Biochemistry2008,47, 26012616 2601

Solid-State NMR Analysis Comparing the Designer-Made Antibiotic MSI-103 with
Its Parent Peptide PGLa in Lipid Bilayérs

Erik Strandberd, Nathalie KanithasehDeniz Tiltaké Jochen Brck,* Parvesh WadhwaniiQOlaf Zwernemann,and
Anne S. Ulrich#*+8

Institute of Biological Interfaces, Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany, and Institute of
Organic Chemistry, Uniersity of Karlsruhe, Fritz-Haber-Weg 6, 76131 Karlsruhe, Germany

Receied September 25, 2007; Reed Manuscript Receéd December 17, 2007

ABSTRACT. The amphiphilica-helical peptide (KIAGKIA}-NH, (MSI-103) is a designer-made antibiotic,
based on the natural sequence of PGLa fi@nopus lagis. Here, we have characterized the concentration-
dependent alignment and dynamic behavior of MSI-103 in lipid membranes by solicidtated 19F

NMR, using orientational constraints from seven Allglabeled analogues and five 4-gphenylglycine

labels. As previously found for PGLa, MSI-103, too, assumes a flat surface-bound S-state alignment at
low peptide concentrations, and it also realigns to a tilted T-state at higher concentrations. For PGLa, the
stability of the T-state had been attributed to the specific assembly of antiparallel dimers; hence, it is
remarkable that the artificial KIAGKIA repeat sequence can also dimerize in the same way in liquid
crystalline lipid bilayers. Oriented circular dichroism analysis shows that for MSI-103 the threshold for
realignment from the S-state to the T-state-i3-fold lower than for PGLa (at a peptide-to-lipid ratio of
1:240 in dimyristoylphosphatidylcholine, compared to 1:80). Furthermore, MSI-103 becomes laterally
immobilized in the lipid bilayer at a concentration ratio of 1:50, which occurs for PGLa only above 1:20.
The superior antimicrobial activity of MSI-103 over PGLa thus appears to correlate with its stronger
tendency to realign and self-assemble. The hemolytic activities of MSI-103 and its analogues, on the
other hand, are shown here to correlate purely with the respective changes in hydrophobicity.

Many species, from prokaryotes to humans, use antimi- projections of PGLa and MSI-103 are shown in Figure 1.
crobial peptides as a first line of defense against bacteriaSolid-state NMR has been extensively used to study PGLa
(1—5). There is much interest in the detailed functional in lipid membranes, as this technique is well-suited to
mechanisms of these peptides, which have very heteroge-determining the conformation, alignment, and dynamic
neous primary structures but similar effects. Many of them behavior of membrane-active peptides with quasi-atomic
are cationic and form amphipathichelices when bound to  resolution {5, 16). By 2H, N, and *°®F NMR, we have
lipid membranes, for example, the magainin family of recently demonstrated that PGLa changes its orientation in
peptides found in the skin of the African fro¢enopus lagis lipid bilayers in a concentration-dependent manner. Above
(6). For magainin, it was shown that the alform has the a certain threshold, it realigns from an “S-state”, where the
same biological activity as the normatpeptide, which helix is aligned parallel to the membrane surface, to a tilted
indicates that no chiral receptor is involved.(It thus seems  “T-state” with an oblique peptide orientatiod3, 17, 18).
likely that the peptides bind to the bacterial membranes, The stability of the unusual tilt angle was attributed to the
disrupt their function, and kill the microorganisrh)( The proposed formation of antiparallel peptide dimers at high
positive charge confers them with a high selectivity, since concentrations, as it is known that magainin and its relatives
bacterial membranes contain many negatively charged lipids,have a tendency to dimeriz&94-21). A more detailec’H
which do not usually occur in the outer leaflet of eukaryotic NMR study showed that the presence of charged lipids and
plasma membranes. the degree of sample hydration also had an influence on the

PGLd (“peptidyl-glycylleucine-carboxyamide”) belongs equilibrium among the free peptide, the S-state, and the
to the magainin family of peptides and shows a strong T-state R2). Interestingly, when PGLa was mixed with
antimicrobial activity and high selectivity against bacteria magainin 2 in an equimolar ratio, it assumed an almost
(8—10). Its conformation has been described by CD and upright helix orientation in the lipid bilayer, representing an
liquid-state NMR as a random coil in agueous solution, but

as amo-helix in the presence of lipid4.{—14). Helical wheel L Abbreviations: Alags, [3,3,32H3]-L-alanine; CD, circular dichro-
ism; CRk-Bpg, 4-Ck-bicyclopentylglycine; CgPhg, 4-Ck-phenylg-

lycine; DMPC, dimyristoylphosphatidylcholine; DMPG, dimyris-
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K19 Table 1: Amino Acid Sequences of the Peptides Used
A8 G 5
Peptide Labeled position | Sequence
S4 PGLa wt None GMASKAGAIAGKIAKVALKAL-NH,
b MSI-103 wt None KIAGKIAKIAGKIAKIAGKIA-NH;
L18
MSI-A7-PF Ala7 by CF;-Phg | KIAGKI -CF;- Phg- KIAGKIAKIAGKIA-NH,
G7
MSI-9-°F Tle9 by CF3-Phg | KIAGKIAK- CF3- Phg-AGKIAKIAGKIA-NH,
A3 p1g A17 A3 p1p AT7 ™
Az A0 L21 MSI-A10-PF Alal0 by CF;-Phg | KIAGKIAKI - CF3 - Phg - GKIAKIAGKIA-NH,
MSI 1 03 PGLa MSI-G11-°F Gly11 by CFs-Phg | KIAGKIAKIA-CF;-Phg - KIAKIAGKIA-NH,
MSI-13-PF Tle13 by CF3-Phg | KIAGKIAKIAGK-CF;- Phg-AKIAGKIA-NH,
MSI-A7-"H Ala7 by Ala-d;* KIAGKI-Ala-d;-KIAGKIAKIAGKIA-NH;
MSI-I9-’H Tle9 by Ala-d; KIAGKIAK-Ala-ds;-AGKIAKIAGKIA-NH;
MSI-A10-’H Alal0 by Ala-d;® | KIAGKIAKI-Ala-d;-GKIAKIAGKIA-NH;
/,
MSI-G11-’H Glyll by Ala-d; | KIAGKIAKIA-Ala-d;-KIAKIAGKIA-NH,
MSLI13-H Ile13 by Ala-ds KIAGKIAKIAGK-Ala-d;-AKIAGKIA-NH,
Ficure 1: Helical wheel representation of the amphiphilic peptides |[MsE-A14-"H Alal4 by Ala-d;* | KIAGKIAKIAGKI -Ala-d;-KIAGKIA-NH;
MSI-103 and PGLa. The hydrophobic sector of the peptide is SSEATTH T T A T e ey Ter ST ey VT e ey W
shaded, and the charged lysines and N-terminus are marked with d . ALl by Alats : 2

plus. The positions in MSI-103 labeled with Ath-are marked
with circles, and positions labeled with €Phg are indicated with
stars. In the bottom panel, an end view of each helix is shown with
the amino acid side chains in stick representation.

aNonperturbing labels.

headgroups. The REDOR data suggested the simultaneous
presence of monomeric and dimeric peptides forming a pore,
inserted “I-state” 23). In this transmembrane alignment, it though the orientation of the helices in the membrane was
seems that PGLamagainin 2 heterodimers are formed, notaccessible from these distance measurements. ial
which may further assemble as a toroidal pore in the NMR experiments with a 3F-Ala-labeled analogue in ori-
membrane. These NMR results can explain the previously ented NMR samples suggested that MSI-103 is able to
observed synergistic antimicrobial effect between PGLa and change its membrane alignment in a concentration-dependent
magainin 2, both of which are simultaneously present in the manner, but a quantitative analysis had not been possible
frog skin. with this singlel®F label @1).

Here, we have used solid-stat¥ and?H NMR for an Here, we have acquired a large number of orientational
analogous structure analysis of the designer-made antimi-constraints from a series of selectivéff- and?H-labeled
crobial peptide MSI-103, the sequence of which is derived peptides to determine the concentration-dependent alignment
from PGLa @). The main modification is a replacement of and mobility of MSI-103 in lipid bilayers. In this solid-state
Glyl and Ala8 with charged Lys residues, which increases NMR study, all samples are in the liquid crystalline state,
the charge and the amphiphilic moment of the peptide (seewhich is biologically more relevant than a frozen or
Table 1 and Figure 1), two properties proposed to be lyophilized system. As a model membrane, we focus on
important for antimicrobial activity3, 24). With the general- DMPC and also include a DMPC/DMPG mixture to imitate
ized heptameric repeat (KxxxKxx)as a basic pattern, the negative charge of bacterial membranes. The conforma-
combinations with different amino acids were synthesized tion, alignment, and dynamic behavior of MSI-103 can thus
and tested. The trimeric motif (KIAGKIA)NH; exhibited be compared with our previous NMR results for PGLa in
the highest antimicrobial activity and is called MSI-1(3. the same environments. Oriented CD is introduced here as
Like PGLa, MSI-103 was also seen by CD to change from a method complementary to NMR, for determining the
a random coil in solution to an-helix in the presence of  threshold of realignment more accurately. Specifically, we
lipid vesicles @5) and to induce leakage of vesicles. It were interested in determining whether and at which
exhibited a 4-8 times lower minimum inhibitory concentra-  concentration MSI-103 can realign from an S-state to a
tion (MIC) than PGLa against three bacterial strains that were T-state or I-state. Whether the artificial KIAGKIA repeat
tested 8, 25), but also a higher hemolytic activit§). In a sequence can dimerize in a fashion similar to that of the
recent study, we found a slightly higher antimicrobial activity natural peptide PGLa is also intriguing. After all, it may be
for MSI-103 than for PGLa against some different bacterial expected that specific dimerization interfaces have evolved
strains, and a hemolytic activity similar to that for PGLa such that PGLa can function optimally, both as a homodimer
(26). on its own and as a heterodimer in synergy with magainin

MSI-103 has been previously investigated by solid-state 2. If we compare the two peptides PGLa and MSI-103 in
NMR (under the name of “K3”) in lipid systems that were terms of their respective antimicrobial and hemolytic activi-
either frozen or lyophilized20, 21). Chemical shifts and ties, any similarities and differences must be related to the
distances were measured in isotope-labeled peptides usingubtle differences in their primary sequences and can then
MAS and REDOR experiments, which confirmed tidneli- hopefully be interpreted in light of the structural NMR and
cal conformation and suggested the formation of parallel CD results. Ultimately, the aim of this study is to identify
dimers that remained in contact with the phospholipid specific physicochemical parameters that correlate with the
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antimicrobial function or hemolytic side effects, which will the solvent, the sample was further dried under vacuum for
allow us to predict and improve the therapeutic potential of 3 h. The window was assembled in the OCD cell and

new peptide sequences. hydrated for~15 h at 30°C and 97% relative humidity using
a saturated KSO, solution.
MATERIALS AND METHODS NMR Spectroscopyriented and nonoriented samples for

solid-state NMR were prepared as previously descrith8y (
following a procedure similar to that used for OCD. For
nonoriented multilamellar vesicle (MLVVH NMR samples
we used 2 mg of peptide, for orientéid NMR samples 1.2

2.0 mg of Aladz-labeled peptides, and for orient& NMR
samples 0.152.0 mg of Ck-Phg-labeled peptides. The
respective amount of lipid was calculated to give the desired
peptide-to-lipid molar ratio (P:L).

All NMR measurements were carried out on a Bruker
Avance 500 or 600 MHz spectrometer (Bruker Biospin,
Karlsruhe, Germany) at 308 R'P NMR was used to check
the quality of the lipid orientation in the samples, using a
Hahn echo sequence with phase cyclird])( °H NMR
experiments were performed using a quadrupole echo
sequenced?) with a 4.5us 90 pulse, an echo delay of 30
. . : us, a 80 ms relaxation delay time, a 250 kHz spectral width,
syn;hesmeha sixth ;nalog_ue yvlthCFg—.Ehg at tT; Alalﬁ and 2048 data points. Between 100 000 and 1 000 000 scans
posmo?,dtbe II_-I_PEE' hD'ep'mtir'Cl %e’ljt'd ei cou r;qt | % dWere collected and processed by zero filling to 16 384 data
separated by » hence, this fabeled site was not include points and a 400 Hz exponential multiplication, followed by

in the aljalySIS. . _ . Fourier transformation!®F NMR experiments were per-
Biological TestsAntimicrobial assays and hemolysis tests  t5rmed with an antiringing sequence to reduce background
were performed on the mutated peptide analogues to Chec"signals from the probe3@), using a 2.Qus 9 pulse a 1 s
whether they were still biologically active, as described q|axation delay time, a 500 kHz spectral width, 2048 data
previously @6). Antimicrobial activity was measured by a points, and proton decoupling with a ttpm20 sequeBd
standard minimal inhibitory concentration (MIC) assay, Between 2000 and 10 000 scans were collected: the data were
carrieq out with Gram-positivBacillus subt_ilis(ATCC 6633_) processed by zero filling to 4096 data points and a 200 Hz
andMicrococcus luteugDSM 1790) and with Gram-negative  gxponential multiplication, followed by Fourier transforma-
Escherichia coli(DH5a) andAcinetobactessp (DSM 586).  tion. Spectra were referenced to a 1200 mM NaF solution for
Hemolytic activity was examined with a serial 2-fold dilution \yhich thel% signal was set te-119.5 ppm.
assay, by incubating erythrocytes with peptide solutions at  gyrycture CalculationsThe alignment and dynamics of a
37 °C for 20 min with gentle shaking. The tubes were (igiq peptide in the membrane can be described by three
centrifuged at 200Gfor 5 min to pellet the cells, and the parameters, namely, the tilt anglef the dominant symmetry

absorbance at 540 nm was recorded against water. The,yis with respect to the bilayer normal, the azimuthal rotation
percentage lysis was then calculated relative to 0% lysis with anglep around this axis, and the molecular order parameter

buffer and 100% lysis by Triton X-100. The absorbance g ' Several different membrane-bound peptides have been
measurement was repeated three times, and the averagegharacterized this wayl8, 1618, 22, 23, 27, 35-40).
values were used. Given that the effective quadrupolar/dipolar tensor is col-
Circular Dichroism SpectroscopyCD spectra were re-  Jinear with the C-CR/C-CF; axis of a?H-labeled?*F-labeled
corded on a Jasco J-810 spectropolarimeter (Jasco Co.peptide, at least three orientational constraints are required
Tokyo, Japan), as reported previousl@) The peptides were  to determiner, p, andSn. In practice, more than three are
measured at 20C in 10 mM sodium phosphate buffer (0H needed, especially fofH NMR where the sign of the
7.0) containing 50% (v/v) trifluoroethanol (TFE) and aver- quadrupole splitting is not accessibld{44). In a rapidly
aged 3-fold, and an averaged baseline of the pure solventotating CF group, the sign of the dipolar splitting is evident
mixture was subtracted. Due to the difficulty in accurately from the one-pulse spectrum, and typically four orientational
determining the absolute peptide concentrations, the spectraonstraints are sufficient.8, 38, 40).
were normalized to the ellipticity of the wild-type peptide  To calculate orientational constraints from the NMR data,
at 191 nm, with the intention of emphasizing any changes a quadrupole coupling constarf§Q/h) of 167 kHz for an
in the line shape. aliphatic G-D bond was used, giving a maximum quadru-
The home-built setup used for the oriented CD (OCD) polar splitting of 84 kHz for the Alad; labels @5), and a
measurements is described in detail elsewh28e29). The maximum*°F dipolar splitting of 15.8 kHz was taken for
macroscopically oriented multilayered peptide/lipid samples CFs-Phg (L3). The peptide MSI-103 was modeled as an ideal
for the OCD measurements were prepared as describechelix, the alignment of which was fitted to the orientational
previously B0), following the same protocol as for oriented constraints. In this molecular frame, the titdefines the
NMR samples below. Briefly, for OCDs0.2 mg of lipid angle between the helix axis (N- to C-terminus) and the
and the appropriate amount of peptide were deposited on abilayer normal. The azimuthal angteis defined as a right-
quartz window (patch~10 mm in diameter) from a 1:1  handed rotation around the helix axis, wjgh= 0° being
mixture of chloroform and methanol. After evaporation of defined as the orientation when the vector projecting radially

Materials. Dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylglycerol (DMPG) were purchased
from Avanti Polar Lipids (Alabaster, AL), and deuterium-
depleted water was from Acros (Schwerte, Germany) and
Sigma-Aldrich (Taufkirchen, Germany). MSI-103 was la-
beled at seven different positions with Adg-(from Cam-
bridge Isotope Laboratories, Andover, MA) and at five
positions with 4-Cg-Phg (from ABCR, Karlsruhe, Ger-
many), replacing Ala, Gly, or lle (Table 1). All peptides were
synthesized using standard Fmoc protocols, purified by
HPLC, and identified by MALDI, as previously reported in
detail (13, 27). The °F-labeled peptides were synthesized
using a mixture of- andp-CFs-Phg, and the peptide with
theL-amino acid was identified as previously describ2d) (
to be used in the NMR experiments. In an attempt to
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Table 2: Antimicrobial Activity of the Peptides

minimum inhibitory concentrationu@/mL)

Gram-negative Gram-positive

E. coli Acinetobacthesp B. subtilis M. luteus
peptide (D5a) (DSM 586)  (ATCC 6633) (DSM 1790)

PGLa we 8 8 4 4

MSI-103 we 4 8 8 8

MSI-A7-19F 8 16 8 8

MSI-19-1%F 8 8 8 4

N MSI-A10-°F 8 32 8 4

Ficure 2: Definition of angles used in the calculations. (A) The MSI-G114F 32 128 32 8
helix tilt anglet is the angle between the peptide axis (from N-to MSI-113-1°F 8 8 8 4
C-terminus) and the bilayer normal which is usually aligned MSI-19-2H 8 8 32 8
parallel to the magnetic field directioB,. For z = 0°, the helix MSI-G11°H 8 8 8 4
would be oriented along. The angles fixes the &—CDs bond MSI-I13H 16 8 8 16

vector relative to the helix axis. (B) View perpendicular to the helix, a From ref26.
with the C-terminal direction out of the paper. The azimuthal
rotation of the peptide is defined by the angleFor p = 0°, the
radial vector from the helix center through theé &om of residue All rmsd values below this must be called “good” fits. It
Lys12 would be aligned with thg-axis, which is parallel to the  shoyld be noted that our structural model is based on the

membrane surface. The projection of thfe-CD; bond vector onto . . . . e
the plane perpendicularpto Jthe helix axis is ?ixed by the angle assumption of an ideal-helical structure. Slight deviations

(C) Equivalent definitions for the GFPhg side chain. are expected for amphiphilic peptides; hence, even larger
rmsd values may be acceptable. In a previous study on
through the € atom of Lys12 is aligned parallel to the uniformly hydrophobic transmembrane model peptides, the
membrane plane, as illustrated in Figure 2. The orientation fit to an ideala-helix had been justified by the very small
of the &—C¥ bond in the molecular frame is described by rmsd values of typically less than 1 kH2§ 38). Here, we
an angles between the bond vector and the helix axis. The estimate that for MSI-103 at 1:200 the intrinsic errorzin
anglea is defined by the vector radiating from the helix andp is approximately+3°, according to the area in the
axis through the €atom and by the projection of the*€ error plot covering a rmsd of 1 kHz around the best fit. When
C* bond vector onto a plane perpendicular to the helix. In the’H and**F NMR data are compared, the maximum value
the same plane, the rotational angle between two consecutivedf the respective interaction should be taken into account,
amino acids along the helix is called For the Alads labels, which is 84 kHz for Alad; and 15.8 kHz for Ck-Phg, the

we described an-helix (model A) using & of 121.7, an latter being a factor of 5.3 lower. Thus, a rmsd of 1.0 kHz
o of 53.2, and anw of 100, as deduced from am-helical for a?H fit is comparable with a rmsd of 0.2 kHz forléF
polyalanine model constructed in SYBYL usingaf —58° fit.

and ay of —47° (13). To investigate the possibility that the
peptide might form other helical structures, the parameters RESULTS
corresponding to an ideaj@helix (8 = 111.2, a = 53.5, Biological Actiities of the Labeled MSI-103 Analogues.
andew = 119) andz-helix (8 = 131.T, a = 52.5, andw For solid-state NMR structure analysis, a series of 12 MSI-
= 85.3) also were testedl@). For the Ck-Phg labels, a 103 analogues (see Table 1) were synthesized with single
differento-helical side chain geometry (model B) was also Ala-d; or CFs-Phg labels. Except for the entirely nonper-
used, in whichp = 110°, a = 47°, andw = 100° (13). This turbing substitutions of a native Ala residue with Alg-the
model had been proposed on the basis of an energy-other labeled peptides contain one amino acid that differs
minimized a-helix and was previously found to fit better from the wild-type MSI-103 sequence. To check whether
than the ideab-helix to the’®F NMR data of PGLa labeled  these mutations have any effect on the antimicrobial activity,
with CF-Phg and CE-Bpg (13, 40). minimum inhibitory concentrations (MICs) were determined
To take motional averaging into account in the analysis, for wild-type MSI-103 and its analogues. Table 2 shows that
a third parameter is introduced, namely, a simplified order the antimicrobial activities are almost the same, except for
parameter Sno, Which describes global wobbling motions that of MSI-G111%F, which had a considerably lower activity
of the peptide. Its effect in our calculations is to reduce all against most bacterial strains that were tested. It can therefore
splittings by a constant factor between 1.0 and zero, be expected that the functionally relevant membrane interac-
corresponding to a uniaxial ordering tensor. In a grid search tions of the labeled peptides are the same as for the wild-
for the best-fit peptide structure, the helix is systematically type MSI-103, expect for the analogue in which Glyl1l was
rotated, and the theoretical quadrupole splittings are calcu-replaced with CE-Phg.
lated for different combinations of, p, and Spo. The In view of its therapeutic potential as a drug, it is also
parameterg and p are changed in steps of from 0O to important to assess the hemolytic side effects of MSI-103
18C°, and Syo is changed in steps of 0.01 from 0 to 1, to and the labeled analogues. It is seen in Table 3 that the
find the parameters giving the lowest root-mean-square hemolytic activity was much more sensitive to small changes
deviation (rmsd) with respect to the experimental data. The in the primary sequence than the antimicrobial activity. When
meaning of the rmsd is interpreted the following way: The 1le9 or llel3 was replaced with the less hydrophobic Ala-
experimental error in our quadrupole splittings was estimated ds, the hemolytic activity was almost completely abolished,
to be no more than 1 kHz, which was found by repeated whereas replacing Gly7 with the more hydrophobic Aia-
measurements on a sample or by use of duplicate samplesinduced a higher activity. When lle9 or Ile13 was replaced
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Table 3: Hemolytic Activity of the Peptides AZMSI1319F
/| —MSI-A7-19F
% hemolysis S 40 /| MsiG11-2H
peptide  12%g/mL 250ug/mL  500ug/mL  1000ug/mL =, Ve
[m)] 20 —MSI-A10-19F
PGLa wt 1 3 18 86 @) —Msi.c11-19F
MSI-103 wt 9 24 45 76 3
MSI-A7-19F 21 39 86 92 N oo
MSI-19-19F 4 15 30 51 g
MSI-A10-19F 71 97 102 101 S 20
MSI-G1149F 78 89 96 95 z
MSI-113-19F 4 9 21 48 0 :
MSI-19-2H -1 2 1 3 -
MSI-G112H 26 43 81 96 180 200 220 240 260
MSI-113-2H 1 0 0 4 Wavelength [nm]

FiIGURe 3: CD spectra in a 1:1 (v/v) TFE/buffer mixture of the
. . . . MSI-103 analogues, normalized to the same value at 191 nm. All
with CFs-Phg, the hemolytic activity was slightly reduced  1ants show a very similar line shape as wild-type MSI-103,

compared to that of the wild-type peptide, but when Alal0 confirming a mostly-helical conformation. The spectra are labeled
or Glyll was replaced with the hydrophobic &g, a in the inset according to their order at 208 nm.

much higher activity was observed. It should be noted that PGLa. For the following NMR analysis of MSI-103, these

typical MIC values were around 8 mg/mL, while hemolysis OCD results are extremely useful, as they allow us to decide
was usually still weak even up to 125 mg/mL; therefore, . ) y ' ey
which concentration range to address with the more elaborate

different mechanisms are likely to cause these distinct NMR measurements and how to interoret anv differences in
biological effects. The large difference in concentration . X P y
its behavior compared to that of PGLa.

needed to kill bacteria and to lyse erythrocytes is a measure . . : .
of the selectivity of the peptides; hence, MSI-103 is a good Chplce of Or'entEd or Nonoriented NMR Sampl@st-
drug candidate with a high therapeutic inde 25, 26). entat_|0nal constramts_of membrane-b_ound peptldes are most
i o readily extracted using macroscopically oriented NMR
~ Conformation and Helix Alignment by CDhe conforma-  samples on glass supports. Such samples are always mea-
tion of MSI-103 was examined by circular dichroism in a gyred with the bilayer normal parallel°j0to the magnetic
membrane-mimicking environment to check whether any of fie|q. An additional experiment at a 98ample inclination
the?H or *F labels had a perturbing effect of the conforma- can then determine whether the peptide is motionally
tion of the helix. Figure 3 shows the CD spectra of the wild- 4yeraged by fast rotation around the membrane normal. All
type peptides and mutated MSI-103 analogues in a TFE/19r NMR experiments were performed on oriented samples
buffer solution (1:1, v/v). It is seen that all peptides are gyer a wide range of peptide-to-lipid molar ratios (1:800 to
predominantlyo-helical, and within the intrinsic error of the 1:20). However, for the less sensitifel NMR measure-
determination of the peptide concentration, no change in thements, it is difficult to prepare oriented samples with a low
secondary structure is found for any of the labeled analogues.peptide concentration, as a large amount of material would
Oriented circular dichroism (OCD) is well suited to have to be accommodated on the solid supports in the NMR
studying the membrane-boundhelical peptides, as it can  coil. Therefore, we decided to study only P:L values of 1:50
be used to determine the approximate helix tilt an@®, (  and 1:20 with orienteéH NMR samples, but to reach a P:L
29, 46, 47). This sensitive method does not require any of 1:200, we used nonoriented multilamellar dispersions
labeling and is perfectly complementary to solid-state NMR, (MLV samples), which had been done previously for PGLa
as it uses the same kind of macroscopically aligned mem- (18, 22, 23). As long as a peptide is motionally averaged by
brane samples. We collected OCD spectra of MSI-103 in rotation about the membrane normal, the full information
DMPC over a wide range of different peptide-to-lipid ratios content can be extracted from MLV samples (as the Pake
from 1:400 to 1:20 (see Figure 4A). The line shapes at low splitting then corresponds to half the splitting of an oriented
concentrations closely resemble the OCD spectra of PGLasample measured at)0Any concentration ratios lower than
and related peptides in their surface-bound S-state, while at1:200 could not be addressed 4y NMR (only *°F NMR),
high concentrations, the spectra indicate a tilted T-s28¢ (  as the natural abundance background of the lipids becomes
29, 48). On the basis of the pure S- and T-state spectra attoo dominant in such spectra. All orientéid and**F NMR
the most extreme concentrations (1:400 and 1:20), all othersamples were examined BY? NMR to check the quality of
line shapes at intermediate concentrations could be decon-alignment, and no conspicuous effect of the peptide of the
voluted into their two respective contributions. That way it phospholipids was noted.
was possible to quantify the relative amount of S- and °F NMR ResultsFive MSI-103 analogues were synthe-
T-states and to determine the threshold concentration for thesized withL-4-CFR-phenylglycine (CE-Phg) substituted for
realignment (see Figure 4B). This threshold is defined as Ala7, lle9, Alal0, Glyll, or llel3 (see Table 1). Macro-
the lowest concentration for which a tilted state starts to scopically oriented samples were prepared with P:L values
appear, which is found to be at a P:L of 1:240 for MSI-103 of 1:800, 1:400, 1:200, 1:50, and 1:20 in DMPC. Represen-
in DMPC. In the same system, all peptides have then finally tative °F NMR spectra are presented in Figure 5, and the
reached the T-state at 1:60. For comparison, the samedipolar splittings of the Cigroups are listed in Table 4. A
analysis of PGLa under the same conditions in DMPC had comparison of the samples oriented with the bilayer normal
given a threshold of 1:80, with all peptides reaching the parallel (0) and perpendicular (99to the external magnetic
T-state at 1:20248). MSI-103 is thus found to realign in  field shows that the 0splittings are always related to the
membranes at a much lower peptide concentration thanQ° splittings by a factor of-/,, except if P:L= 1:20. This
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Ficure 4: OCD results. (A) OCD spectra of MSI-103 in DMPC bilayers with different P:L ratios of (a) 1:400, (b) 1:300, (c) 1:200, (d),
1:125, (e) 1:100, (f) 1:80, (g) 1:40, (h) 1:30, and (i) 1:20. All curves are normalized to the same value at 198 nm. (B) Plot of the tilted
fraction of peptides as a function of concentration. The linear part of the plot is fitted to a straight line (dashed) which gives the threshold
concentration where the T-state starts to appear at a P:L* of 1:240.
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Ficure 5: Representativ®F NMR spectra of MSI-103 in oriented
DMPC bilayers. (A) Analogues with GFPhg labels at different
positions, measured at a P:L of 1:200 with the bilayer normal
parallel toBy. (B) Spectra of MSI-I9YF at different P:L values,
measured with the bilayer normal parallel Ba. (C) Spectra of
MSI-19-1°F measured with the bilayer normal perpendiculaBgo
(the arrow indicates the same spectrum shown twice).

Table 4: *F NMR Dipolar Splittings (in kilohertz) of the
CFRs-Phg-Labeled MSI-103 Analogues at Different Concentrations in
Oriented DMPC Samples
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FIGURE 6. 2H NMR spectra of MSI-103 labeled with Alds at
seven different positions (as numbered) and reconstituted in (A)
DMPC at a P:L of 1:200. The central peaks are cut off. (B) DMPC/
DMPG (3:1) at a P:L of 1:200, (D) DMPC at a P:L of 1:50, and
(E) DMPC at a P:L of 1:20. The two samples at 1:200 (A and B)
were prepared as multilamellar lipid dispersions and show Pake
patterns, while the 1:50 and 1:20 samples (D and E) are macro-
scopically oriented and give defined splittings. The central panel
(C) shows a comparison of the full spectra of MSI-GHLin
DMPC and in DMPC/DMPG MLV samples at a P:L of 1:200, to
illustrate the enhanced binding of the cationic peptide to negatively
charged lipids.
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defined orientation in the membrane. At this very high

position labeled  1:400 1:200 1:50 1:20 concentration ratio, the NMR data therefore cannot be used
with CF-Phg  0°/90° 0°/90° 0°/90° 0°/90° )
Ao 2210 123011 36417 T40-19 to determine the structure of MSI-103, and only for the lower
a 21— 1. S—1 —J3. . .0—1. . . . ey . . .
1169 41510 +15-075 —39419 —80/-74 P:L range will the dipolar spllttl_ngs be f|tted_ in the foIIowm_g
Alal0 —27H13 —28H14 —3.4/+17 —6.1~71 paragraphs to calculate the tilt and rotation of the helical
Gly11° —5.1H2.5 —1.84+1° —2.4H1.2 -6.7~7.0 peptide in the lipid bilayer. A first, visual inspection of the
lle13 +6.7-3.4 +7.1/-345 +6.7-33 -7.8/-6.1 19F NMR data in Figure 5 suggests that MSI-103 must have

aBadly resolved, calculated from the shown splitting measured at
90°. P Data not shown for 1:800, but same splitting as for 1:400.
¢ Splitting too small to observe, estimated value frofn 0

a well-defined alignment at low concentrations up to 1:200
and that it reorients into a different alignment at 1:50, as
suggested above by OCD.

?H NMR ResultsThe?H NMR spectra of seven MSI-103

means that the peptide rotates fast around the bilayer normaknalogues labeled with Alds at positions Ala7, 1le9, Alal0,

at all concentration ratios up to 1:50. At a P:L of 1:20, on

Glyl1, lle13, Alal4, and Alal7 are shown in Figure 6, for

the other hand, the lines are much broader and most splittingshree different peptide-to-lipid ratios (1:200, 1:50, and 1:20).

are close to the value of-7.9 kHz, thus representing
immobilized peptides with a powder distribution. Only for
MSI-A7-°F was a different splitting seen, and in this case,

At a low concentration ratio of 1:200 in DMPC (Figure 6A),
the spectra of the nonoriented MLV samples reveal a
different Pake splitting for each of the analogues. However,

the peptide did rotate around the bilayer normal. We thus these signals are always overlapped by another component

conclude that most of the G#Phg-labeled peptides are

aggregated at a P:L of 1:20 and no longer maintain a well-

with a constant splitting of~26 kHz, which is attributed to
natural abundance deuterons in the lipids, as demonstrated
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Table 5: 2H NMR Quadrupole Splittings (in kilohertz) of the Ald-Labeled MSI-103 Analogues at Different Concentrations in Various Lipid
Samples

MSI-103/DMPC MSI-103/DMPC/DMPG MSI-103/DMPC MSI-103/DMPC
position labeled (2:200) (1:150:50) (2:50) (2:20)
with Ala-ds MLV samples MLV samples oriented samples oriented samples
Ala7 8.6/4.3 8.8Y4.4 17.¢ 2.0
lle9 12.0Y6.0° 9.4/4. 7 30.4 28.5
Alal0 24.3/12.00 24.2/12.P 31.Z 35.2
Glyl1 48.2/24.7 42.0421.0° 47.8 Ca 604
llel3 4.6/2.0¢ 4.22.1° 22.8 23.9
Alal4 14.8/7.4 15.8/7.7° 31.0 315
Alal7 13.4/6.7° 16.2/8.1° 29.F 29.5

a Pake splittings from nonoriented MLV samples multiplied by two, corresponding to‘tleel@e, for comparison with the oriented samples.
b Pake splittings measured from nonoriented MLV samples at thep®8ks (Figure 6) Splittings of the oriented samples aligned at(pectra
in Figure 6).9 Splitting not well-defined.

previously by’H NMR of pure DMPC 22). Even worse, a  Table 6: Best-Fit Values for Different Helical Structures Usfity

third, large isotropic component is seen in th&seNMR NMR Data
spectra, which is likely to contain a small amount of residual tilt angler rotation anglep rmsd
deuterium from HDO in the water. The majority of this data set model  (deg) (deg) Sro (kH2)
central component, however, is attributed to free peptide DMPC, 1:200 a-helix 111 122 065 1.6
molecules tumbling rapidly in solution, as reported previously -helix 72 140 100 47
for PGLa in MLV samples containing a slight excess of water - 1., Bwrhelix 52 82 1.00 11.0
N . ,1:50 a-helix 128 105 0.83 3.1
(22). It was argued that the cationic peptides can escape from 2-helix 43 151 072 91
the zwitterionic DMPC vesicles, and MSI-103 is even more 3io-helix 96 108 084 7.7

charged and indeed highly water soluble. The spectra show ] ] ] ]
that the free peptide molecules are not in fast exchange with Analysis of the Peptide Conformatiomo describe the
the membrane-bound population giving rise to the anisotropic @lignment and dynamics of a folded peptide in terms;of
splittings; however, in some cases, these splittings are so? @NdSne (see Materials and Methods), its conformation in
small that they cannot be resolved in the presence of thethe bilayer has to be known. MSI-103 was shown by CD to
dominant isotropic peak. form a helical structure in a membraneous environment

The best way to avoid the isotropic component is to use (Figures 3 and 4). In our previous analysis of PGLa, we had

) | ttempted to fit thé’F NMR data to several different helical
macroscopically oriented samples, as they are prepared aﬁ

96% humidity and do not contain any excess water. However onformations and found thatahelix or a 3o-helix model
. e i i h . Only thea-helical |
as explained above, it is hard to obsefire NMR signals did not support the datd ). Only thea-helical model based

¢ h | 0 Hd trati Theref on polyalanine gave good fits; hence, this model was also
rom such samples at low peptide concentrations. Theretore, qq 4 5y o)) subsequefitt NMR data analyses of PGLA§,

we decided to prepare instead another series of MLV sample:;_22 23). Here, for MSI-103 we also tried the three t
isti . X ) £9). ' - ypes of
consisting of MSI-103, DMPC, and DMPG at a 1:150:50 | jices for fitting the2H NMR data at 1:200 and 1:50 in

ratio. The presence of the negatively charged_ dimyris- DMPC. Of the seven Alak labels used, four of them are
toylphgsphandylglycerol (DMPG) keeps the peptld.et elec- entirely unperturbing; hence, the risk of a structural perturba-
trostatically gttractgd to the membrane and S|gn|flcar_1tly tion or a misfit is low (see the discussion of tfté NMR
reduces the 'SOUO_D'C spgctral compo_nent, as seenin F'guredata below). The resulting quality of the fits is summarized
6B. Note that the isotropic peaks in Figure 6A are cut off in in Table 6 and can be judged in terms of the root-mean-
the display, but in Figure 6C, the full height of the spectra g, are deviation (rmsd). We found that selical model

is compared for MSI-G13H in DMPC and in DMPC/  qives much better fits at both concentrations compared to
DMPG bilayers, illustrating the larger isotropic peak Using ha other helical models. Especially thecBelix gives
uncharged membranes. The spectra in Figure 6B demonStrat%nacceptably high rmsd values, and at 1:200, baghad

that the quadrupolar sp!ittings are essentiglly the same for _palix would require an order parame®y, of 1.0, which

the MSI-103 analogues in DMPC/DMPG bilayers (3:1) and ig ot reasonable for unaggregated peptides in fluid bilayers.
in pure DMPC (see also Table 5). We thus conclude that |, gy howder samples of Alds-labeled peptides, a splitting
the alignment of the membrane-bound peptide does notyfcq 37 kHz is found (data not shown), meaning that already
change in the presence of DMPG, but this settdfNMR in a dry powder there is some peptide motion which leads
data can be analyzed much more readily in MLV samples. {4 gn averaging of splittings, corresponding tcSag of 0.88.

At the higher peptide concentrations of 1:50 (Figure 6D) In a highly mobile lipid bilayer, it is unlikely that there would
and 1:20 (Figure 6E), a single quadrupole splitting is seen be less motion of peptides than in a dry powder. We have
for each MSI-103 analogue in the oriented DMPC samples previously found S,, to be 0.6-0.7 at a low peptide
(Table 5). These data show that the peptide has a uniqueconcentration for PGLal@, 17, 18, 22), which fits nicely
and well-defined orientation in the membrane at these higherwith the value found here for am-helical conformation of
concentrations, which differs from its alignment at a P:L of MSI-103. Considering the primary sequence of MSI-103, it
1:200 (Figure 6B). We thus conclude that MSI-103 under- is also clear that ther-helical conformation represents a
goes a concentration-dependent realignment in the DMPCpronounced amphiphilic profile with all charged lysine
bilayer, as suggested above ¥ NMR and OCD. residues on one face of the peptide (see Figure 1). This is
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Table 7: Best-Fit Orientation Parameters for MSI-103 in DMPC Lipid Bilayers fiéfiNMR Data

tilt anglet rotation angle rmsd
P:L labels used (deg) p (deg) Shol (kHz)
1:400 CkatA7,19, Al10, G11, 113 43 135 0.39 3.1
1:200 CRratA7,19, A10, G11, 113 60 137 0.32 2.6
1:50 CkratA7,19, A10, G11, 113 32 115 0.52 3.1
1:400 CRatA7,19, A10, I113 101 130 0.63 11
1:200 CkatA7,19, A10, 113 102 129 0.69 1.2
1:50 CRratA7,19, Al0, 113 109 113 1.00 0.7

not the case for the-helix or 3;-helix conformations, which

previous PGLa studiedl 7, 18, 22, 23), we therefore used
an idealo-helix as a model structure for MSI-103 at all
concentrations to fit théH and*°F NMR data.
Helix Alignment front°F NMR Data.At very low peptide
concentrations, the amphiphilie-helical MSI-103 is ex-
pected to bind as a monomer to the membrane surface with= 137, andS;o = 0.39). In this plot, the hypothetical dipole
an almost flat orientation. This would correspond to a tilt splittings are calculated for each position around the helical
angler of ~90°, and an azimuthal rotatiom that positions
the charged lysine side chains up toward the water, in aclearly does not fit well to the five data points.
fashion similar to that of other amphipathic peptides like
PGLa (L7, 18, 22). However, the best fit for a P:L of 1:400

in DMPC at a P:L of 1:400, based on all five €FPhg labels

a grayscale for all combinations ofand p. If we had also

this would require a three-dimensional error plot; hence, we
would not be energetically favorable when bound to a show only thez/p map obtained for the best-fit order
membrane. On the basis of this analysis and in line with parameter valueS,o) of 0.39. This is very small compared
to the values previously found for PGLa, which were usually
around 0.6-0.7. It is also conspicuous that no minimum with
a rmsd below 2 kHz exists. The corresponding dipolar wave
plot for the best-fit values of, p, andSis shown in Figure
7B and represents the nominal peptide structare 43°, p

wheel and displayed on a curve frorhtd 36C°. The curve

Since the peptide mutant in which Glyll had been
substituted with CgPhg had exhibited a much lower
using our five'®>F NMR data points seems to produce a tilt antimicrobial activity than the wild type and all the other
angle of~43° and a large rmsd (Table 7). Figure 7A shows MSI-103 analogues (see Table 2), we decided to exclude
the corresponding two-dimensional error plot for MSI-103 MSI-G11+°F and fitted thé'>F NMR data of the remaining
four labels only. The resulting error plot is shown in Figure
in the analysis. Here, the error (in kilohertz) is depicted by 7C and the dipolar wave in Figure 7D. In this case, a much
better fit was found, with a rmsd of 1.1 kHz. Now, the tilt
wanted to display the dependence on the order parameterangle ) of 101° corresponds to the expected S-state
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FiGure 8: (A) Error plot for MSI-103 in DMPC bilayers at 1:200, using only tft¢ NMR data from the four nonperturbing Ald-
substitutions at positions Ala6, Ala8, Alal0, and Alal4. (B) Corresponding quadrupolar wave plot, fitted to the four native Ala positions
(m). The experimental splittings from two lle positior3)(and one Gly 4) are also shown but not used in the fit. (C) Error plot calculated
from all seven labeled Alas positions, showing a unique minimum as the best-fit solution. (D) Corresponding quadrupolar wave plot with
the curve calculated from all seven data points.

orientation of the peptide on the membrane surface. The factfrom 1:400 to 1:200. We thus conclude that at low
that the numerical value of the tilt angle is higher thari 90 concentration ratios (1:400 and 1:200) MSI-103 has the
means that the amidated C-terminus is inserted slightly expected S-state orientation in DMPC. Only the splitting of
deeper into the membrane than the charged N-terminus. Thehe mutated peptide with GHPhg at position Gly11 is not
observed rotation anglg of 130° perfectly positions all consistent with the data set. This observation is not too
charged lysine residues on the hydrophilic face of the peptide surprising, since among all mutations this one represents the
toward the aqueous phase. This alignment of MSI-103 fits most dramatic change in volume. The strongly increased
well with the orientation found previously for PGLa (also hydrophobicity of Ck-Phg at the otherwise moderately
using four'®F labels) (3. If the functionally inactive peptide  hydrophilic position 11 might force the peptide to rotate so
analogue is excluded, the four data points are readily fitted that it can be immersed deeper into the hydrocarbon region
by three parameters, and the resulting structure makes sensaf the membrane (see the helical wheel in Figure 1). An
However, in view of the few data points, it must be noted alternative explanation could be attributed to an increased
that the best-fit values are rather sensitive to errors in the propensity for peptidepeptide interactions to occur on this
data, and the structure should be taken as approximate, withiface, which could introduce a population of dimers or
an error of+10° in T and p. aggregates. To investigate whether MSI-GiA-may have

For a P:L of 1:200, thé®F NMR analysis gave a result undergone premature oligomerization at 1:400, an additional
similar to that at 1:400. Also at this concentration, a fit using sample with a P:L of 1:800 was prepared for this label, but
all five labels gave an unexpectedly small tilt angle and order it gave the same splitting as 1:400 (data not shown). It thus
parameter, and a very large rmsd, but if the mutant MSI- seems that this mutant has an intrinsically different orienta-
G114 is excluded, the analysis using the other four data tion even from the monomeric wild-type MSI-103. Overall,
points gave the same tilt and rotation angles as at 1:400,we conclude that MSI-103 and its biologically active £F
with a similar rmsd and almost the same order parameterPhg-labeled analogues have an orientation very similar to
(see Table 7). As seen in Table 4, this label at Gly11 is also that of PGLa in a DMPC bilayer1@) at low peptide
the only one whose splitting changes significantly on going concentrations.
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Table 8: Best-Fit Orientation Parameters for MSI-103 in Lipid Bilayers fishiNMR Data

P:L labels used tilt angle (deg) rotation angle (deg) Shol rmsd (kHz)
DMPC
1:200 ChQhat A7, A10, Al14, A17 63 148 0.62 1.8
1:50 CDhyat A7, A10, Al4, A17 135 90 0.81 0.8
1:20 CDh;at A7, A10, Al4, A17 123 109 0.98 2.1
1:200 CDh;at A7, 19, A10, G11, 113, Al4, A17 111 122 0.65 1.6
1:50 CDs;at A7, 19, A10, G11, 113, Al4, A17 128 105 0.83 3.1
1:20 CDsat A7, 19, A10, G112113, A14, A17 125 109 0.92 3.5
DMPC/DMPG
1:200 Chyat A7, A10, Al4, A17 61 160 0.59 0.2
1:200 ChQyatA7,19, A10, G11, 113, Al4, A17 111 122 0.60 1.7

aValue too uncertain to be used in the fit, but consistent with the remaining best-fit curve.

At a P:L of 1:50, the!®F NMR spectra show that MSI-
103 is still rotationally averaged around the bilayer normal,

8C). All seven data points fit well on the quadrupolar wave,
as illustrated in Figure 8D, suggesting that the labeled stretch

but the dipolar splittings are not the same as at lower peptideis consistent with an unperturbeehelical conformation over
concentrations, indicating a change in the orientation of the its full length. When the rmsd values are being compared
helix. When all of the five data points were used to calculate between'®F and?H NMR data, it should be remembered

the orientation, a very different tilt (32was found and the
rmsd was extremely high, 3.1 kHz (Table 7). Excluding the
perturbing Ck-Phg label at Glyll again gave a better fit,
with a tilt angle ¢) of 109 and an azimuthal rotation angle
(p) of 113, and a reasonable rmsd, but t8g, value was
unrealistically high, 1.0, which would correspond to a totally
immobilized peptide. WheB,,, was fixed to a more normal
value of 0.7, a best-fit solution was found withr @f 107,

ap of 112, and a rmsd of 1.7 kHz, which is almost the

that?H splittings are 5.3 times larger so that®®& rmsd of

1 kHz corresponds to #H rmsd of 5.3 kHz. The relative
error is thus smaller for the fit frorfH data than that found
above for'F data. The rmsd minimum corresponds to a helix
tilt angle @) of 111°, a rotation angleqd) of 122°, and an
order parameterS,,) of 0.65 in DMPC, and in DMPC/
DMPG (3:1) hilayers, very similar results are obtained (Table
8). This structure describes the alignment of the MSI-103
helix in DMPC and in DMPC/DMPG bilayers such that its

same alignment but again with a large error. Therefore, we C-terminus is inclined~20° away from the membrane

conclude that the conformation of the £Fhg-labeled MSI-
103 analogues appears to be distorted from an iddwlix

surface toward the bilayer interior. The rotation angle of°122
shows that the charged lysine residues are directed toward

at high concentrations, possibly due to suboptimal contactsthe aqueous phase. Since all data points fit well together,

at a dimerization interface (see below).
The analysis of°F NMR data given above was performed
using a-helical model B (see the description in Materials

we conclude that the structure and orientation of MSI-103
at 1:200 are not influenced by a substitution of a small
glycine residue or a bulky isoleucine side chain with an Ala-

and Methods). Similar results were obtained using helix ds label.

model A (which was used for thid NMR analysis) but in

At higher peptide concentration ratios of 1:50 and 1:20,

general with higher rmsd, and therefore, we here show thethe use of only four nonperturbing Akl labels was also
results using model B which gave better fits. The results insufficient to obtain a reliable structure; hence, all seven

using model A are presented as Supporting Information.
Helix Alignment fronfH NMR Data.The substitution of

labels had to be used in the analysis. This is demonstrated
in panels A and C of Figure 9, showing the error plots at a

a proton with?H does not perturb the chemical properties P:L of 1:50 using only four labels and all seven labels,
of a molecule; hence, a substitution of a native Ala residue respectively. The corresponding quadrupolar curves are
(at position 7, 10, 14, or 17) with Alds will not affect the illustrated in panels B and D of Figure 9. The analysis was
behavior of wild-type MSI-103. However, when any other also carried out for a peptide-to-lipid ratio of 1:20, as seen
amino acid is replaced with Alds, the mutation might in panels E and F of Figure 9. Both peptide-to-lipid ratios
change the properties of the peptide. To analyze MSI-103 give practically the same result: at 1:56+ 128, p = 105,

in an entirely unperturbed conformation, we thus started off and S, = 0.83, and at 1:20; = 125, p = 109, and Sy
using only the?H NMR data from the four native Ala = 0.92 (Table 7). This alignment of MSI-103 is very close
positions. At a P:L of 1:200, no clear-cut result was obtained, to the picture found previously for PGLa in DMPC and
as the two-dimensional error plot in Figure 8A contains DMPC/DMPG bilayers at high concentrations, which had
several minima with a rmsd below 2.0 kHz. Figure 8B shows been named the tilted T-state7( 18, 22). In both peptides,
the quadrupolar wave corresponding to the lowest rmsd, butat high concentrations the helix tilt angle425° larger than
this result is not yet trustworthy, since the signs of the at low concentrations (fror®F NMR at 1:400), while the
quadrupole splittings are not known. For suith NMR azimuthal rotation angle is somewhat smaller. The order
analysis, it is clear that more than four data points (i.e., parameter is somewhat larger than at low concentrations,
absolute splittings) are needed to determine the orientationindicating a lower degree of wobbling with an increase in
of a peptide uniquely, in contrast to the use of four signed concentration. ThéH NMR spectra of the oriented samples
splittings in the'>F NMR analysis described above. When rotated to 90 (data not shown) demonstrate that at 1:50 and
three additional quadrupole splittings from the Alalabels 1:20 the peptide has stopped rotating around the bilayer
at positions 1le9, Glyll, and Alal3 are included in the normal. This finding indicates that at high peptide concentra-
NMR analysis, a unique rmsd minimum is obtained (Figure tions the helices are laterally immobilized in the membrane,
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FiGURE 9: (A) Error plot for MSI-103 in DMPC bilayers at 1:50, using only i&NMR data from the four nonperturbing At&-substitutions.

(B) Corresponding quadrupolar wave plot, fitted only to the four native Ala positlnsThe experimental splittings from two lle positions
(O) and one Gly 4) are also shown but not used in the fit. (C) Error plot calculated from all seven labelei pdesitions. (D) Corresponding
guadrupolar wave plot from all seven data points. (E) Error plot for MSI-103/DMPC bilayers at 1:20, calculated from six labalgd Ala-
positions (Gly1l not used). (F) Corresponding quadrupolar wave plot at 1:20 calculated from six data points.

while still maintaining a specific tilt angle and azimuthal peptide in DMPC bilayers at different concentrations. First,

rotation angle. we will compare the MSI-103 results at low and high peptide

concentrations. Then, the structures will be compared with

DISCUSSION previous results for the related peptide PGLa. Finally, the

In this study, we have used solid-sta#€ and2H NMR differences between MSI-103 and PGLa in terms of their

on selectively CEPhg- and Aladz-labeled MSI-103 ana-  reorientation and dynamic behavior will be discussed in light
logues, to determine the orientation of this antimicrobial of their antimicrobial and hemolytic activities.
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Surface-Bound S-State of MSI-103 at Low Concentrations. . . . .
The range of low peptide-to-lipid ratios is best addressed 1 400 1 200 1 50 1 20
by highly sensitive’® NMR measurements of GPhg
labels, which provide sufficient signal intensity even at A 7
concentrations as low as 1:800. Up to a P:L of 1:200, the ——
structure analysis of MSI-103 gave a consistent picture of )) )
the helical peptide being aligned in the surface-bound S-state
with a tilt angle ¢) of ~101° (see Table 7 and Figure 7C,D).
The azimuthal rotation angle ef13(° is fully consistent
with the amphiphilic profile of MSI-103, and the value of
Shol Of ~0.65 suggests a monomeric state. As seen from the #
samples measured at a°%lignment, the peptide is free to T (A L/ '
rotate about the membrane normal on the millisecond time —“\—N
scale of the NMR experiment. ')) \> \
With an increase in the peptide concentration to 1:50, the MS|-1 03
%F NMR splittings of all labels were found to change
compared to those in the low-concentration regime, indicating g, ure 10: Comparison of the structural and dynamic behavior of
a change in the orientation of the helix (see Figure 5). MSI- MS|-103 and PGLa as a function of the peptide-to-lipid ratio in a
103 still rotates around the bilayer normal, according to the DMPC bilayer. The realignment from a surface-bound S-state to a
90° sample alignment. However, the fit to the four relevant tlig%dtg;tit; OFféLI‘_raS allrtaZtl0&?:[1;T]reghgé?w%%nnc?trgﬂganosrtal\fessl_is
“F NMR data points IS not convincing, giving eithee af illustrated by overlapping peptidgs with dynamic wings. The
109 and ap of 113" with an alarmingSnoi value of 1, or  formation of homodimers in the T-state is represented by the
when a reasonabl®yq is fixed, then the rmsd becomes very presence of a second semitransparent peptide. Fast motional
high (see Table 7). Besides the position of Glyll that averaging of a peptide about the membrane normal is indicated by
becomes perturbed by @Phg substitution, it seems that at 2 circular arrow, which is crossed out where this rotation has ceased
high concentraions some other postions of MSI-103 are alsoShe, 2 PEPLAs, o laeraly mmebilzed, The FGtANYR,
sensitive to mutations, due to changes in hydrophobicity or (oriented), and 1:400 (proposed S-state)]. The MSI-103 results are
dimerization contacts. The poor fit suggests thattReNMR from this study [1:400 (oriented) frod?F NMR, model B; 1:200
data should not be considered to represent an accuratdMLV) from ?H NMR; 1:50 (oriented) frontH NMR; and 1:20
orientation of MSI-103 at a P:L of 1:50. According to the ~(oriented) from*H NMR].
OCD analysis, the wild-type peptide exists as a mixture of and p = 122 (see Table 8 and Figure 8)]. A similar
S- and T-states between 1:60 and 1:240 (Figure 4). It is intermediate situation had been previously encountered for
conceivable that the individual GfPhg-labeled analogues PGLa and was interpreted as a 55:45 mixture of S- and
may have slightly different equilibrium thresholds and that T-states in fast exchange, leading to an averaging of the
some of the peptides may not have reached a pure T-state atjuadrupolar splittings22). Since the relative error of the
1:50, so the fit would not work. At 1:20, all peptide analogues 2H NMR fit with seven Alads labels is smaller than for the
should clearly be in the T-state, but unfortunately at that °F NMR data with four Cg-Phg labels, we trust that the
concentration, th€F NMR spectra (unlikéH NMR) showed intermediate alignment of MSI-103 at 1:200 in DMPC
peptide aggregation and no fit was possible. represents a more accurate and reliable result. Figure 10
Tilted T-State of MSI-103 at High Concentratio@&ven summarizes the course of realignment of MSI-103, using the
the difficulties of the!F NMR data at high concentrations, data we consider most reliable (highlighted in boldface text
this range is better examined Py NMR. Here, we obtain in Tables 7 and 8). Overall, an intrinsic error £f3° in 7
two self-consistent sets of data at P:L values of 1:50 and andp from 2H NMR and approximately twice as much for
1:20, both of which yield essentially the same picture of a °F NMR should be taken into account, given the assumption
tilted peptide in the T-state (see Figure 9). The helix tilt angle that MSI-103 has a perfectly helical conformation.
is found to have increased to around 1:25has decreased Another subtle difference between thi¢ and °F NMR
slightly to 1053, and the order paramet&,, approaches data concerns the dynamic behavior of MSI-103 in the
0.8 at 1:50 and 0.9 at 1:20 (see Table 8). These parameterg-state. By?H NMR, the peptides were found to have
are consistent with the hypothesis that - just like PGL& (  stopped rotating around the bilayer normal at a P:1>af
22), the peptides have assembled into antiparallel dimers and50, but they still maintained their alignment with respect to
the changes in tilt and azimuthal angles reflect the preferredthe membrane surface [using both MLV and oriented samples
packing of helices in this stable and distinct state. (data not shown)]. Thé’F NMR spectra suggested a more
Realignment of MSI-103 from the S-state to the T-state extreme change in dynamics, namely that the peptides were
occurs over a broad concentration range from 1:240 to 1:60, still averaged about the membrane normal at 1:50, while at
according to the OCD analysis, with a threshold around 1:20 they not only stopped to rotate but also had lost their
1:240. 1t is more difficult to extract such a threshold alignmentin the membrane. Again, these differences might
quantitatively from the NMR data. Both analyses?iand be attributed to slight differences in the equilibrium thresh-
19 NMR clearly indicate that the change in tilt angle occurs olds of the individual'®F-labeled peptides on which the
between 1:200 and 1:50. However, according®®NMR, analysis was based. The qualitative agreement between the
the alignment of MSI-103 at 1:200 still corresponds com- ?H and'°F NMR data is nevertheless remarkable, despite
pletely to the S-state, where#d NMR suggests an align-  these subtle differences in the absolute concentration range
ment that is halfway between the S- and T-states [L11° over which the realignment or change in dynamics occurs.
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Table 9: Change in Hydrophobicity and Hemolytic Activity of Mutated MSI-103 Compared to the Original Peptide

AT7-1F 19-19F A10-49F G113 11349F 19-2H G112H 113-2H
hydrophobicity ) ! ) 1 ! I 1 I
hemolysis t ! t 1 ! ! 1 |

Comparison of MSI-103 with PGL&ISI-103 is a product  observations besides the accurkteNMR tilt angle analysis.
of rational drug design, whose sequence was derived fromThe fact that MSI-103 in the T-state at 1:50 does not rotate

PGLa, a peptide found in the skin of the frog laevis (3, around the bilayer normal, which is the case for PGLa at
25). It is therefore of interest to compare these results with this concentration, indicates that MSI-103 has a stronger
our earlier NMR studies of the parent peptidér NMR propensity to form extended assemblies. For PGLa, such

analysis of Ck-Phg-labeled PGLa showed that this helical assemblies with no rotation around the bilayer normal were
peptide lies flat on the membrane surface in an S-state atfound only at 1:2022). From OCD, the threshold concentra-
1:200, and it assumes a tilted T-state at 1:58, (7). 2H tion for realignment of MSI-103 in DMPC bilayers is found
NMR using eight Alae; labels gave a more accurate and to be 1:240, while for PGLa, it has been reported to-ie
comprehensive picture, showing that the orientational equi- 80. This independent result also indicates that MSI-103 has
librium is influenced not only by peptide concentration but a stronger propensity to dimerize than PGLa.

also by sample hydration and lipid compositidg(22). In An in-depth NMR structure analysis of PGLa suggested
fully hydrated MLV samples with 1:200 PGLa in DMPC, a 5t the mutual stabilization of two tilted peptides within a
tilt angle of 98 and an azimuthal rotation of 11%ere found dimer is the most adequate explanation of the otherwise
to describe the S-state appropriately. Oriented samples atsurprising observation of an oblique helix tilt angt22),

1:50, on the other hand, yielded a characteristic and StableBesides these postulated homodimers, PGLa has also been

T-.:]atle W'tthl‘_”llfo%f 1r12(§3°1€a2n0d \?pr of i]r-r}iio‘;aﬁl ds)'vml orle\r/1vterd shown by’H NMR to form 1:1 heterodimers with the related
sampies at 1. a -2V, VETY S p values were peptide magainin 2 from the same organism, for which a

found, differing by_ only a few degrees from the 1:50 samples pronounced synergistic activity has been descritg). (
(22). The same distinct S- and T-states were also ObserVedMany other helical antimicrobial peptides have a tendency
for PGLa in mixed DMPC/DMPG (3:1) bilayers. Given the di . d trated in solution as well as in the
known tendency of related antimicrobial peptides to dimerize, to dimerize, as demons

. . solid state 19, 49—51). Compared to these natural sequences,
the S- and T-states were interpreted as monomeric andh it kable that th thetic MSI-103 i
dimeric forms of PGLa, respectivel2?). More recently, a owever, It 1S remarkable that the synthetic peptide
third orientational state was discovered for PGLa in the " also assembl'e. '!’“O d'mers’ since its KI.A.GKIA repeat
presence of an equimolar amount of magainin 2, suggestingsequence was artificially de5|gneq and emplrlcally selected
that heterodimers can be formed. The nearly upright orienta- to be the m%st potentl dr(lng candl_(:_at(z._ Unl!ke _PGI__a, '\;IS|'
tion of the helices in an inserted I-state enables the peptides]i_L03 cannot have evolved a specific dimerization interface
to span the membran3). Assembly of several such dimers or optlmal function as a homod|mer. Nevertheless, it appears
as a stable transmembrane pore would explain the known_that_ this succes_sfql Qrug candidate b_ear_s_, the same dimer-
synergistic effect, i.e., the improved antimicrobial action of |zz_it|on propensity in _|ts regulgr a_mphlphmc strqcture, and
PGLa in combination with magainin 2 against bacteria. NS @ppears to contribute to its biological function.

In MSI-103, a peptide with an amino acid composition The dimerization of MSI-103 in the solid state has been
and amphipathic profile similar to those of PGLa, we now Previously demonstrated by REDOR measurements on
also find an S-state and a T-state. Figure 10 gives anSelectively*C- and'F-labeled peptides (named K3 in that
overview of the concentration-dependent realignment of the Publication) @1). Toke et al. collected several distance
two related peptides in DMPC bilayers as observectby constraints in dipalmitoylphosphatidylcholine/dipalmitoylphos-
NMR. The properties in the T-state at 1:20 are strikingly Phatidylglycerol (1:1) bilayers, from which the putative
similar; hence, we propose that both peptides form ho- dimerization interface could be inferred. According to the
modimers in a similar way, with the same preferred orienta- REDOR data, MSI-103 was suggested to form a parallel
tion and possibly the same dimerization interface. However, dimer via its Ala-rich surface, and such dimers were found
the threshold for dimerization is significantly lower for MSI-  to coexist with monomeric peptides. Such mononimer
103 than for PGLa. With an increase in concentration, MSI- equilibrium is in good agreement with the concentration-
103 already starts to tilt at 1:200, while PGLa reaches a fastdependent realignment of MSI-103 from a monomeric S-state
exchange between S- and T-states only at 1:50 in DMPC to a dimeric T-state observed here by OCD aHdand*F
(22). According to this interpretation, a pure S-state for MSI- NMR. On the other hand, on the basis of symmetry
103 can be observed only at concentrations well below 1:200.arguments, our NMR data support the formation of an
Unfortunately,?H NMR is too insensitive for such oriented antiparallel head-to-tail dimer better than any parallel
samples, and MLV samples are unsuitable due to the highstructure. The fact that only a single set of NMR splittings
solubility of MSI-103 in water and the disturbing background is seen for any one label suggests that both parts of the dimer
signals from water and lipid$?F NMR, on the other hand, = must have the same orientation with respect to the membrane
has not provided us with sufficient accuracy to discriminate plane. Among all putative dimeric geometries (side-by-side,
a pure S-state from a fast exchange between S- and T-statedyack-to-back), the only reasonable solution of two helices
hence, Figure 10 is meant to illustrate at 1:400 a “very low” consistent with these arguments is an antiparallel arrange-
concentration. Overall, the different dimerization thresholds ment, assuming that both peptides reside on the same face
for MSI-103 and PGLa are supported by several other of the lipid bilayer.
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The two dimeric models discussed here differ in yet general effect of side chain volume as rather to some more
another aspect, namely, the helix tilt angle and its membranespecific importance of this site (see below). For PGLa, it
immersion. It was suggested by Toke et al. that both the has been reported previously that the antimicrobial effect
monomeric and dimeric units are assembled into a toroidal was not affected by introduction of @Phg at various
wormhole, forming a transmembrane pore in the lipid bilayer positions, except that a weaker effect was observed when
(21). However, the orientation of the peptide helices was Ala8 was mutated, which is located on the hydrophilic face
not accessible from these REDOR data; hence, no reliableof the peptide and thus would expose the large and
conclusion could be drawn about the peptide alignment in hydrophobic Ck-Phg to the aqueous surfack3).
that study. Here, from our orientational NMR constraints, it  In contrast to the antimicrobial tests, the hemolysis assays
was possible for the first time to determine the tilt angle of showed that mutations had large effects on the ability of
MSI-103 under different conditions in the membrane. Here peptides to lyse erythrocyte ghosts. Some mutations almost
we did not observe an immersed I-state, which would have completely abolished hemolysis, while others increased the
been expected to correspond to an upright transmembranectivity of the peptide significantly. Most remarkable was
helix that is compatible with a pore. These differences the reduction of activity when Ile9 or llel3 was replaced
between the two models and the open questions concerningvith Ala-ds, whereas a substitution of Alal0 or Gly9 with
the parallel versus antiparallel nature of the dimer and its CF-Phg led to a considerable increase. We thus conclude
alignment in a transmembrane pore may be related to thethat the hemolytic response correlates directly with the
different experimental conditions under which the REDOR change in hydrophobicity of the peptides, which has been
experiments and the oriented measurements were carried oufreviously identified as an important fact&3(-55). Chang-
Distance constraints had to be collected in frozen or ing lle to CR-Phg or Gly to Alad; gave a much weaker
lyophilized bilayer samples, whereas the orientational con- effect, as the hydrophobicity did not change much with these
straints were acquired under quasi-native conditions in liquid mutations, though the same trend is seen even in these cases.
crystalline DMPC at 35C. It is thus conceivable that some In Table 9, the relationship between the hydrophobicity and
of the apparent contradictions may be reconciled once thehemolytic activity of the various MSI-103 analogues is
MSI-103 samples are prepared and observed under exactlyllustrated. We have previously observed a decrease in
the same conditions. Unfortunately, it is not possible to hemolytic activity upon removal of the C-terminal amide
collect meaningful REDOR constraints in liquid crystalline group of MSI-103 and related peptide86), which may
samples, and an orientational analysis in frozen or lyophilized indeed be explained by the lower hydrophobicity once the
bilayers is not considered to be biologically relevant. At charged carboxyl group is introduced at the free C-terminus.
present, the parallel or antiparallel nature of the proposedOverall, it is remarkable that the strong dependence of
dimers is an unresolved question, and it is possible that hemolytic activity on particular mutations does not seem to
different types of dimers form under different conditions. be related to the antimicrobial activity. Since the antimicro-
Overall, in the study of membrane-active peptides, it is bial function occurs at much lower peptide concentrations
essential to realize that their structural and dynamic behaviorand is largely insensitive to mutations, it seems likely that
may depend dramatically on subtle changes in peptide different mechanisms are involved in these two membrane-
concentration, sample hydration, lipid composition, temper- perturbing processes.
ature, etc. 17, 18, 22, 29, 48, 52). With regard to the biological effects of the original

Structure-Function RelationshipAll mutant MSI-103 peptides, MSI-103 had been specifically designed to be a
peptides, in which Alads was substituted for lle or Gly, or  better antibiotic than PGL&( 25, 26). We have concluded
in which CR-Phg was introduced, have been characterized from this work that MSI-103 can dimerize in a manner
in terms their antimicrobial activity. Using a 2-fold dilution ~ similar to that of PGLa, but at a lower threshold, and MSI-
series, it is not possible to state exact values of MIC, and a 103 also starts to form immobilized assemblies in the bilayer
slight change in activity can give rise to a factor of 2 in the at a lower concentration than PGLa. The stronger propensity
apparent result. Thus, for a difference to be significant, the of MSI-103 to dimerize and form higher-order oligomers
MICs should differ by a factor of at least 4. In most cases, thus appears to be correlated with its higher antimicrobial
we found that the mutants have the same MIC as wild-type activity.

MSI-103. When Gly was replaced with Ali; no effect was ACKNOWLEDGMENT
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