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ABSTRACT. Restoration of chloride conductance via the introduction of an anion selective pore, formed
by a channel-forming peptide, has been hypothesized as a novel treatment modality for patients with
cystic fibrosis (CF). Delivery of these peptide sequences to airway cells from an aqueous environment in
the absence of organic solvents is paramount. New highly soluble COOH- agtieNrinal truncated
peptides, derived from the second transmembrane segment of the glycine receptamit (M2GlyR),

were generated, with decreasing numbers of amino acid residueseiNthinal lysyl-adducted truncated
peptides with lengths of 22, 25, and 27 amino acid residues are equally able to stimulate short circuit
current (s¢). Peptides with as few as 16 amino acid residues are able to stinhisdaddthough to a lesser
degree. In contrast, COOH-terminal truncated peptides show greatly reduced ingtigatlies for all
peptides fewer than 27 residues in length and show no measurable activity for peptides fewer than 21
residues in length. CD spectra for both the NEHhd COOH-truncated peptides have random structure in
agueous solution, and those sequences that stimulated the highest magianalpredominantly helical

in 40% trifluoroethanol. Peptides with a decreased propensity to form helical structures in TFE also failed
to stimulatelsc. Palindromic peptide sequences based on both thg Bkl COOH-terminal halves of
M2GIlyR were synthesized to test roles of the COOH- and-étminal halves of the molecule in solution
aggregation and channel forming ability. On the basis of the study presented here, there are distinct,
nonoverlapping regions of the M2GIlyR sequence that define solution aggregation and membrane channel
assembly. Peptides that eliminate solution aggregation with complete retention of channel forming activity
were generated.

Peptide-based channel replacement therapy is a potentiallysolubility and a decreased level of solution aggregation is a
powerful new method for addressing human diseases suchkey objective in making “peptide-based channel replacement
as cystic fibrosis (CF) that are caused by a loss of channeltherapy” a reality. Throughout the search for a lead CF
function. In the case of cystic fibrosis, currently approved therapeutic, an iterative process has been employed to
conventional drug therapy addresses only symptoms suchidentify more soluble membrane active sequences that form
as inflammation, mucus accumulation, and chronic bacterial well-behaved channels in epithelial cells.
infections. The promise of gene therapy for treating CF  Starting with the M2 transmembrane segment of the
appears no closer than it did 10 years ago. The newesta-subunit of the brain glycine receptor (M2GlyRyye have
experimental approach for treating CF, peptide-based channetiesigned numerous novel peptide sequences that insert into
replacement therapy, involves delivering a channel-forming lipid bilayers, whole cells, and polarized epithelial cells and
peptide in an isotonic aqueous buffer to the apical surface assemble spontaneously into chloride-conducting pores. The
of the airway epithelium (the aircell interfacial membrane).  solubilizing effects induced by the addition of extra lysyl
Once bound to the target membrane, the peptide insertsresidues on the COOH terminus (¢KI2GlyR) and the NH
across the bilayer and assembles into functional anionterminus (NK-M2GIlyR) have been described previously-(
conductive pores. 5). Both peptides share a common, amphipathic, 23-amino

Developing new optimized channel-forming peptides that
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acid residue core, based on residues-2836 of M2GlyR the design of peptide molecules with maximal activity at the
(PARVGLGITTVLTMTTQSSGSRA), the only difference  shortest chain length and lowest concentration. Identifying
being the placement of four lysine residues on either the NH such an optimized peptide will minimize the cost of
or COOH terminus. This small difference is enough to alter production and maximize the therapeutic benefit of these
the peptide’s solubility, ability to stimulate increaseddp peptides to people with anion hyposecretory disorders.
and aggregation in agueous solution. We recently showed Peptides that could exist solely as monomers in solution
that the carboxyl-terminally modified peptide formed a with retention of membrane binding activity would represent
capping structure that was absent in the amino-terminally a simplified system for the study of membrane-interacting
modified peptide (J. R. Broughman et al., submitted for peptides. One issue of primary concern to researchers
publication). This structure was supported by chemical cross- studying the action of small, amphipathic peptides on their
linking, multidimensional NMR, and computer-assisted target membranes is the effect of aggregation on the ability
modeling. The lysyl residues on the C-terminus folded back of these molecules to bind to or insert in biological
in a capping structure in which all of theamino groups of membranes. Many research laboratories currently studying
the added lysines formed either ionic or hydrogen bonding peptide-membrane interactions of hydrophobic peptide
interactions. sequences avoid the problem of aqueous aggregation by using
Circular dichroism analysis of both the Mg27 and Cls- low-dielectric solvents or incorporating the peptide directly
p27 peptides showed very similar (but not superimposable) with phospholipids to form proteoliposomes—10). Mon-
structures ). In aqueous solution, the CD spectra were omeric, dimeric, and higher oligomeric states are presumed
consistent with an unstructured or random coil conformation. to be in equilibrium, but it is not clear which forms are
Addition of increasing concentrations of trifluoroethanol capable of interacting with the membrane. This limitation
(TFE) induced both peptides to form predominantly helical prevents us and others from addressing the fundamental issue
structures, reaching maxima at 40% TFE. Viscosity measure-of how water-soluble peptides bind to and insert across lipid
ments were taken in water, Ringer solution, and TFE. In bilayers.
water, no increase in the level of aggregation of the peptides
was noted ovea 6 hperiod. In Ringer solution, the peptides MATERIALS AND METHODS
aggregated in a time-dependent manner, but with differences
in rates and reaction orders. The presence of the lysyl cap Peptide Synthesigll peptides were synthesized by solid-
on the COOH terminus greatly reduced the level of solution phase synthesis using 9-fluorenylmethoxycarbonyl (FMOC)
aggregation. Nikp27, however, with its lysine residues in  chemistry. All peptides were purified and characterized by
an extended conformation without any interaction with the reversed-phase HPLC and matrix-assisted laser desorption
helical backbone of the transmembrane sequence, aggregatesme-of-flight mass spectroscopy (MALDI-TOF MS).
readily to form cross-linked complexes in excess of 50 kDa.  Cell Culture. MDCK cells were a generous gift of L.
These data suggest that there are separate and discrete sit&illivan (Kansas University Medical Center, Kansas City,
within the molecule that contribute to aggregation and that KS) and were cultured as described previou§ly (
these sites are dependent upon the secondary structure of Electrical Measurement3ransepithelial ion transport was
the peptide. evaluated in a modified Ussing chamber (model DCV?9,
Channel activity has been ascribed to homopentameric Navicyte, San Diego, CA). For electrical measurements, cells
bundles of parallel M2GIlyR helices6,( 10). We have were bathed in Ringer solutioB)(maintained at 37C and
synthesized a series of COOH and NHWsyl-modified continuously bubbled with a 5% G05% G mixture to
peptides with amino acid residues deleted from the end provide aeration and mix the fluid in the chambers. The
opposite the lysine tail to better define the sites within the transepithelial membrane potentisld was clamped to zero,
peptide responsible for aqueous aggregation and membraneand the transepithelial short circuit curreilif was measured
assembly. A series of peptides based on the parent structureontinuously with a voltage clamp apparatus (model 558C,
of the previously studied M2GlyR were prepared to deter- Department of Bioengineering, The University of lowa, lowa
mine the location of these sites. Once the sequence respon€ity, 1A). Continuous data acquisition was performed with
sible for aggregation was localized, new palindromic se- a Macintosh computer (Apple Computer, Cuppertino, CA)
quences based on the different halves of the transmembraneising Agknowledge software (version 3.2.6, BIOPAC Sys-
M2GIlyR were synthesized to confirm this assignment. The tems, Santa Barbara, CA) with an MP100A-CE interface.
structure-activity relationships between the GII2GIlyR Isc values are presented at steady-state flux levels, after the
and NK,-M2GlyR truncated peptides and palindromes were peptide has inserted into the membrane and assembled into
analyzed in the context of various physical parameters. In a channel structure.
this study, new data generated using peptides with sequence Chemical Cross-Linking Reaction for M2GlyR-Related
deletions further demonstrate the existence of distinct ag- SequencesBis(sulfosuccinimidyl)suberate (Bwas pur-
gregation and assembly domains. chased from Pierce (Rockford, IL). Dimethyl sulfoxide
In the development of an alternative chloride conductance (DMSO) was purchased from Fisher Scientific (Pittsburgh,
pathway for treating patients with CF, maximizing delivery PA). Precast 1.0 mm, 10-well, ¥20% tricine gels, the
of a membrane active species to the target cell membrane igricine SDS buffer kit, MultiMark multicolored standard, and
of paramount importance. To deliver compounds to cellular the SilverXpress silver staining kit were obtained from
targets such as the apical surface of the lung, aggregation ofinvitrogen (Carlsbad, CA). Peptides were dissolved in 1 mL
peptides into irreversible, nonproductive aggregates must beof distilled water to make 1 mM stock solutions. The cross-
minimized wherever possible. Correlation of structure with linking reagent, B§ was dissolved in 0.aL of DMSO to
aqueous aggregation and channel forming ability will aid in make a 200 mM stock solution. In each reaction mixture,
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15uL of a 1 mM stock solution of peptide was added to 82
uL of 10 mM HEPES buffer (pH 6.5) and the mixture
incubated at room temperature for 15 min. Thepl3of
200 mM BS was then added to the previously prepared
peptide solution, making a total volume of 1@Q. Each
cross-linking reaction mixture contained 1501 peptide and

6 mM BS, thus yielding a 40-fold molar excess of cross-
linker over peptide. The peptigeross-linker reaction was
terminated by the addition of 10L of 1 N HCI after 30
min, and then the mixture was dried in vacuo; thenu60

of distilled water/tricine SDS sample buffer (50:50, v/v) was
added to each sample. All samples were heated at’C00
for 5 min, and then %L of each SDS-boiled sample was
loaded onto the precast +@0% tricine gel. The reference
well contained 1uL of MultiMark multicolored standard.
The electrophoresis was carried out at a constant voltage o
110 V for 90 min. The gel was then visualized using silver
staining.

Chemicals1-EBIO (Acros) was preparecsa 1 Mstock
solution in dimethyl sulfoxide. All other biochemicals were
purchased from Sigma Chemical (St. Louis, MO) and were
of reagent grade unless otherwise noted.

Data Analysis.All results are presented as meaits
standard error of the mean (SEM). The difference between
control and treatment data was analyzed using ANOVA and
a Student's test. The probability of making a type | error
of <0.05 was considered statistically significant. The value
of N is the number of independent experiments. Chi squared
(X?) is a measure of the goodness of fit of the data with the
equations.

Circular Dichroism StudiesCircular dichroism was used
to monitor the secondary structure of the NM2GIlyR- and
CK4-M2GlyR-derived sequences in deionized and distilled
water at 25°C alone or containing 40% trifluoroethanol

(TFE). Spectra were recorded on a Jasco J-720 spectropoy

larimeter with a Neslab RTE-111M circulator using a 1.0
mm quartz cuvette for the lower peptide concentrations and
a cylindrical, water-jacketed, quartz cuvette with a 0.1 mm

path length for the higher peptide concentrations. The spectra; 7
are an average of five scans recorded at a rate of 20 nm/min18

with a 0.2 nm step interval. Two peptide concentration ranges
were employed, 3050 and 506-600 uM. The higher
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RESULTS AND DISCUSSION

Electrophysiological Effects of the Peptid€¥K,-M2GlyR-
and NK-M2GlyR-derived peptides (Table 1) were applied
to the apical surface of MDCK cells in Ussing chambers
and the respective short circuit curreméd values deter-
mined. As the experiment is designed, increaselsdrare
directly related to increases in the level of anion secretion
across the cell monolayer. Note that in the case of thg-NK
M2GIyR series (peptides-19) amino acids are sequentially
removed from the C-terminus, while in the case of the;CK
M2GIyR series (peptides #18), the amino acids are deleted
from the N-terminus. This approach was taken to determine
the minimum functional length for both the GKand NK-
M2GIlyR peptides. Table 2 summarizes the electrophysi-

fological data for the Cl¢ and NK,-M2GlyR-derived trun-

cated sequences in columns 2 and 3. Data froml(

Table 1: Amino Acid Sequence, Designation, Molecular Mass, and
Aqueous Solubility of the NkM2GlyR- and CK-M2GlyR-Derived
Peptides

NK4-M2GlyR

sol.

sequence name M, (Da) (mM)

1 KKKKPARVGLGITTVLTMTTQSSGSRA NKg4-p27 817.4 16.1
2 KKKKPARVGLGITTVLTMTTQSSGS NKs-p25 2590.1 15.6
3 KKKKPARVGLGITTVLTMTTQS NK4p22 23589 11.4
4 KKKKPARVGLGITTVLTMTTQ NK 4-p21 2271.8 8.5
5 KKKKPARVGLGITTVLTMTT NK 4-p20 2143.7 1.6
6 KKKKPARVGLGITTVLTMT NK 4-p19 2042.6 14.3
7 KKKKPARVGLGITTVLTM NK 4-pl18 19415 44
8 KKKKPARVGLGITTVLT NK 4-pl7 1810.3 21.2
9 KKKKPARVGLGITTVL NK 4-pl6 1709.2 11.8

CK4M2GIyR

sol.

sequence name M; (Da) (mM)

10 PARVGLGITTVLTMTTQSSGSRAKKKK CKg-p27 2817.4 13.1
11 RVGLGITTVLTMTTQSSGSRAKKKK CKg-p25 2649.2 22.7
2 GLGITTVLTMTTQSSGSRAKKKK CKs-p22 2336.8 24.6
13 LGITTVLTMTTQSSGSRAKKKK CKs-p21 2223.6 ndl
14 GITTVLTMTTQSSGSRAKKKK CK4-p20 2166.6 ndl
15 ITTVLTMTTQSSGSRAKKKK CK4-p19 2053.4 98.3
TTVLTMTTQSSGSRAKKKK CKs-p18 1952.3 nil
TVLTMTTQSSGSRAKKKK CKg-p17 1851.2 ndl
LTMTTQSSGSRAKKKK CKi-pl6 1752.1 98.1

a2 Not determined.

concentrations cover the upper range of concentrations
employed in the electrophysiological studies in MDCK

monolayers. Protein concentrations were determined usingSequence

Table 2: Physical Parameters of the M2GlyR-Derived Peptides

name Imax (WA cm=2) Ky, (uM) secondary structure

the Pierce BCA micro protein assay using a calibrated
M2GIyR solution as the standard. The concentration of the
stock solution of NK-M2GIlyR was determined using mole
percent ratios of the hydrolyzed PTC amino acids by amino
acid analysis. The data were analyzed using software
provided by the manufacturer.

Molecular Simulation.Peptides were built using the
Biopolymer module of Sybyl 6.7 (Tripos, St. Louis, MO).
Electrostatics were assigned using the parameters develope
by Kollman and co-workersl(l). The dielectric constant was
set to 4.0 for energy minimizations and dynamics simula-
tions. The initial geometry of the peptides was assigned as
o-helical. This is based on results from circular dichroism
measurements of the peptides in 40% aqueous trifluoroet-
hanol, which indicated predominantty-helical secondary
structures for the peptides.

1 NK4-p27 24.3+2.5 243+ 29.7 a-helix
2 NKsp25 17.6£05 113+11.9 o-helix
3 NKg-p22 22.1+0.5 169+ 5.0 o-helix
4 NKsp21 17.0£55 400+ 55.5 o-helix
5 NKsp20 11.2+0.3 500 o-helix
6 NKspl9 17.4+3.1 500 nonhelical
7 NK4pl8 13.5+63.1 500 nonhelical
8 NKspl7 4.4+ 0.8 393+ 70.5 nonhelical
9 NKgspl6  2.3+10.9 500 nonhelical
10 CKs-p27 13.1+0 3484 142 o-helix
d 11 CKsp25 6.1+ 0.3 323+7.8 o-helix
12 CKsp22  3.8+218 500 o-helix
13 CKs-p21 0 n& nonhelical
14 CK4-p20 0 n& nonhelical
15 CKs-p19 0 n& nonhelical
16 CK,-p18 0 n& nonhelical
17 CKy-pl7 0 n& nonhelical
18 CKy-pl6 0 n& nonhelical

a Not available.
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experiments were fitted by a modified Hill equation as difference between the activity versus concentration curves
described in the experimental metholdg, values represent  for the CK, and NK, truncated series is the fact that the
the maximal current, ankl,, represents the peptide concen- activity curves of the CkM2GIlyR peptides show no signs
tration required for half-maximal activity. Decreasing the of saturation over the tested peptide concentration range. This
sequence length for NKM2GIyR from 27 residues to 25  observation suggests some property of,pR7 prevents it
and 22 residues was the only truncation that resulted in from achieving a maximal response even at the highest tested
decreasindi .. NK4-p25 and NK-p22 apparently improve  concentrations. The most likely explanation is that ;NH
channel forming activity by decreasing. As previously terminal deletions eliminate residues required for directing
reported B, 12), the full-length CK-p27 is only one-half as  assembly of the helical bundle. Other possible reasons for
effective at inducindsc as the corresponding NKp27. In this effect include the fact that the GHI2GIyR peptides
the CKy-M2GIyR series of peptides, the polylysine tail is at are significantly more soluble in water than their NK
the negative end of the helix macrodipole, reducing the M2GIyR counterparts (column 4 of Table 2). Higher solubil-
overall dipole of the molecule. The carbonyl oxygen atoms ity for the CK, series could easily reduce membrane activity,
point toward the COOH terminus of the molecule, providing thereby reducing the likelihood of binding to and inserting
a potential site for interaction with theamino group of the  across the lipid bilayers. A third possibility is that the lysine
lysine molecules. In a helical structure, the side chains of capping structure at the COOH terminus could mask part of
the amino acids wrap back toward the Ntérminus. In the assembly-directing site and thereby affect the affinity of
addition, this could result in a peptide that is effectively the peptide segments for each other.
shorter than the corresponding Mtérminal adduct (J. R. The concentration dependence of NKM2GIyR is well-
Broughman et al., submitted for publication). These structural described by a modified Hill equation in that it exhibits an
differences could account for the decrease in activity, apparent cooperativity and yields a Hill coefficient of 2.1
particularly if the residues that interact with the lysine cap (R? = 0.9997 andy? = 0.028). The NK-M2GIyR curve
are involved in assembling or stabilizing the helix bundles. appears to be nearing a saturating concentration. It is not
The CKq-p25 and Ck-p22 truncated peptides do not retain possible to determine from these data whether thg $éfies
the level of activity seen with the CKp27 peptide, asisthe  of peptides assembles more readily or if there is a higher
case with the NK-M2GIlyR peptides. concentration of the monomeric peptide. Data suggest that
Data presented in Figure 1A show the dependence of higher concentrations of both NKand CK,-M2GlyR would
current on peptide concentration, measured for the differentyield greater activity with either peptide.
NK4;-M2GIlyR truncated peptides in MDCK cell monolayers. Circular Dichroism StudiesCD was used to analyze the

Maximal currents of~20 uA/cm? are observed for Ni secondary structure of the truncated peptides. The presence
p27, NKs-p25, and NKk-p22. The NK-p25 peptide reaches of the C-terminal capping structure in the EKI2GIyR
maximal stimulation at the lowest concentration (200), series of truncations suggests that these peptides have shorter

while all other sequences fail to reach plateau levels even atend-to-end distances. Thus, truncations could reduce the
500 uM, the greatest concentration that was tested. The overall length such that these deletion sequences might not
ability of only the NK,-p25 peptide to reach a plateau with be able to span the membrane. Before modeling could be
respect to inducible current suggests a more highly coopera-attempted, it was important to identify the underlying
tive process. At this time, we have no indication as to which secondary structure of these shortened peptides.
step (binding, association, insertion, or assembly) drives this Data are presented in Figure 3A showing the CD spectra
process. Figure 1B summarizes the data for three concentrafor most of the NK deletion series in 40% aqueous TFE at
tions (100, 300, and 500M). Although well within the concentrations ranging from 30 to 5M. The longer
solubility of the peptides (column 4 in Table 2), 500/ peptides (p27, p25, p22, and p21) have identical overlapping
was selected as the greatest concentration to be tested becauspectra that are predominantty-helical, although some
concentrations above 1.0 mM cause aberrant electrophysi-5-structure is present. More substantial structural differences
ological responses to occur. The basolateral potassiumare seen with sequences with fewer than 20 residues. The
channel activator 1-ethyl-2-benzimidazolinone (1-EBIO) was NK,-p18 peptide shown in Figure 3A is clearly not helical,
included in all experiments as this*Kchannel agonist  displaying a propensity fgf or extended structural confor-
increases the level of Clsecretion by severalfold. The mations. The reason for this structural aberration is unclear.
behavior of the full-length peptides in the presence of this NK4-p18 has a hydrophobic residue (methionine) at the
activator has been presented elsewh&e4. From the C-terminus, whereas all other peptides greater than p17 have
summarized data in Figure 1B, it is apparent that removing hydrophilic residues at the C-terminus. Having a hydrophobic
the first five C-terminal residues has no statistically signifi- residue that is also a strogyinducing amino acid at the
cant effect on the measured maximal current at all concentra-C-terminus could be contributing to this observed shift in
tions. Shorter peptides, however, are associated with asecondary structure in 40% TFE. The pl8 peptide appears
reduced maximal activity when measured at 50MI. to follow the trend line for activity (Figure 1B), suggesting
Activity was observed with all truncated peptides that have that its structure when bound to the membrane is not
more than 16 residues. Peptides fewer than 15 amino aciddissimilar to that of flanking truncated peptides. The activity
in length were inactive. data suggest that the CD data may indeed be an artifact.
The concentration dependence of activity for the €K The inset of the figure shows the CD spectra for NK
M2GlyR-derived truncations is shown in Figure 2. €K  p25 and NK-pl9 at concentrations greater than 504.
M2GlyR-derived truncations induced an increakgdvhen Higher peptide concentrations were checked for alterations
applied to the apical surface of MDCK, but only when the in secondary structure because these concentrations better
polypeptide chain was longer than 22 residues. Another represent the concentrations required for electrophysiological
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Ficure 1: (A) Concentration dependence Igt induced by NK-M2GIlyR peptides on MDCK epithelial monolayers. Symbols represent

the mean and standard error of three to seven observations for each concentration that was tested. Solid lines represent the best fit of a
first-order exponential function. Parameters of the fitted lines are given in Table 2. (B) Summiggnvafues induced by NkM2GlyR

peptides on MDCK epithelial monolayers at total peptide concentrations of 100, 300, ant589mbols represent the mean and standard

error of three to ten observations for each concentration that was tested.

responses. Although minor increasegistructure content  membranes. Importantly, the ability of these peptides to adopt
are observed at the relevant physiological concentration, predominantly helical structure in TFE correlates well with
secondary structure does not appear to be greatly influencedhe ability of the peptides to produce channels with large
by higher peptide concentrations. Previously reported dataanion conducting potential.
(1) showed that aggregation is negligible below millimolar ~ The structures responsible for the reduced activities
concentrations. observed with the shorter peptides20 residues) are
Clearly, in the case of the M2GIlyR sequences, maximal unknown and are beyond the scope of this report. One might
activity is associated with those sequences capable of existingspeculate that these shorter sequences could be assembling
predominantly as helical peptides in 40% TFE. It should be into S-barrels. Such a conformation would allow the peptides
noted that the structures recorded in 40% TFE need notto span the bilayer—/ transitions have been observed for
reflect the secondary structure of the peptides associated withsome of these sequences at elevated temperatures and in
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M2GIlyR peptides on MDCK epithelial monolayers. Symbols
represent the mean and standard error of three to seven observations 30000
for each concentration that was tested. Solid lines represent the

best fit of a first-order exponential function. Parameters of the fitted 20000
lines are given in Table 2.
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Wavelength (nm
different lipid/detergent environments (unpublished observa- e
tion). A minimum of eight amino acids are required to span
a lipid bilayer in a8-sheet conformation, rather than the 20

residues needed for arrhelix.

The CD spectra of the CKseries of peptides are shown
in Figure 3B. The representative spectra of active-GHyR
peptides (Ck-p27, CK,-p25, and Cl§-p22) are identical and -30000 1
appear to be mostly helical. GIGlyR peptides with 21 or 40000 ]
fewer residues exhibit an increased propensity for random 180 190 200 210 200 230 240 250 260
coil structure. The CKseries of peptides appears to have Wavelength (nm)
lessa-helical structure than the corresponding Nieptides FiIGURE 3: CD spectra of truncated peptides. (A) CD spectra of

based on the_molar ellipticity at 222 a_nd_208 nm._This is_in the NK, wild type (p27) and truncations (p25 and p22L6)

agreement with the NMR studies that indicate an interaction collected using 5:M peptide in 40% TFE/BHO (v/v) at room

of the lysine tail with internal residues of the peptide (J. R. temperature (2729°C). CD spectra for N§-p27, NK;-p25, NK;-

Broughman et al., submitted for publication). If the £K P22, and Nk-p21 were averaged and plotted as one data set. CD

truncations form this turn, of necessity there will be fewer SPectra for other NKpeptides (p26p16) are an average of the
id . helical conformation. The structural chan eSthree data sets collected for each peptide.,Ni€ptides are as

!’es' '“!es ina X : g 9€Stollows: average for Ni&-p27, NK;-p25, NK-p22, and NK-p21

in helical propensity do, however, correlate well with the (o), p20 @), p19 ), p18 (), p17 ), and p16 ©). The inset

observed activity profiles for the peptides. The inset of Figure shows CD spectra of NKp25 ) at 517u4M and NKs-p19 (») at

3B shows the CD spectra for Gip22 and CK-p19 at (53)7@3 in 40;’/0 Tlﬁt/ww%l(ﬁwvl)datt VOOF(T‘é%npe&a:Ufe (2:'_/29 °CE)-25
: H spectra O e Wi ype (p ana truncations (p
concentrations greater than 5QMM. Again, secondary 2ot o N e ey s M bentide in 40% TFE/KD (viv)

structure does not appear to be influenced by peptide 4t room temperature (2729 °C). CD spectra for Clp27, CK-
concentration for the given representative peptides, as showrp2s, and Cls-p22 were averaged and plotted as one data set. CD
in the inset. spectra for other CKpeptides (p2%p16) are an average of the

Modeling StudiesStarting from the CD data that indicate three data sets collected for each peptide., &ptides are as
. ; . : follows: average for p27p22 (), p21 @), p20 ), pl19 (v),
that all of the active species are predominantly helical, we p18 (), p17 (rotateda), and p16 (rotatedk). The inset shows

carried out modeling studies to estimate the end-to-endcp spectra of Cl-p25 () at 574uM and CK,-p19 (¥) at 584
distances for the sequences that were helical. ModelinguM in 40% TFE/HO (v/v) at room temperature (229 °C).

simulations of all of the active NKand CK; molecules were

built as both fully extended and-helical structures using atom method of Kollman, where only explicitly required
the biopolymer module of Sybyl (version 6.7, Tripos). Each hydrogen atoms are included in the structure and all of the
of the molecules was modeled separately, rather thanother hydrogens (i.e., hydrogens not involved in H-bonding)
minimizing the parent 27-residue peptide and then deleting were modeled as extended portions of a carbon afiatn (
terminal atoms. The molecules were then minimized using The dielectric constant was set to 4.0. The minimized
a combination protocol of 1000 iterations of steepest descentstructures retained thewa-helical conformation; however,
minimization to remove prohibited contacts, followed by unwinding of the ends was noted, especially in the,;NK
optimizations using the conjugate gradient method until series. The distance in angstroms between the non-lysyl-
convergence was reached (0.001 kcal Thél~2). Electro- adducted portion of the molecule and téelix carbon of
static charges were assigned to the molecule using the unitedthe amino acid residue immediately prior to the lysine tail

-10000

[0] (deg. cm*/decimole)

-20000
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2] Table 3: Physical Parameters of the M2GlyR-Derived Palindromic

20 ® XK p22 Peptides

12 ® NK 25 sol. I max Ky secondary
sequence name Mg (Da) (mM) (uAcm™2) (uM) structure

16 ® NK 27

) 19 NKs-ALa 27745 47 25.0 50 a-helix
14 1 20 NKs-bLB  2860.3 9.3 5.2 78 nonhelical
1 ® NK -p21 21 CKs-ALa 27745 10.0 25 100 a-helix
12 4
m (K, p27

An aqueous solution of peptide was cross-linked with a lysine
g specific cross-linker [bis(sulfosuccinimidyl)suberate]. The
molecular masses of the cross-linked AM2GIlyR and NK;-

Isc (A cm'z)
1

°] m CKp25 M2GIyR truncated peptides are shown in panels A and B of
4 - k22 Figure 5, respectively. NKp27 and Clk-p27 run with
2 ] apparent molecular masses of 2401 and 2230 Da, respec-
o] tively, values that are slightly lower than that obtained by
2 ' 25 ' 0 ' ! mass spectrometry (2817_ Da). Previously, we reported a
. small but measurable difference between the apparent
Chain Length (A)

molecular masses for NKp27 and CK-p27 that appeared
e roamszor SProdUGIDlY (0 R. Broughman et al, subite for publca
the peptides were built using the Biopolymer module of Sybyl and tion). All peptides were analyzed after Synt.heS'S by HPLC
energy-minimized. and mass spectrometry and were determined to have the
expected molecular mass. Since both peptides have the same

mass as determined by time-of-flight mass spectrometry, this

& A B difference suggests a slightly more compact structure for the
CK4 peptide. Another possible explanation is a reduction in
. o the level of SDS binding due to the loss of hydrophobic
- residues, which has been proposed to cause some peptides
. i oy - to migrate anomalously.
B2 m Y - The degree of aggregation for the Cgeptides remains
-‘i“ relatively constant throughout the series of deletions. Al-
M 10 1 12 15 18 s & 3 1 1 M though the degree of aggregation appears to be rather small,
CK.4-M2GIyR peptides NK4-M2GIyR peptides it remains unchanged by varying magnitudes of N-terminal
FIGURE5: Silver-stained tricine polyacrylamide gel of cross-linking ~ residue deletions. The NKM2GIyR peptides show a much
patterns for truncated and palindromic peptides,GRGIyR (A) different pattern of aggregation. The level of aggregation is

and NK-M2GIyR (B) were treated with a 40-fold excess of cross- reduced with each new truncation such that by the time 11

linking reagent. M denotes the lane that contained molecular mass ~_ . - . . .
markers; peptides with or without treatment with®B8e labeled C-terminal residues have been removed, little if any ag

according to the sequence numbers given in Table 1. gregation is observed. -
These results suggest that there may be a specific
was calculated (Pro5 in NKand Ala23 in CK). Measured nucleation site for aggregation (at least in agueous solution)
distances in the computer-generated molecules are plottedn the C-terminus of the M2GIlyR sequence. This site appears
as a function of short circuit current (Figure 4). This analysis 0 be masked in the Cidruncations due most likely to the
shorter than their paired Ni¢ounterparts. Ckp27 is nearly  Peptides (J. R. Broughman et al., submitted for publication).
3 A shorter than NK-p27. In the case of the 25-residue _ D€sign, Synthesis, and Testing of NFerminal Modular
sequence, this difference is even more exaggerated, withP@lindromes Either orientation of the M2GIyR helical
CK.-p25 closed 5 A shorter than Nip25. This difference ~ S€9ment has been shown previously to form functional ion
in overall length most likely reflects the interaction of the channels ). This obseryatlon implies a chloride ion can .
terminal lysine residues with the helix backbone in the,CK pass through the N-terminal half of the sequence whether it
truncations. All active peptides that were modeled had a is located at the cytoplasmic or extracellular interface. Via
length in excess of 30 A (the distance commonly accepted exclusion of C-terminal sequences, aggregation should be
for the hydrophobic thickness of a lipid bilayer). This eliminated if indeed the C-terminus is the site that nucleates
. . ) ., aggregation. If the aggregation domain is in the C-terminal
suggests that decreased functionality was not due to peptid . i
Iengggth. It is also important to note tr?/at the NEeries wgsp %a}lf of th(_a molecule, it should. have a reduced .ab|I|ty to
able to sustain considerably higher activities as the end-to—snmmate lon transport and, obviously, aggregate in aqueous

end distance decreased. This probably reflects the ability Ofsolutlon. To test this hypothesis, palindromic peptides

) i : . ) comprised of either the 11 NHor COOH-terminal resi-
the lysyl butyl side chains to enter the bilayer while allowing dues followed by a sequence inversion about the central
the side chaire-amino group to remain at or above the

T leucine and a four-lysine cap were synthesized. The resul-

phosphoryl headgroups of the lipid molecules. tant sequences are as follows: AARVGLGITTV-L-VT-
Cross-Linking Studie®ata presented in Figure 5 represent TIGLGVRAA and ARSGSSQTTMT-L-TMTTQSSGSRA

the aggregation patterns of the lWKand CK-M2GIyR series (see Table 3). These sequences were assessed for solubility,

of truncation peptides in a 10 mM HEPES buffer at pH 6.5. aggregation, and secondary structure, as well as the ability
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Ficure 6: Pattern of aggregation of cross-linked palindromic 0 ' 100 ' 200
peptides compared to NKp27 peptides with or without treatment ]
with BS® are labeled according to the sequence numbers given in [peptide] pM
Tables 1 and 3. FIGURE 7: Concentration dependencelgé induced by NK-ALa
and NK;-bLB on MDCK epithelial monolayers. Symbols represent
to stimulatelsc. The proline normally found in the NH the mean and standard error of four to six observations for each

terminal half of the peptide was replaced with alanine. This concentration that was tested. Solid lines represent the best fit of a
modification improved the synthetic yield with no apparent ggdéﬁfgn"iwlfgg’lztg" to the data. Parameters of the fitted lines

effect on secondary structure or channel forming properties. '

The properties of these sequences are shown in Table 3. On 50
the basis of our hypothesis that the aggregation domain TR0
resides within the COOH-terminal half of the M2GIyR 401 —e— in 40% TFE/H20
sequence, the NKALa palindrome should be monomeric ro.

in solution and still form anion-conducting channels in ; \
membranes, and the effective concentration should decrease; | \
if the monomeric form of the peptide is the most bioactive
species.

Data presented in Figure 6 show the result of a solution
cross-linking reaction for the NKALa and NK;-bLB e
palindromes. Both molecules appear to be monomeric when % | \ Lo e
boiled in SDS without cross-linking. After addition of the ) A\ Sooogo” S
cross-linker, multiple aggregated species of MK B are 20 i
present, while N-ALa appears mainly as a monomer with | RN
a faint band that corresponds to dimer but no greater ., — N —
aggregates. This result clearly shows that the aggregation 190 200 210 220 230 240 250
domain lies within the COOH-terminal half of the molecule. Wavelength (nm)

As a control, the pross-linked pe_ptides were analyzed by MAaSSE g ure 8: CD spectra of NK-ALa in H,O (O) and 40% TFE/
spectrometry prior to the addition of the SDS-containing H,0 (viv) (@). Spectra were collected using 5M peptide at room
loading buffer to confirm that they reacted with the BS temperature (2729 °C).

reagent. The mass spectra indicated that both palindromes

had reacted, producing dimers and trimers with almost no (1). The CD spectrum of NikALa in water has a strong
monomer present (data not shown). To test for any concen-minimum at 218 nm, indicating a high proportion of
tration dependence on aggregation, cross-linking experiments3-structure. The higher than expected peak at 192 nm
were carried out on the NKALa palindrome using a 10-  suggests the presence of some helical segments. In 40% TFE,
fold concentration range (3800xM). No increase in the  the population of NK-ALa is almost entirely in the helical
level of aggregation was observed over the full range of state. NK-bLB is unstructured in water and nonhelical in

0 x10'3(deg cm’ dmo

[
=)
T
;
o
.

concentrations that were tested (data not shown). 40% TFE (data not shown). NbLB was able to stimulate
Data presented in Figure 7 show concentration-dependentn increase ifisc across the MDCK monolayer, but with a
effects for both palindromes. Apical application of NKLa much lower maximal current (5.8A cm™?). The reduced

to MDCK monolayers in the presence of 1-EBIO increases |scfor NK4-bLB is most likely due to the loss of portions of
the inducedsc to approximately the same magnitude as that the helical bundle assembly domain, which we hypothesize
of NK4-p27, but at a half-maximal effective concentration resides within the Nktterminal half of the molecule. The

of 40 uM. The NK, palindrome is able to form channels at CKs-Ala palindrome is able to reach the same maximal
the lowest concentrations ever observed for any M2GlyR- current as the NK palindrome but at a slightly higher
derived sequence. The CD spectra of Nida in water and concentration. This result suggests that placing four lysines
40% TFE are presented in Figure 8. NKLa exhibits more at the C-terminus interferes with helix bundle assembly to
structural content in water than any peptide designed so farsome extent. At the higher palindrome concentration®Q(
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uM), the resistance of the monolayers decreases approxi-interactions.

mately 1000-fold, an effect that has not been observed

previously for other M2GlyR-derived peptides at these ACKNOWLEDGMENT
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