverse detection probe. Spectra
of peptides (3.0 mm) were recorded at 30°C in water containing
30% deuterated trifluoroethanol (TFE). Quantitative analysis of
the CD measurements made in 30% TFE suggested 55% helical
structure (Bohm, Muhr & Jaenicke, 1992). Further increases in
TFE content did not change the percent helicity as measured by
CD. Varian NMR software VNMR 6.1B on a Sun Microsystems
Ultra 10 workstation was used for NMR data acquisition and
analysis. A total of 256 increments of 4K data points were collected
for these experiments. All data sets were obtained in hypercomplex
phase-sensitive mode. Proton resonance assignments were con-
firmed by comparison of cross peaks in a NOESY spectrum with
those in a TOCSY spectrum acquired under similar experimental
conditions (Wuthrich, 1986). 2D-NOESY experiments were per-
formed with 200, 300, 400 and 500 msec mixing times. 2D-TOCSY
spectra were recorded using MLEV-17 (Bax & Davis, 1985) for
isotropic mixing for 70 msec at a B1 field strength of 8 KHz. Water
peak suppression was obtained by low-power irradiation of the
H,O peak during relaxation delay. The TFE peak was considered
the reference peak for chemical shift assignment. All experiments
were zero-filled to 4K data points in the tl dimension and when
necessary, spectral resolution was enhanced by Lorenzian-Gaus-
sian apodization.

MOLECULAR MODELING

Peptides were built using the Biopolymer module of Sybyl 6.7.
Electrostatics were calculated by the Kollman method (Singh &
Kollman, 1984) and a distance-dependent dielectric constant was
used (¢ = 4 x r) rather than explicit solvation. The peptide geo-
metry was assigned to be a-helical for the M2GlyR segment, based
on results from circular dichroism measurements in 50% TFE,
which indicated predominantly o-helical secondary structures for
the peptides at temperatures up to 70°C (Tomich et al., 1998). The
method described by Devi et al. (Devi, Sitaram & Nagaraj, 1998)
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was used to obtain structures for molecular dynamics simulations.
Briefly, the initial a-helical structures were subjected to 100 itera-
tions of steepest descent minimizations to eliminate bad contacts,
followed by 5 cycles of optimizations using the conjugate gradient
method until convergence was reached (0.001 kcal/mol/z&). Mo-
lecular dynamics simulations of the energy-minimized structures
were done for 10 psec at 300 K.

Results
CHANNEL-FORMING PROPERTIES

Results from tightly paired experiments comparing
the concentration-dependent effects of CK4-M2GlyR
and NK4-M2GlyR on Isc have not been previously
reported, although results from similar studies have
been reported individually (Broughman et al., 2001;
Wallace et al., 2000). Experiments were conducted to
rule out the possibility that reported differences in
concentration dependence resulted from the environ-
ment in which the experiments were completed.
Monolayers of MDCK cells were mounted in modi-
fied Ussing chambers and exposed to 100 pum 1-ethyl-
2-benzimidazolinone (1-EBIO) to activate a basolat-
eral K conductance and thus provide additional
electrochemical driving force for anion secretion
(Devor et al., 1996). This was followed by treatment of
the apical surface of MDCK monolayers with in-
creasing concentrations of either CK4-M2GlyR or
NK4M2GIyR, during which time Isc was recorded
continuously. Consistent with previous reports,
1-EBIO had no effect on basal Isc (Wallace et al.,
2000). The concentration-response relationships for
CK4-M2GlyR and NK4-M2GIlyR in the paired ex-
periments are summarized in Figure 1. The results of
the paired experiments are similar to the previous
reports in that little effect of either CK4-M2GlIyR or
NK4-M2GlyR is observed at concentrations of less
than 100 pm. At every concentration tested, the effect
of NK4-M2GlyR on I5c was greater than that of CKy-
M2GIlyR.The data were fitted by a modified Hill
equation, 7 = Iy X ([PT") | ([PI" X [P5o]) to de-
termine the maximal response (/,.y), the peptide
concentration producing 50% of the maximal re-
sponse (Pso) and the Hill coefficient (7). The resulting
parameters for NK4-M2GIlyR ([ = 25.2 £ 10.4
pA, P = 319 £ 192 um, n = 1.52 £ 0.55) are sim-
ilar to those reported previously (Broughman et al.,
2001, Inax = 243 £ 0.5 pA, Psog = 208 £ 6 pm,
and n = 2.6 £ 0.1). The concentration dependence
of CK4-M2GlyR is right-shifted compared to that of
NK4M2GIlyR, with the response at the greatest
concentration tested (500 um) showing no indication
of saturation. The experimental data for CKy-
M2GIlyR, when fitted by the modified Hill equation,
resulted in a substantially greater value for I, (102.5
HA cm?) than that observed for a variety of agonists
and pore-forming peptides (25-30 uA cm?). Although
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Fig. 1. The dependence of Isc of MDCK monolayers on NKy-
M2GIlyR and CK4M2GIlyR concentration in the presence of
1-EBIO. Values are mean + sem for 4 paired experiments. Solid line
represents the best fit of a modified Hill equation (see Methods) to
each of the data sets. The parameters obtained were I,,x = 25.2 +
104 pA ecm™2, Psy = 319 + 192 pm, n = 1.52 + 0.55 for NK-
M2GIyR and Psy = 553 pum, n = 2.30 £ 1.63 for CK4-M2GlyR
with the I, held constant at 25.2 pA.

this predicted value might be correct, the peptide-in-
duced conductance is, in all likelihood, not rate-lim-
iting for anion-conductance secretion by the epithelial
monolayer. Therefore, I,,x was constrained to the
value obtained from the fit to the Hill equation for
NK4-M2GlyR. Using this constraint, the concentra-
tion of CK4-M2GlyR predicted to produce 50% of the
maximum response (Psg) is 553 um and the Hill co-
efficient (n) is 2.30 £ 1.63. These results demonstrate
clear differences in the channel-forming activity of
NK4M2GIlyR and CK4-M2GIlyR, based on their
ability to increase anion secretion across an epithelial
monolayer. These differences could involve a number
of properties of the peptides in aqueous or lipid phases
including peptide-peptide associations in solution,
lipid partitioning, and channel assembly. How the
location of the lysine tail alters the structural char-
acteristics of the NK4-M2GIlyR and CK4-M2GlyR
peptides was explored to assess the potential effects of
any structural differences on these properties.

CROSS-LINKING AND HIGH-MOLECULAR WEIGHT
PEPTIDE-PEPTIDE ASSOCIATION

Previously, it was shown that aqueous solubility of
NK4- and CK4-M2GIlyR peptides was greatly en-
hanced compared to the native M2GlyR sequence.
However, TOCSY-NMR studies suggested that there
were differences in the behavior of CK4-M2GlyR and
NK4M2GIyR in aqueous solution with a higher
proportion of CK4,M2GIyR existing as monomer
rather than as soluble associations as compared to
NK4-M2GIlyR (Tomich et al., 1998). To explore dif-
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Aggregation Profile of CK ;- and NK,-M2GlyR p27
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Fig. 2. Silver-stained tricine polyacrylamide gel of NK4-M2GlyR
and CK4-M2GlyR. Lanes / & 10, molecular weight marker; lanes 2—
4, NK4-M2GlyR treated with a 40-fold excess of cross-linking reagent
(lane 2, 100 pum; lane 3, 200 um; lane 4, 300 pum); lane 5, untreated
NK,4-M2GlyR boiled in SDS-containing sample buffer; lanes 6-8,
CK4-M2GlyR treated with a 40-fold excess of cross-linking reagent
(lane 6, 100 pMm; lane 7, 200 pMm; lane 8, 300 pum); lane 9, untreated
CK4-M2GlyR, boiled in SDS-containing sample buffer.

ferences between the high-molecular weight associa-
tions of CK4-M2GIlyR and NK4M2GIlyR further,
solutions of the peptides were reacted with the amino-
reactive homo-bifunctional cross-linking reagent,
Bis[Sulfosuccinimidyl]suberate (BS?). This water-sol-
uble reagent forms cross-links between two amino
groups through reaction with the sulfo-N-hydroxy-
succinimidyl ester moieties, resulting in an 11.4-A
link between the reacted residues. The formation of
high-molecular weight associations of CK4-M2GlyR
and NK,-M2GlyR that occur in aqueous solution
was determined from SDS-PAGE analysis of the
complexes that result from intermolecular cross-
linking reactions between the peptides in solution.
Figure 2 shows SDS-PAGE analysis of the products
of cross-linking reactions for CK4-M2GlyR and
NK4-M2GlyR. In the absence of the BS® cross-link-
ing reagent, CK4,-M2GIlyR and NK4-M2GlyR (Fig.
2, lanes 5 and 9, respectively) appear as a single band,
indicating that any associations of the peptides that
exist in aqueous solution are dissociated by boiling in
SDS-containing sample buffer. In contrast, the native
M2GlyR forms associations that are not dissociated
by heating in SDS-containing sample buffer (data not
shown). Data presented in lanes 24 (CK4-M2GlyR)
and lanes 6-8 (NK4-M2GlyR) indicate that increas-
ing the concentration of dissolved peptide does in-
fluence the formation of peptide-peptide associations.
Clear differences in the degree of association and/or
cross-linking propensities of NK4-M2GlyR and CKy-
M2GIyR are observed. The NK4,-M2GlyR peptide
forms larger cross-linked associations than CKjy-
M2GIyR, with masses greater than 30 kDa in water.
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In contrast, CK4-M2GIlyR cross-linking products
correspond to the masses expected for dimer and
trimers, with much of the unreacted monomer still
present. The observed differences in association are
consistent with the previously reported higher solu-
bility of CK4-M2GlyR, which may be due to a higher
percentage of lower-molecular weight complexes
(Tomich et al., 1998).

The SDS-PAGE analysis also reveals differences
in the electrophoretic mobility of the monomeric
forms of NK4-M2GIlyR and CK4-M2GlyR, which
have identical masses (Fig. 2). The monomers for
NK4M2GIlyR and CK4-M2GIyR run with apparent
molecular weights of 4900 and 4650, respectively,
values that are greater than that obtained by mass
spectrometry (2817 Da.). The differences in electro-
phoretic mobility suggest that the peptides have non-
equivalent Stoke’s radii, perhaps due to detergent
micelle-induced helical structures formed by the
peptides (data not shown).

NUCLEAR MAGNETIC RESONANCE

A series of one- and two-dimensional NMR experi-
ments were performed on NKy- and CK4-M2GlyR.
TOCSY NMR spectra were recorded for NK4- and
CK4-M2GlyR. Data presented in Fig. 3 show the
fingerprint region (NH to Ca and side chain proton
connectivity) for 500 MHz 'H 2D-experiments for
both peptides recorded in water containing 30%
deuterated TFE at 30°C (assignments are shown for
the lysine residues). The extent of chemical-shift dis-
persion of the backbone proton resonances, particu-
larly of the lysine residue amide protons (in spite of
the oligomeric nature of the lysines in these sequenc-
es), suggest that such a spread of chemical shift can
only be induced by secondary structure. However, in
comparing the chemical shifts for the lysine residues in
the two TOCSY spectra, it is apparent that the envi-
ronments for these basic amino acids in the two pep-
tides are distinct. For the NH,-terminal lysine-
adducted peptide the dispersion range of the TOCSY
chemical shifts for 3 of the 4 lysines was 8.55 to 8.1
ppm. The fourth lysine could not be assigned. In
contrast, the COOH-terminal-adducted peptide had a
dispersion range of chemical shifts that spanned 8.15-
7.72 ppm. All four of the CK4-M2GIyR lysine reso-
nances were assigned. Greater dispersion in the
chemical shift pattern observed with NK4-M2GlyR
indicates that these residues are more mobile than
lysine residues adducted to the COOH-terminus.
NOESY experiments were also performed on
CK4-M2GlyR and NK4-M2GlyR (Fig. 4). The
presence of NH-NH cross peaks in the NOESY
spectrum collected with 200 msec mixing time for
CK4-M2GlyR indicate that at least two of the
COOH-terminal lysines are involved in the turn for-
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Fig. 3. Fingerprint region (NH to Ca and side-
chain proton connectivity) of the 500-MHz
TOCSY NMR spectra of NK4-M2GlyR and
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mation. No such connectivities were observed for the
lysine residues for NK4-M2GlyR. Two of the lysine
residues of CK4-M2GlyR interact with distant thre-
onine residues. Residues showing common cross
peaks in the transmembrane helical segment are
indicated. The NH-NH contour plots clearly dem-
onstrate the distinctness of the CK4-M2GlyR and
NK,4-M2GIyR structures.

MOLECULAR MODELING AND DYNAMICS

To gain further insights into the structural differences
between CK4-M2GlyR and NK4-M2GIlyR, these
peptides were modeled using a combination of energy-
based minimizations and molecular-dynamics simu-
lations. For the starting structures, the residues of the
M2GIlyR sequence were in an o-helical conformation,
while the lysine residues were random coil. After
minimizing, the peptides were put through 10-psec
molecular dynamics simulations. The ten lowest en-
ergy structures were then minimized to obtain the
conformers of CK4M2GlyR and NKy-M2GlyR
shown in Fig. 5, upper and lower panels, respectively.
The lysine residues of CK4-M2GlyR form a C-cap by
extensive interactions with the helix backbone, which
remain fairly static throughout the molecular dy-
namics simulation period. There was very little mo-
tion of the helix backbone of CK4-M2GlyR during
the simulation period. In contrast, the lysine residues
of NK4-M2GlyR remained mostly extended away
from the helix until several psec into the simulation,
interacting minimally with the M2GIlyR backbone.
The lysine tail of NK4-M2GlyR eventually folded
back to form some interactions with the helix back-
bone, but to a much lesser extent than CK4-M2GlyR.

CK4-M2GlyR, recorded under identical condi-
tions in 30% deuterated TFE at 30°C.

Hydrogen bonds are predicted to be formed by all
four of the CK4-M2GlyR lysine residues, but only by
two of the NK4-M2GlyR lysine residues (Fig. 6). The
side chain e-amino of lys-24 of CK4-M2GlyR forms a
capping structure that stabilizes the helix by forming
H-bonds with the backbone carbonyl groups of ser-
21, arg-22 and ala-23, fulfilling H-bonding interac-
tions that are absent in the COOH terminal residues
of an o-helix. The g-amino group of lys-25 of CKy-
M2GlyR forms H-bonds with the backbone carbonyl
groups of thr-16 and lys-27 and the hydroxyl side
chain of thr-16. The e-amino groups of lys-26 and lys-
27 of CK4M2GIyR form hydrogen bonds to the
backbone carbonyl of lys-25 and the side chain car-
bonyl of gln-17, respectively. The side chain e-amino
groups of lys-1 and lys-4 of NK4;-M2GlyR do not
form H-bonds, as the lysyl residues’ side chains extend
away from the helix backbone. The g-amino group of
lys-2 forms an H-bond with its own backbone car-
bonyl. The e-amino group of lys-3 of NK4-M2GlyR
forms H-bonds with the backbone carbonyl groups of
lys-2, lys-3, pro-5 and ala-6. Based on the H-bonding
pattern of the backbone amide and carbonyls, NKy4-
M2GlyR forms a 3'° helix from ala-6 to gly-9 and a
normal a-helix from leu-10 to ala-27. CK4-M2GlyR is
in an a-helical conformation from pro-1 to ala-23 with
the exception of a kink created near gly-20 that results
in a disruption of the amide to carbonyl H-bonding
interactions of thr-15 and thr-16.

Large differences are predicted for the dipoles of
NK4M2GIlyR and CK4M2GlyR (Fig. 7, left and
right panels, respectively). Note the similarities be-
tween the dipoles of the unmodified M2GlyR sequence
and NK4-M2GlyR. The dipole of CK4-M2GlyR is
shifted by nearly 90 degrees and is about one third of
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Fig. 4. Fingerprint region of the 500-MHz
'H 2D NOESY NMR spectra of (A)
CK4-M2GlyR and (B) NK4-M2GlyR with
200 msec mixing time, recorded under the
same conditions as in Figure 3.
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the magnitude of the dipole of the parent compound.
This perturbation of the dipole could play a role in the
differences observed in peptide-peptide association
and channel activity of the CK4-M2GlyR peptide.

Discussion
Previous studies of lysine-modified derivatives of the

M2GlyR pore-forming region have demonstrated
numerous differences in aqueous solubility, peptide-

7.9

it T

peptide association, and channel-forming activity.
These differences in the biophysical properties of
NK4M2GIlyR and CK4-M2GlyR must result from
differences in the structure of the peptides near the
lysine tail and/or interactions of the lysine residues
with the helical M2GlyR segment of the peptide. The
present study shows differences in the concentration-
dependence of peptide-induced increases in Isc and
cross-linking of peptide-peptide associations, and
explores the structural differences of the peptides by
NMR and molecular modeling that may account for
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Fig. 5. Stick representations of ten lowest-energy conformers of
CK4-M2GlyR (fop) and NK4-M2GlyR (bottom) from molecular
dynamics simulations at 300 K for 10 psec. The lysine residues on
the CK4-M2GlyR molecule interact with the side chain of threo-
nine 15, as seen in the NOESY NMR spectra. The lysine residues of
NK4-M2GlyR extend away from the molecule and have consid-
erably more freedom than the lysines of CK4,-M2GlyR. Both
structures are modeled to the same scale.

the distinct biophysical and channel-forming prop-
erties of NK4-M2GlyR and CK4-M2GlyR.

An important factor influencing the interpreta-
tion of these results is the nature of the environment
in which the experiments were conducted. The
peptide is delivered from a high-dielectric aqueous
environment to a membrane environment that has a
low-dielectric core flanked by regions of increasing
dielectric and aqueous solution. In this environment
the peptides are able to form functional channels. The
previous CD and current NMR studies were carried
out in the presence of TFE, which induces the peptide
to form a helical structure, but certainly cannot
mimic the complexities of a biological membrane.
Another confounding factor in the interpretation of
these results is the presence of soluble complexes in
solution. In a previous study, (Tomich et al., 1998)
NK4-M2GlyR consistently showed an increased vis-
cosity compared to CK4-M2GlyR. These data sug-
gest that the energy required to break the capping
structure to form a species of the peptide that is ca-
pable of insertion into the membrane is the deter-
mining factor. An alternative explanation of these
results is that the equilibrium between peptide in
aqueous solution and peptide associated with the
membrane is shifted towards the aqueous state for
CK4-M2GlyR.

The current study provides further support for
differences in the ability of CK4-M2GIlyR and NKy-
M2GlyR to stimulate increases in Isc across MDCK
monolayers (Broughman et al., 2001; Wallace et al.,

Fig. 6. The hydrogen bonds predicted for CK4-M2GlyR (zop) and
NK4-M2GlyR (bottom). The average conformation from an
RMSD alignment of the ten lowest-energy conformers is shown as
a ribbon structure with only side chain residues involved in H-
bonding shown for clarity. The dotted yellow lines designate the
predicted hydrogen bonds.

2000). Results from the tightly paired experiments
show that both orientations of the peptide have a
concentration-dependent ability to induce an Igc
across epithelial cell monolayers. Assuming that the
energy barrier for the translocation of the four lysine
residues across the hydrophobic membrane is pro-
hibitive (Vogt et al., 2000), either orientation (NH, or
COOH terminal towards extracellular surface) can
insert into the membrane and assemble into an anion-
conducting pore. However, based on the observation
that the concentration required to produce 50% of
the maximum increase in Igc for NK4;-M2GIlyR is
one-third less than that required for CK4-M2GlyR
(Pso = 319 um vs. 553 pm, respectively), the efficiency
of the insertion or the assembly of these two peptides
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Fig. 7. The dipole moments of NK4NKGIlyR (leff), M2GlyR
(center) and CK4-M2GIyR (right) are shown as ribbon structures
(magenta is helix and cyan is random coil) with the dipoles repre-
sented by green arrows. For this representation, the dipoles of
NK4-M2GlyR and M2GlyR were scaled down by a factor of 20,
while the dipole for CK4-M2GlyR was scaled up by a factor of 3.

into channel-forming structures is not equivalent.
Furthermore, the concentration-dependent effects of
the peptides on Isc show a smaller Hill coefficient for
NK4-M2GlyR than CK4-M2GIlyR (n = 1.5 vs. 2.3,
respectively). This suggests that one or more of the
steps required for channel assembly (e.g., insertion,
oligomerization) is more cooperative in the case of
CK4-M2GlyR. Alternatively, as NK4-M2GlyR is less
soluble than CK4-M2GlyR in aqueous solution, the
hydrophobic driving force for the insertion of NKjy-
M2GIlyR into the membrane is greater. In either case,
structural differences between the lysine-modified
peptides result in altered channel-forming activity.
How the location of the lysine residues on the
M2GlyR pore sequence could potentially affect these
processes was explored further by investigating the
oligomeric state of the peptides in aqueous solution
by chemical cross-linking and SDS-PAGE analysis.
Initially, we hypothesized that the low-molecular
weight forms of the peptides (monomer and dimer) in
aqueous solution were the active forms of the peptide,
capable of partitioning into lipid bilayers and channel
assembly. Thus, the greater the proportion of peptide
monomers in solution, the greater the channel-
forming activity predicted. We also surmised that the
lysine residues at the COOH-terminus somehow ei-
ther interfered with channel assembly or possibly in-
creased peptide-peptide associations, resulting in less
efficient membrane partitioning. The cross-linking
experiments with BS® indicated that, in fact, CK,-
M2GlyR had fewer higher-order complexes and an
increased population of monomer compared to NKy-
M2GIyR, which existed as primarily dimers, trimers
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and higher-order associations. This result suggests
that there may be a nucleation site for self-association
of the peptide, located near the COOH-terminus of
the M2GlyR sequence that is masked by the lysine
tail at the COOH-terminus, which prevents forma-
tion of higher order assemblies by CK4-M2GlIyR. In
the case of NK4-M2GIyR, the nucleation site remains
exposed, resulting in the formation of oligomeric as-
semblies of NK4-M2GlyR that can be cross-linked by
BS®. There are alternative explanations for the dif-
ferences observed in the cross-linking of CKy-
M2GlyR and NK4M2GlyR. Hydrogen bonding in-
teractions by the e-amino groups of lysine residues at
the COOH-terminus may result in their unavailability
to the cross-linking agent. The CK4-M2GlyR may, in
fact, form higher-molecular weight associations, but
with the lysine residues buried and inaccessible to the
BS? reagent. Any of these explanations implies that
the structure of the lysine tail at the COOH- vs. the
NH,-terminus of the M2GlyR sequence imparts very
different properties to the peptide. We sought insight
into the structural basis of these differences using
NMR analysis and molecular modeling of CKy-
M2GIlyR and NK4-M2GlyR structures.

NMR analysis revealed differences in both the
flexibility of the lysine residues and secondary struc-
ture of CK4-M2GIlyR and NK4M2GIlyR. The
TOCSY spectrum of NK4M2GlyR has a more
disperse chemical shift pattern than that of CKjy-
M2GIyR, suggesting that lysine residues of NK4y-
M2GIlyR are more mobile than lysine residues
adducted to the COOH-terminus. The NOESY
spectrum of CK4-M2GIyR indicates that at least two
of the COOH-terminal lysines are involved in the
turn formation, interacting with threonine residues
that are near the middle of the peptide sequence.
Similar connectivities are not observed for the lysine
residues of NK4-M2GlyR. These results show that
the environments of the lysine residues in the two
peptides are distinct. On the basis of these differences,
we created molecular models and performed molec-
ular dynamics simulations for both the NH,- and
COOH-lysyl-adducted structures. Consistent with the
NMR studies, molecular dynamics simulations sug-
gest that the lysine residues of CK4-M2GlyR forms
stable hydrogen bonds, resulting in a more compact
structure than that of NK,-M2GIlyR. In addition,
NK,4-M2GlyR has less disruption to the amphipathic
helical portion (the M2GlyR sequence) than has
CK4-M2GlyR. These structural differences offer po-
tential explanations for the distinct biophysical
characteristics of the two peptides.

The extended conformation of NK4-M2GIlyR
may be more stable in the bilayer than the compact,
CK4-M2GlyR peptide. The model structures of CKy-
M2GIlyR and NK4-M2GlyR shown in Fig. 7 suggest
the transbilayer orientation of CK4-M2GlyR peptide
may be less stable due to the interactions of the lysine
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residues with the backbone carbonyl oxygens. This
may explain the observation that NK4-M2GIlyR
forms more stable channels in planar lipid bilayers
compared to CK4-M2GlyR and the increased chan-
nel-forming activity of NK4-M2GIlyR in epithelial
cells (Fig. 1) (Broughman et al., 2001; Mitchell et al.,
2000). By not being constrained as in CK4-M2GlyR,
the lysines at the NH,-terminal may actually stabilize
the peptide in the bilayer (de Planque et al., 1999),
resulting in enhanced channel-forming activity at
lower peptide concentrations.

The differences in the self-association of NKy-
M2GIlyR and CK4M2GIlyR may be explained by
differences in the lysine interactions with the helical
M2GlyR region. The flexible lysine residues of NK4-
M2GIlyR are readily available to amino-reactive
cross-linking reagents, whereas the lysine residues of
CK4-M2GlyR form a cap-like structure with strong
hydrogen bonds to helix residues, and may thus be
less reactive with cross-linking reagents. Another
explanation of these results is that a nucleation site
for association may be masked by the cap structure at
the COOH-terminus. This supports the latter expla-
nation if one assumes that the molecular interaction
site in aqueous solution (resulting in self-association)
and lipid environment (resulting in channel assembly)
is the same.

In summary, poly-lysine tails interact more ex-
tensively with an o-helical sequence at the COOH-
terminus than at the NH,-terminus. Modeling and
NMR data suggest that lysine residues at the COOH-
terminus may form a hydrogen-bonded cap structure
that turns back toward the helix, while lysine resi-
dues at the NH,-terminus are flexible and do not
interact extensively with the helix residues. For the
M2GIyR a-helical pore-forming sequence, modifica-
tion with lysine residues at the COOH- or NH,-ter-
minus results in peptides with distinct biophysical
characteristics  (self-association, solubility) and
channel-forming properties that can be explained in
terms of structural differences between the CKy-
M2GIlyR and NK4-M2GIyR that are shown in the
present study by NMR analysis and molecular
modeling. Based on this study and studies on amino-
acid substitutions and deletions of these peptide se-
quences (Broughman et al., 2002), it is clear that the
NH,-terminal-modified adducts are better candidates
for further development as agents for channel re-
placement therapy.
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