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ABSTRACT: Novispirin G-10 is an 18-residue designed cationic peptide derived from the N-terminal part
of an antimicrobial peptide from sheep. This derivative is more specific for bacteria than the parent peptide.
We have analyzed Novispirin’s interactions with various amphipathic molecules and find that a remarkably
wide variety of conditions induce-helical structure. Optimal structure induction by lipids occurs when
the vesicles contain 4680% anionic lipid, while pure anionic lipid vesicles induce aggregation. SDS
also forms aggregates with Novispirin at submicellar concentrations but indttekcal structures above

the cmc. Both types of aggregates contain significant amougitsbéet structure, highlighting the peptide’s
structural versatility. The cationic detergent LTAC has a relatively strong affinity for the cationic peptide
despite the peptide’s net positive chargetaf at physiological pH and total lack of negatively charged
side chains. Zwitterionic and nonionic detergents indud®elical structures at several hundred millimolar
detergent. We have solved the peptide structure in SDS and LTAB by NMR and find subtle differences
compared to the structure in TFE, which we ascribe to the interaction with an amphiphilic environment.
Novispirin is largely buried in the SDSmicelle, whereas it does not enter the LTA®icelle but merely

forms a dynamic equilibrium between surface-bound and nonbound Novispirin. Thus, electrostatic repulsion
can be overruled by relatively high-detergent concentrations or by deprotonating a single critical side
chain, despite the fact that Novispirin’s ability to bind to amphiphiles and farhelical structure is
sensitive to the electrostatics of the amphiphilic environment. This emphasizes the versatility of cationic
antimicrobial peptides’ interactions with amphiphiles.

Widespread use of conventional antibiotics has resulted system of almost all kingdoms, ranging from bacteria to
in an increasing number of multiresistant microorganisms animals, indicating that AMPs are an important part of
that pose a problem when dealing with infections and sepsis.evolution @). The AMPs offer a quick immune response to
In the search for alternatives to traditional antibiotics, a broad range of microbes. This is important because the
antimicrobial peptides (AMP$have emerged as a possible activation of the pathogenic immune response is slow
solution (). These peptides are a part of the innate immune compared to microbial proliferatior8. AMPs show enor-

mous sequence diversity but have been classified into four
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reflection; CD, circular dichroism; CMC, critical micelle concentration;  their specificity toward negatively charged bacterial mem-
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cyldimethylammonio)propanesulfonate; EDTA, ethylenediamine tet- charged membranes is also seen for aggregating proteins such
raacetate; HPLC, high-performance liquid chromatography; IPTG, asq-synuclein 4), and the ability of such proteins to bind
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lauryl-trimethylammonium bromide; LTAC, lauryl-trimethylammonium and permeabilize membranes has been suggested to be a

chloride; MALDI-TOF, matrix-assisted laser desorption ionisation-time-  central phenomenon in the development of Parkinson’s
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TOCSY, total correlation spectroscopy. disrupt the cell membrane, either by forming holes through
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the membrane (the barrel-stave model) or by disturbing the of the short chain lipid didecanoyl phosphocholine. The small
lipid arrangement in the outer leaflet (the carpet model), size of the peptide relative to the detergent means that the
leading to growth inhibition or lysisg—8). Until now, only micelle size is hardly influenced by the peptid)
very little resistance has been observed against AMRs (1 Novispirin is a synthetic peptide (sequence KNLRR IIRKI
and the few reported cases involve a reduction in the amount|H|IK KYG), developed in several steps from the N-terminal
of acidic lipids or the production of specific digestive part of the 29 residue-helical AMP SMAP-29 found in
proteases2). sheep. SMAP has shown unusually potent antimicrobial

Besides their direct antimicrobial effect, the AMPs have activity (29), but its haemolytic and cytotoxic properties have
also proven to have other important roles such as stimulationexcluded use in humans. Therefore, residues have been
of adaptive immunity by recruiting memory T-cells and introduced which enhance helix stability and create a more
immature dendrite cellsl(), binding to and inactivating toxic  pronounced gradient of hydrophobicity along the backbone.
bacterial lipopolysaccharided ), and binding to cellular  This resulted in enhanced bacterial activity and salt tolerance,
receptors and activating signaling pathwayg)( and the additional lle— Gly mutation in position 10

A number of biophysical features have emerged that decreased haemolytic activity sufficiently to make it a
influence the interaction between AMPs and membranes. suitable candidate for human usg0). The structure of
First, electrostatic attraction is very important for initial Novispirin in 40% TFE reveals an-helix from residue 3
binding to the membrane surface. Work with synthetic to 11, a hinge formed by His12 and lle 13, and,al8elix
liposomes suggest that negative lipids must be included tofrom residue 14 to 1630). Alcohols such as TFE are known
achieve high affinity, while screening charge by the presence to stimulatea-helix formation @1, 32), probably due to the
of salt can reduce or destroy AMP antimicrobial activity decrease in solvent polarity which strengthens hydrogen
(13-15). Second, interactions with the hydrophobic parts bonding, as well as direct binding to the peptide or protein.
of the membrane are important for the energetics of pore  ere, we describe structural studies on the AMP Novispi-
formation. The specific composition of the membrane can iy G-10 in the presence of different lipids and detergents.
be expected to affect the energetics of pore formation throughthe opjective was to obtain a better understanding of the
parameters such as bilayer thickness and degree of orderyejative contributions of electrostatic and hydrophobic effects
curvature strain, and adsorption ener@y 16, 17). Thus,  \hen Novispirin folds in an amphiphilic environment. Not
incorporation of PE lipids, which leads to reduced strain in- gyrprisingly, zwitterionic lipids alone are not able to induce
the surface-bound peptieidipid complex, increases the  an g-helical structure in Novispirin at experimentally ac-
[peptide]/[lipid] ratio needed for pore formatiod§), while cessible concentrations, unless at least 20% anionic lipid is
DOPC encourages membrane insertion to a larger extent thafc|yded. Zwitterionic and nonionic detergents induce an
the thinner DLPC 19). In addition, physiological features  _pelical structure, albeit several orders of magnitude more
such as membrane proteins, periplasmic components, MeéMgyeakly than SDS. Interestingly, the cationic detergent LTAC
brane potential and pH gradients, efflux pumps, and so forth s apje to inducer-helical structure in Novispirin at detergent
(20) can also influence the process of membrane insertion. concentrations comparable to SDS, although there were

Detergents mimic the amphiphilic nature of lipids, but do  gyptle changes in the far-UV CD spectrum. We therefore
not provide the bilayer environment needed for pore forma- carried out a comparative analysis of the structure and micelle
tion by AMPs. Thus, the interaction between detergents andnieractions of Novispirin in SDS and LTAB by NMR
o-helical AMPs allows us to focus on the first stage of the spectroscopy. To our knowledge, this is the first atomic-

pore-forming process, namely, binding and formation of |eye| study to address interactions between cationic detergents
a-helical structure. Because of the cationic nature of the gnqg antimicrobial peptides.

AMPs, the anionic detergent SDS is the most popular deter-
gent for such studief(), although a zwitterionic detergent
like dodecylphosphocholine can also inducéelical struc-
ture at similar detergent concentratior22)( In contrast,
nonionic detergents are generally not so effective at inducing
structure 23), and cationic detergents have, to our knowl-
edge, not been reported to interact significantly with cationic
microbial peptidesZ4).

Micellar SDS has, for a long time, been known to stabilize
o-helical conformations, even in peptides derived from
B-sheet structure®b). For cationic sequences, this has been
shown to be mediated by stable salt bridges between
positively charged amino acids and the sulfate group of SDS
(26), while more hydrophobic sequences probably penetrate
into the hydrophobic micellar core27). Because of the
specific interactions involved, detergent chain length and \(JATERIALS AND METHODS
headgroup structure can influence the degree-bklicity
of the bound peptide. For example, the helical part of a 15- Materials.All lipids, namely, DOPC, DOPE, and DOPG,
residue membrane targeting peptide was one residue shortewere from Avanti Polar Lipids (Alabaster, AL). Sodium-
in sodium nonanesulfonate and 3 residues shorter in sodiumdodecyld,s-sulfate, LTAC, DPS, NPN, and Lipopolysac-
hexanesulfonate than in SD38); SDS was also shown to  charide EH100 froniEscherichia colwere from Sigma. DM
lead to a structure closest to that observed in the presenceavas from Calbiochem and TFE from Aldrich. All chemicals

The peptide formed a helical secondary structure in both
SDS and LTAB, although the [detergent]/[peptide] ratio
needed to induce secondary structure formation was much
higher in LTAB than in SDS. Several NMR techniques were
applied to gather information about the relative positioning
of the peptide within/on the detergent micelleN-eixchange,
NOE cross-peaks between the peptide and the lipid, and the
addition of paramagnetic ions. These techniques revealed that
Novispirin is, to a good part, buried in the SB#iicelle,
whereas it does not enter the LTABnicelle but forms a
dynamic equilibrium between surface-bound and nonbound
Novispirin. Such a dynamic equilibrium can explain how
detergents can override electrostatic repulsion at sufficiently
high-detergent concentrations.
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were of the highest grade available. LTABs (deuterated overnight at 85°C. Resulting supernatant contained PBE
only on the dodecyl chain but not on the methyl groups) Novispirin G-10. The sample was neutralized by adding 100
was obtained from QMX Laboratories (U.K.). Note that mM sodium phosphate (pH 12.3). The peptide was matured
LTAB-d,s was only used for NMR experiments, where with a glutamyl endopeptidase | froBecillus licheniformis
deuterated detergent was necessary due to the availability(36) produced by Novozymes A/S.
of the deuterated form; for other experiments, LTAC was The matured octadecapeptide was purified by cation-
used due to its lower absorption in the far-UV area. exchange chromatography, as follows. The Novispirin G-10
Cloning, Expression, and Purification of Mepirin G-10. and glutamyl endopeptidase mixture was adjusted to pH 6
For economy of scale, Novispirin G-10 (KNLRRIIRKGI- and 7 mS/cm prior to application to a ChMephadex column
HIIKKYG) was produced recombinantly irE. coli as (Amersham Biosciences). Novispirin G-10 was eluted with
inclusion bodies. This was achieved through gene-fusion with a 0—1 M NaCl gradient in 50 mM malonic acid, pH 6, over
a fragment of KSI using the commercially available plasmid 10 CV. The fractions were analyzed by MALDI-TOF mass
pPET31bt (www.novagen.com). To facilitate downstream spectrometric analysis (for Novispirin identification) and
processing and recovery of Novispirin G-10, the Novispirin  SDS-PAGE (for high MW impurity detection). The selected
G-10 gene was preceded by an aspartpteline (DP) fractions were pooled and desalted on Sephadex-G10 column
dipeptide, followed by an aspartatglutamate dipeptide  (Amersham Biosciences) equilibrated with PBS, pH 7.4 (50
(DE). Thus, the gene-fusion construct encodes the follow- mM phosphate buffer and 150 mM NacCl). Again the
ing: KSI-D—P—D—E—NovispirinG-10. The DP dipeptide  fractions were analyzed by MALDI-TOF mass spectrometric
is prone to mild acid hydrolysis at elevated temperatu38s (  analysis and pooled. The Novispirin G-10 pool was analyzed
34), and the glutamic acid residue located immediately for purity by SDS-PAGE and RP-HPLC (Jupiter, Bm,
upstream of the Novispirin G-10 is substrate of a glutamyl C18 300 A, 150 mmx 2 mm, 50 min gradient from 8 to

endopeptidase |. 80% acetonitrile in 0.1% triflouric acid, flow of 0.15
The expression plasmid was constructed using the fol- mL/min, A = 214 nm). The identity of the peptide was
lowing oligonucleotides encoding Novispirin G-10:'{&TT determined by automated N-terminal sequencing using a

ATT CAG ATG CTG GAT CCG GAC GAA AAA AAC Procise automatic sequencer (Applied Biosystems Division,
CTG CGT CGC ATT ATC CGC AAA GGC ATC CAT Perkin-Elmer), and the concentration was determined by

ATC ATT AAA AAA TAT GGC TAA TAA CTC GAG amino acid analysis performed on a Biochrom 20 Plus
ATT ATT-3' and 3-AAT AAT CTC GAG TTATTA GCC (Biochrom, Ltd.).
ATATTT TTT AAT GAT ATG GAT GCC TTT GCG GAT MALDI-TOF Mass Spectrometric Analysié. 0.5 mL

AAT GCG ACG CAG GTT TTT TTC GTC CGG ATC sample was spotted onto a stainless steel target plate. A
CAG CAT CTG AAT AAT-3'). Enzymatic digestion of  volume of 0.5uL of 10 mg/mL 4-hydroxye.-cyano-cinna-
introduced flanking restriction endonuclease sites (AlwNI/ pinic acid (HCCA) in 50% acetonitrile and 0.1% TFA was
Aval) enabled the cloning of the synthetic gene as a fusion subsequently mixed with the sample on the target plate. The
construct in pET31# (standard procedures as described by sample spots were allowed to dry at room temperature before
the manufacturer (New England Biolabs, Inc., MA)). All analysis (dried droplet method). MALDI analyses were
standard protocols have been described elsewl3&je ( performed on a Voyager DE Pro mass spectrometer with
Recombinant pET3t was transformed intdE. coli delayed extraction technology and a 337 nm [Hser
Novablue as described by the manufacturer (Novagen).producing 3 ns pulses with a repetition rate of 20 Hz (Applied
Plasmids were recovered by QIAprep Mini Columns Biosystems). The instrument was run in reflective mode with
(QIAGEN, Inc., CA) and sequenced by automated sequenc-positive ionization. External calibration was applied using
ing using plasmid-specific primers'(3GC TAG TTATTG CalMix2 (Applied Biosystems).
CTC AGC GG-3and 3-ACC GTA GTT GCG CCC ATC Preparation of VesiclesSynthetic lipid samples were
G-3). Recombinant plasmid was transformedkirncoli BLR- mixed from stock solutions of lipids dissolved in methanol
DE3 according to the manufacturer (Novagen). Bacteria were and dried overnight in a Heto VR-1 centrifuge vacuum drier.
cultivated in LB media to Ok ~ 0.8, and recombinant  Lipids were then resuspended by vortexing in 20 mM sodium
protein synthesis was initiated by 1 mM IPTG. Three hours phosphate, pH 7.5, to a final concentration of 5 gA-7(
after induction, bacteria were harvested, resuspend&ghin  mM), exposed to at least seven cycles of freezing in liquid
volume buffer A (50 mM Tris-HCI, 1 mM EDTA, and 100 nitrogen, followed by thawing in a 58C water bath, before
mM NaCl, pH 8), and lysed by pressure disruption (1500 extrusion through a 100 nm pore filter (Nucleopore track
mbar). The DPDENovispirin G-10 is located in inclusion  etch membrane (Whatman)) 12 times using a 10 mL
bodies, which were isolated by centrifugation at 24 @t thermobarrel extruder (Northern Lipids, Vancouver, Canada).
2 h. The resulting inclusion body pellet was washed twice Vesicle sizes were confirmed by dynamic light scattering
in buffer B (50 mM Tris-HCI, 10 mM EDTA, 0.5% Triton  (DynaPro 99, ProteinSolutions). All extruded vesicles were
X-100, and 100 mM NacCl, pH 8). All standard protocols used within 2 days of productiof. coli total lipid extract
have been described elsewheds)( was not extruded due to its high content of phosphoethano-
The PDE-Novispirin G-10 was liberated from the inclu-  lamine lipids but was subjected to 60 min of sonication in a
sion bodies by hot acid hydrolysis, which cleaves specifically sonication bath after the freezéhaw step. This yielded a
between Asp-Pro. This sequence was introduced between clear solution of vesicles with a hydrodynamic radius of
the KSI (ketosteroid isomerase) fusion partner and N- around 75 nm as measured by dynamic light scattering.
terminally to the synthetic gene encoding Novispirin G-10.  CD SpectroscopyAll experiments were carried out in 20
For hot acid hydrolysis, inclusion bodies were resuspendedmM sodium phosphate, pH 7.5, at 26 unless otherwise
in 100 mM sodium phosphate (pH 2.3) and incubated stated. Experiments at pH 11 were carried out using 20 mM
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Gly as buffer. Equilibrium circular dichroism studies were NMR RecordingAll NMR spectra were recorded on a
performed on a Jasco J-810 spectropolarimeter (JascaBRUKER DRX600 spectrometer operating at a field strength
Spectroscopic Co., Hachioji City, Japan) with a Jasco PTC- of 14.1 T, equipped with a TXI(H/C/N) probe with triple-
348W1 temperature control unit. At least four scans were axis gradients. Spectra were processed using XWinNMR 2.6
averaged to yield the final spectrum. Unless otherwise stated,and 3.6.
the peptide concentration was 401, and a 1 mmquartz Titration of Navispirin in LTAC. 1. Constant pHA sample
cuvette was used. of novispirin was dissolved in 55QL of a solution
FTIR SpectroscopyAll experiments were carried out in  containing 80 mM NaCl, 3 mM Najyl 20 mM phosphate
20 mM Tris, pH 7.5, at 28C and at a peptide concentration buffer, and 5% RO. The peptide concentration was 2.5 mM.
of 40 uM. Fourier transform infrared spectroscopy was The pH was adjusted to 5.7 by additiohloM HzPO,. Solid
carried out on a Bruker Tensor 27 infrared spectrometer LTAC was added in small amounts directly into the NMR
(Bruker Optik GmbH, Ettlingen, Germany) with a Specac sample tube. The volume increase (2024 8 LTAC) was
Golden Gate single-reflection ATR unit (Specac, Ltd., estimated by help of a graduated sample tube; LTAC
Orpington, U.K.). The peptide was precipitated in 0.75 mM concentrations were corrected for the increase in volume.
SDS or 1 mM DOPG. Aggregates were isolated by cen- No measures were taken to keep the peptide or salt
trifugation and resuspended in 0.75 mM SDS or 0.2 mM concentrations unchanged. For each concentration of LTAC,
DOPG. Samples were prepared by drying on the ATR surfacea 1D NMR spectrum and a diffusion spectrum were
under a gentle stream of nitrogen. Spectra were recordedmeasured. The 1D NMR spectrum was measured using
with 128 accumulations and analyzed using OPUS 5.5 excitation-sculpting water suppressio88) and selective
software (Bruker Optik GmbH, Ettlingen, Germany). For the excitation of the region from 6 to 9 ppm by an off-resonance
DOPG samples, a DOPG spectrum was collected andQ5 pulse 89) of 3.14 ms duration. This ensured maximum
subtracted from the sample spectra to remove tHH®©@eak sensitivity on the peptide Maromatic signals by leaving
at 1740 cm?. Estimates of secondary structure were obtained detergent magnetization in the longitudinal state. Experi-
by fitting of Gaussian curves by the Levenberg Maquardt mental details of the diffusion measurements are described
method. The number of bands and the positions were below.
determined from the second derivative spectrum and by 2. Constant [LTAC]A sample of novispirin was dissolved
Fourier self-deconvolution as describe?i’y, Bands were in 550 4L of a solution containing 270 mM LTAC, 80 mM
grouped by secondary structure type, and the relative bandNacCl, 3 mM NaN, 20 mM phosphate buffer, and 5% 0.
area percentages were calculated. The peptide concentration was 2.5 mM. The pH was brought
For comparison with results from CD spectroscopy, to 9 by addition 61 M NaOH; thereafter, pH was brought
transmission spectra were recorded FODusing 2 mg/mL to 4.6 in steps of approximately 0.5 pH units by addition of
Novospirin in 85 mM SDS and 20 mM Tris, pH 7.5. 1 M HsPO,. A 1D NMR spectrum was measured using
Determination of Critical Micelle Concentration (Cmc). excitation-sculpting water suppressio88) and selective
Cmc was determined by monitoring the conductivity as a excitation of the region from 6 to 9 ppm by an off-resonance
function of detergent concentration in the appropriate buffers Q5 pulse 89) of 3.14 ms duration at each pH value. The
using a CDM210 conductivity meter (Radiometer, Denmark). solution was diluted by approximately 7% in the course of
The cmc was defined as the detergent concentration wherethe titration; no action was taken to compensate for this.
the increase in conductivity with detergent concentration  Structure Determination. 1. SD$he NMR sample was
kinks to a lower slope. prepared by dissolving novispirin in 350 of a 300 mM
Data Analysis.To obtain a quantitative measure of the SDSd,s (Sigma-Aldrich), 300 mM NaCl, 3 mM Nagland
affinity of Novispirin for different lipids and detergents, 20 mM phosphate buffer solution containing 5%® The
titration data (CD signals versus detergent or lipid concentra- pH of the solution was brought to 4.6 by addition of 1 M

tion) were fitted to the following equations. H3PQOy. A 2D NOESY spectrum with 70 ms mixing time
(1) Hyperbolic binding (only for LPS, DM, DPS, and was recorded with a WATERGATE water suppressié) (
LTAC): [*H,*H]-TOCSY spectra with 40 and 80 ms mixing time,
respectively, were recorded using the clean-TOCSY sequence
_ [det] (41) with a 15 kHz spin-lock and a WATERGATE water
S= San T A%det]Jr K, 1) suppression. In addition, a 2QF-COSY experiment was

recorded. The assignment was obtained by following the
whereASis the signal change between the free and bound S€duential assignment procedure outlined iM@&{Spectral
Novispirin andKq is an apparent binding constant. analysis was performed with XEASYJ) _and its P(_: version
(2) Cooperative binding (sigmoid curve): NEASY. The temperature for th_e experiments with SDS was
chosen to be 50°C, since signal intensities at lower

St 0 o(L—Lsow temperatures were dissatisfactory, probably due to fast
g=—°nd Sarl ) transverse relaxation brought about by high correlation times
1+ 10 L-Lsod of the large micellar particles.

2. LTAB.The NMR sample with LTAB was prepared by
where Syt and S are the CD values at low- and high- adding LTAB-dzsto a final concentrationfd. M to asolution
lipid concentrations, respectively, concentrationLsgs, is of 3.1 mM Novispirin in 20 mM phosphate buffer containing
the concentration at which the transition is halfway to 80 mM NaCl and 3 mM NaBkl The pH was brought to 5.7
completion, anda is the cooperativity constant. The lower by addition d 1 M H3PQ,. The necessary concentration of
is, the more gradual the transition. LTAB had been determined by titrating a Novispirin sample
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with LTAC until the amide protons of Novispirin showed a
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convection-compensated, double-stimulated echo sequence

satisfactory chemical shift dispersion (see Results). A 2D (44).

NOESY spectrum with 70 ms mixing time was recorded with
a WATERGATE water suppressiod(). [*H,'H]-TOCSY

A diffusion delay of 200 ms was employed. Sine-shaped
gradient pulses of 4 ms duration and 16 different, linearly

spectra with 40 and 80 ms mixing time, respectively, were spaced, strengths ranging from 2.4 to 48 Gémere used.

recorded using the clean-TOCSY sequer&® (vith a 15
kHz spin-lock and a WATERGATE water suppression. In
addition, a 2QF-COSY experiment was recorded.

NMR experiments with LTAB were conducted at 26,

since higher temperatures led to a loss of amide proton

The signals at 6.76 ppm (Novispirin Y17<H) and 3.05
ppm (LTAC N—(CHzs)s) were integrated at each gradient
strength. Diffusion constants were obtained from the fitting
routine in XWinNMR2.6 and 3.6.

Probing Micelle Penetration with Paramagnetic Reagents.

signals, presumably due to fast chemical exchange with theFor the experiments with the paramagnetic reagents a

solvent.
Detergent-Peptide InteractionsTo investigate interac-

[*H,'H]-TOCSY spectrum with 20 ms mixing time was
recorded using the clean-TOCSY sequert® (vith a 15

tions between detergent and peptide, 2D NOESY spectrakHz spin-lock immediately before the addition of MnQio
were recorded on samples with nondeuterated SDS anda concentration of 0.5 mM for the sample with SDS and 4
LTAC, but otherwise identical conditions as for the structure mM for the sample with LTAB) and subsequent recording

determination. In these spectra, the third (and last)lse
was replaced by an off-resonance Q5 puBB® ¢f 3.14 ms
duration selectively exciting a region from 6 to 9 ppm. This

of an identical {H,*H]-TOCSY spectrum. The mixing time
was chosen in order to maximize the intensity of tH&éH¢
cross-peaks. The sample of Novispirin in SBS-was

leaves the magnetization of water and detergent nuclei in ameasured at 50C, the sample of Novispirin in LTARLs

longitudinal state thus minimizing the signal obtained from

at 25 °C. Identical rectangular regions were integrated in

them. The remaining water signal was further suppressedboth spectra, and the integral ratios were determined. Thirty

by a WATERGATE element.
HN Exchange For the experiments determining thé'H
exchange, the pH of the sample in SBg-used for the

rectangular regions in empty parts of the spectra were
integrated, and a standard deviation of the integrals was
determined. This was assumed to be the error of the

structure determination was brought up to pH 5.7, which did integration. The error of the ratio was determined from the
not cause large changes in chemical shift. The sample oferrors of the single values as outlined in 4&

Novispirin in LTAB-d;s was used as for the structure
determination. JH,'H]-TOCSY spectra with 75 ms mixing
time were recorded using the clean-TOCSY sequedig (
with a 15 kHz spin-lock and a WATERGATE water
suppression. The sample of Novispirin in SDBg-was
measured at 50C, the sample of Novispirin in LTARkbs
at 25°C. As a control, an identical TOCSY spectrum was
recorded on a sample of 2.5 mM Novispirin at pH 5.7
containing 80 mM NaCl and 3 mM NaMbut no detergent.
The control spectrum was recorded at %0

Diffusion Measurementall diffusion measurements were
performed at 17C to minimize convection in the sample
tube.

1. SDSThe diffusion constant of Novispirin in SDS was

1. Structure CalculationNOE cross-peaks were identified,
integrated, and assigned in the aforementioned NOESY
spectra using the program XEASYJ) and the NEASY
subroutine of CARA 46). Backbone torsion angle re-
straints were obtained from secondary chemical shifts using
the program TALOS47). TALOS-derived angle constraints
were only accepted for residues, where all the 10 best
database hits were situated within the same region of the
Ramachandran plot. A deviation from the TALOS-derived
value of £30° was allowed. The CALIBA 48) subroutine
in CYANA was used to convert cross-peak intensities from
NOESY spectra into distance constraints. The CYANA
subroutine FOUND 49) was used to add angle restraints.
On the basis of this input, the structure was calculated using

measured by the convection-compensated, double-stimulatedhe torsion angle dynamics program CYANB(Q]. Structure

echo sequence4q). A diffusion delay of 100 ms was

calculations were started from 100 conformers with random

employed. Sine-shaped gradient pulses of 10 ms durationtorsion angle values. The 20 conformers with the lowest final
and 16 different, linearly spaced, strengths ranging from 2.4 CYANA target function values were embedded in a water

to 48 Geni! were used. Unlike the case of LTA®s, there
is no strong protonated signal available from S@$-
Therefore, a sample of Novispirin in 284 mM Shig-and

shell & 8 A thickness and energy-minimized against the
AMBER force field 61) with the program OPALp5F2).
No further refinement was performed. The structures were

16 mM SDS was prepared for these measurements. Thechecked by PROCHECK_NMFRS0).

regions from 3 to 3.2 ppm (Novispirin arginine’#f) and
1.0-1.4 ppm (SDS 3-11-Cpwith a minor contribution of
Novispirin isoleucine H?) were integrated at each gradient

strength. The latter signal contains contributions from both

SDS and Novispirin (M2 of lle side chains). Under these

conditions (284 mM SDShs with a degree of deuteration

of 98%, 16 mM SDS, and 2.5 mM Novispirin), assuming
18 SDS H-atoms (3-11-Ciland 5 novispirin atoms (H?

Viscosity Measurement& TAC micellar diffusion con-
stants were calculated according to the following equation:

cm
Dobserved_ CCDmonomer
D.,.= 3
mic cme ( )
1— ==
Cc

of lle side chains) to have their resonance in this area, thewhereDgpservedS the measured diffusion constant of LTAC,

total contribution of the'H on SDS to this signal is 97%,
while the Novispirin signals only contribute with 3%.
2. LTAC.Diffusion constants of Novispirin in solutions

DmonomerlS the diffusion constant for monomeric LTACjs
the concentration of LTAC, and cmc is the critical micelle
concentration (13 mM). Diffusion constants are converted

with increasing amounts of LTAC were measured by the to hydrodynamic radii by help of the StokeRinstein
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Ficure 1: (A and B) Representative far-UV CD spectra of Novispirin in different amphiphilic environments. The spectrum in 80% DOPC/

20% DOPG is shown in both spectra for ease of comparison. (C)

Molar ellipticities of Novispirin at 222 and 207 nm as a function of the
concentration of the lipid mixture 80% DOPC/20% DOPG. Data fitted to eq 1 (as shown in Table 2). (D) Secondary structure of the

Novispirin aggregates formed in 1 mM DOPG (white columns) or 0.75 mM SDS (black column).

equation to account for changes in sample viscosity atIn buffer alone, Novispirin only has a weak signal in the

different detergent concentrations:

KT

Ri 6D 4)
whereR; is the hydrodynamic radiug is the Boltzmann
constant,T is the absolute temperature,is the kinematic
viscosity of the solution, an® is the diffusion constant.

The kinematic viscosity of aqueous solutions of LTAC (0
M =< [LTAC] = 1 M) was determined by a Brookfield
Digital Viscosimeter DV-II with a UL adapter. Over the
interval 0—1 M, the viscosity of LTAC solutions could be
fitted to a quadratic curve (data not shown):

N(Crac) = 113+ 1.2Frpc + 104y 0c”  (5)

RESULTS

Importance of Electrostatic Interactions in Mepirin—
Lipid Interactions.The first objective of this study was to
compare the ability of lipids and detergents to induce the
a-helical structure observed for Novispirin in TFED. This
process is followed by far-UV CD spectroscopy. A repre-
sentative overview of far-UV CD spectra of Novispirin in
different amphiphiles and TFE is shown in Figure 1A,B. We
start by determining optimal conditions for lipid interactions.

far-UV CD spectrum (Figure 1A), indicative of a very low
degree of organized structure. Pure zwitterionic DOPC lipid
vesicles do not lead to an appreciable increase in Novispirin
structure. This is not surprising, as Novispirin has a net
charge of+7 at pH 7.5 and would be expected to require
negatively charged lipids to bind to vesicles. Nevertheless,
vesicles with 10% DOPG do not alter the Novispirin structure
compared to DOPC alone. However, this changes as we
increase the fraction of anionic lipid. Vesicles containing
20—80% DOPG all show similar spectra with minima at 222
and 209 nm, which are typical af-helical structure (cf.
spectra shown in Figure 1A). There is a cooperative increase
in CD signal between 0.5 and 1 mM lipid, after which it
reaches a plateau level (shown in Figure 1C for the lipid
mixture containing 80% DOPC and 20% DOPG and sum-
marized in Table 1), corresponding to essentially 100%
o-helix, according to the deconvolution program Continell
(54). There is no isodichroic point (data not shown),
suggesting that the transition involves more than two states.
Thus, the signal changes at the two minima, 207 and 222
nm, though similar, do not coincide completely when plotted
versus lipid concentration (Figure 1C). Note the cooperative
nature of the transition.

In 100% DOPG, Novispirin forms visible aggregates and
the corresponding CD spectrum is significantly altered
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Table 1: Cooperative Unfolding Parameters for Novispirin in to a-helix formation in Novispirin 80). The spectra between

Different Environments 0 and 60% TFE reveal a very clear isodichroic point around
concentration wavelength 292 nm (datq not shown; spectrum in §O% TFE shown in

amphiphile units (nm) ¢ Lsoo Figure 1B) with a cooperative change in the CD signal at

20% DOPC, mM 207 155+ 4.9 0.53+ 0.01 different Wavelengths (Figure ZB) A plateau is reached
80% DOPG around 30% TFE with a midpoint around -168% (Table

20%DOPC, — mM 222 8.0+3.2  045£002 1), indicating that 33-40% TFE is an appropriate condition
80% DOPG . R

TFE % (VIv) 222 0.12:0.04 16.6-15 for analyzing the NMR structure of Novispirin.

TFE % gv;vg 207 0.13:0.06 17.7+0.4 Effect of SDS on Naspirin. The interaction of Novispirin

TFE % (VIv 190 0.1 0.04 18.0+ 060 i i ; ; i

SDS Ay P 133036 0.98L 0.09 W|_th de_tergents is interesting, since th_ese substances are lipid

SDS mM 207 48-43 194+ 009 mimetic but more amenable to studies by NMR. Of these,

SDS mM 190 0.68:0.25 1.31+0.17 SDS is particularly appropriate due to its well-documented

2 The cooperativity constant (eq 2). The lovess, the more gradual  @bility to induceo-helical structure. SDS also induces clear
the transition® The concentration at which the binding transition is ~o-helical structure in Novispirin in the low millimolar range
halfway to completion (eq 2). (Figure 1B). While the 190 and 222 nm data reveal a

cooperative transition which can be fitted to eq 2, the data
(Figure 1A). This structural change already occurs at low at 207 nm can be divided into three regions, namely, a
DOPG concentrations, after which no further change is seenplateau around-80.5 mM, followed by a rather abrupt jump
(data not shown). Due to light-scattering artifacts, CD is not to another plateau between 0.5 and 1.4 mM SDS, leading
appropriate to analyze protein aggregates. However, anvia a broader transition to a plateau above ca. 2.4 mM (Figure
analysis of the aggregated state by FTIR shows that the2C). The midpoint of around 1 mM is only about twice as
o-helix content is reduced to around 50% with a compensat- high as for the vesicles with the highest affinity for
ing rise inB-sheet and turns (Figure 1D). FTIR analysis of Novispirin, namely, 20% DOPC and 80% DOPG (Table 1).
Novispirin in solution with SDS shows very little or no  Since the cmc of SDS is 2.4 mM under our buffer conditions
B-structure (data not shown). Interestingly, the CD spectrum (20 mM NaP, pH 7.5), SDS is predominantly monomeric in
in DOPG is very similar to that of Novispirin i&. coli total all these regions. There is visible precipitation in the plateau
lipid extract, which contains around 60% PE lipids and 18% region between 0.5 and 1.4 mM SDS (where the [SDS}/
PG lipids (data not shown). PE lipids do not appear to play [Novispirin] goes from 12 to 35), confirmed in Figure 2D
a large role in this structure-induction, since synthetic DOPC where it was possible to spin down most of the protein in
lipids containing 16-20% DOPE showed no increase in this detergent range. An FTIR analysis revealed that the
Novispirin structure compared to pure DOPC (data not a-helix content had decreased to around 40% together with
shown). a similar amount off-sheet as well as some turns and

The strong effect of including DOPG clearly indicates disordered structure (Figure 1D). This contrasts with an

electrostatic interactions between Novispirin and lipids. This a-helical content close to 100% at higher SDS concentrations
is confirmed by the screening effect of high ionic strength. where Novispirin is soluble.
In 200 mM NacCl, lipids containing 20% DOPG are unable  Unlike the case for lipids, the interaction between No-
to inducea-helical structure in Novispirin, whose far-UV  vispirin and SDS must involve hydrophobic as well as
CD spectrum under these conditions is identical to that in electrostatic interactions, since addition of up to 500 mM
buffer (data not shown). NaCl had no significant effect (data not shown).

Different Modes of Binding of Nd@spirin to LPS and TFE. Neutral and Zwitterionic Detergents Induce Structure at
Previously, it has been shown that components of the cell Higher Concentrationsinterestingly, the neutral detergent
wall of Gram-negative and Gram-positive bacteria, namely, dodecyl maltoside as well as the zwitterionic detergent DPS
lipopolysaccharides fromPseudomonas aeruginosand (3-(dodecyldimethylammonio)propane sulfonate) indudee-
lipoteichoic acid fromStaphylococcus aureugespectively, lical structure, although this requires much higher detergent
are able to induce-helical structure in Novispirin at 1 mg/  concentrations than SDS. Both detergents show dichroic
mL (30). However, it is not clear whether this concentration points around 204 nm (data not shown; representative spectra
is sufficient to saturate the level of helicity. A more shown in Figure 1A), and the solutions show no visible pre-
quantitative analysis of the interaction using@9 mg/mL cipitation. Data follow a hyperbolic binding curve with a
LPS fromE. coli EH100 (spectrum shown in Figure 1B) midpoint around 146210 nm (DM, Figure 3A) or 82120
leads to an isodichroic point around 203 nm, suggesting amM (DPS, Figure 3B), which is around 16@00 times as
simple two-state binding-and-folding model (data not shown). high as for SDS, as well as being high above the cmc of
Fitting the data to this model using three different wave- these detergents (0.17 and 4 mM for DM and DPS,
lengths (eq 1 and Figure 2A) leads to an appatenopf respectively).
0.7-1.1 mg/mL, indicating that the structural transition is  Ability of LTAC To Induce Structure in Mispirin and
around 60% complete at 1 mg/mL (Table 2). The cmc of Role of ElectrostaticsRemarkably, the cationic detergent
LPS is in the lowug/mL range $5), indicating that the LTAC clearly inducesa-helical structure in Novispirin
interactions with Novispirin only involve LPS micelles. It  (Figure 1B), even under conditions where there is a high
is noteworthy that the affinity of LPS for Novispirin is  positive charge on the peptide. At pH 7.5 (overall charge:
comparable to that of DOPC/DOPG vesicles; in both cases,ca. +7), salt reduces the binding amdhelical folding of
the transition nears completion around 1 mg/mL LPS or lipid. Novispirin, but at pH 11 (overall charge c&2), salt does

For similar quantitative reasons, we titrated Novispirin with not have any significant effect. Helix formation occurs earlier
TFE. TFE (33-40%) has been shown to be sufficient to lead in the presence of salt at pH 11, but this partly reflects NaCl's
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Ficure 2: (A) Molar ellipticity of 40 «M Novispirin as a function of lipopolysaccharide fron coli. Data fitted to eq 1 (results in Table

3). (B) Molar ellipticity of 40 uM Novispirin as a function of TFE. Data fitted to eq 2. (C) Molar ellipticity of 4M Novispirin as a

function of SDS. Data for 190 and 222 nm are fitted to eq 2, while data at 207 nm are joined up for clarity. Data are restric8rhid 0

for clarity; there are no further transitions beyond 3 mM SDS. Increasing the Novispirin concentration to 400 ani144@s qualitatively

to the same transitions, although the spectral changes occur later at higher SDS concentrations. (D) Solubjlity dfodGspirin as a

function of SDS concentration. Novispirin was incubated at different SDS concentrations and centrifuged, and the absorbance (joined lines)
and ellipticity at 207 nm (stippled lines) of the supernatant were measured.

Table 2: Kq Values for Binding of Novispirin to Detergents NMR e)fper_iments that require deuterated detergents, du? to
Showing Hyperbolic Unfolding Curvés the availability of the deuterated form; for all other experi-
wavelength LPS (mg/mL) DM (mM) DPS (mM) mbents,t.LTACf: I\_/%_szu-se;jh befzcatas\? of the prohibitively high
222 0.67+ 0.94 190+ 50 120+ 20 absorption o ] in the far-Uyv area. ) )
207 0.80+ 0.90 210+ 160 110+ 25 The concentration of LTAC necessary for helix formation
190 (195.4) 1.15: 0.60 140+ 30 82+ 22 strongly depends on the pH. The presence or absence of
2Ky is defined in eq 1. secondary structure can be assessed from thesgion of

aH NMR spectrum. A high dispersion of chemical shifts
reduction of LTAC's cmc due to its ability to reduce &S found in the spectrum of Novispirin in 1030 mM LTAC
electrostatic repulsion between headgroups (Figure 3C, Tablet PH 5.7 (Figure 4) is indicative of the presence of secondary
3). As seen for the zwitterionic and nonionic detergents, there Structure, while a low dispersion of chemical shifts as found
is a dichroic point and no precipitation (data not shown). N the spectrum of Novispirin at pH 5.7 in the absence of
NMR Assignment and Structure Calculatidncomparison LTAC (Figure 4) PO'T‘FS "?‘t arandom-coil structure. The NMR
of the far-UV CD spectra of Novispirin in different detergents spectrum of Novispirin in 270 mM LTAC at pH 75 clearly
and solvents reveals that, although the same overall heIicaI!ndlcates the presence of secondary.structure. '!'h|s structure
structure is observed, there are subtle changes in thelS lost upon titration towa_rd the acidic range (Figure 4 and
distribution of minima (Figure 1B). The spectra in SDS, LPs, CD. data not shown). This loss of secondary structure can,
and lipid fall in one class, whereas those in LTAC and TFE however, be reversed by adding larger quantities of LTAC
fall into their own separate classes. Since only the structure (Figureé 3C and Figure 4). We therefore chose pH 5.7 and
of Novispirin in TFE is known in any detail, we have 1030 mM LTAB-d;s as suitable conditions for determining
determined the structure of Novispirin in deuterated SDS Novispirin's structure by NMR.
and LTAB to analyze the effect of detergents on Novispirin ~ In SDS, Novispirin retains the same helix-rich CD signal
structure in more detail. Note that LTAB was only used for down to pH 3 unaltered (data not shown). NMR analysis
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Ficure 3: (A) Molar ellipticity of Novispirin as a function of DM.
Data fitted to eq 1. (B) Molar ellipticity of Novispirin as a function
of DPS. Data fitted to eq 1. (C) Titration of Novispirin with LTAC
under different conditions: pH 5.7, 0 mM NaCkJ); pH 7.5, 0
mM NaCl (@); pH 7.5, 200 mM NaCl ©); pH 11, 0 mM NaCl
(m); pH 11, 200 mM NacCl @). Asterisks indicate cmc of LTAC
under the various experimental conditions. Note the logarithmic
scale.

L

1000

was carried out at pH 4.7. Thi¢l atoms of Novispirin in
SDS could be assigned with the following exceptions: K1
(all protons), N2 H, K9, K15, and K16 side-chain atoms
(HP HY,Ho,He HE). All lysine signals were extremely weak;

Biochemistry, Vol. 45, No. 2, 2006189

Table 3: Interactions between Novispirin and LTAC at Different
pH Values and lonic Strengths

[NaCl] CMC Lsgod [6]ena (deg cn?
pH (mM) [mM] ca (mM) dmol™ residue)
5.7 0 143 —° —b —b
7.5 0 16.8 0.1A0.02 17.3+-0.3 —19.5+0.3
7.5 200 8.4 (low) 40.5: 4 —23.5+0.5
11 0 23 0.20+ 0.02 17.3£0.2 —25.84+ 0.3
11 200 7 0.49 0.03 7.0+ 0.07 —26.4+0.2

aDefined in legend to Table 1 and eqZTransition not complete.

Fixed [LTAC]=270mM Fixed pH=5.7
[LTAC]=
pH 4.6 0 mM
pmw
200 mM
meg b |

400 mM
pH 6.5
pH 7.5 1030 mM
T T T T T T T T
9 8 7 ppm 9 8 7 ppm

Ficure 4: HV/aromatic region of the!H NMR spectrum of
Novispirin. Left panel: constant 270 mM of LTAC, decreasing
pH. Right panel: constant pH 5.7, increasing concentrations of
LTAC. The spectra were obtained using excitation-sculpting water
suppression38) and a selective Q5 pulse of 3.14 ms duration
exciting only the region from 6 to 9 ppm.

Table 4: Quality Criteria for the Calculated Novispirin Structures

detergent SDS LTAB
number of distance constraints 168 131
- of which intraresidual 96 i
- of which sequential 37 35
- of which medium-range (Z Aes< 4) 35 19
number of angle constrairits 20 18
- of which¢ 10 9
P 10 9
CYANA residual target function 1.8 0.054 0.11+0.02 &
distance restraints violated by 0 0
more than 0.2
angle restraints violated by more that? 50 0
backbone rmsd values residues® 0.66+0.25 0.30+ 0.09
backbone rmsd values residues-1Z¢  0.37+0.12 0.23+ 0.14
Ramachandran plét
% of residues in most favored regions 78.3% 76%
% of residues in less favored regions  20.3% 22.5%
% of residues in generously allowed 1.4% -
regions
% of residues in disallowed regions — 1.5%

20nly those derived by TALOSA?). ° Per molecule¢ As calculated
by MOLMOL (64) from the pairwise rmsd values of each of the 20
structures against a mean structurAs calculated by PROCHECK
_NMR (53) excluding Gly residues.

lated. Table 4 lists some quality criteria for the structure.
The structure shows two well-defined helical regions, whose
orientation toward each other was not defined (see Figure
5A). The first helix stretches approximately from residue 2
to 9, the second helix from residue 12 to 17. Residues 10

some lysine side-chain signals could be found but not and 11 form a hinge. From the sequence plot (Figure 6A), it
unambiguously assigned. A set of 20 structures was calcu-can be seen that helix 1 is well-defined with manyi-s
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N-term

Ficure 5: Structure of Novispirin in the presence of (A) SDS and
(B) LTAB. The aligned bundle of the 20 structures with the lowest
residual target function is shown. In the left panel, N, C, afd C
atoms of residues-29 are aligned; in the right panel, N, C, and
Ce atoms of residues 1217 are aligned. In the case of LTAB, a
central panel with an alignment of N, C, ané &oms of residues
2—17 (i.e., the combination of the helical two regions) is also
included.

Wimmer et al.
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Ficure 6: Sequence plot of Novispirin NMR data (A) for
Novispirin in SDS at 50C and (B) for Novispirin in LTAB at 25

°C. The sequential NOE connectivitiesngl dun, and ¢y are
indicated with black bars of a thickness that corresponds to the
strength of the NOEs. The medium range connectivitiggid+3)

and dg(i,i+3) are shown by lines starting and ending at the
positions of the residues related by the NOE. Residues whose
andy angles were constrained based on output from TALOS are
underlined. The line CSI gives the chemical shift index. A"“
indicates that the chemical shift of th& i4 larger than the random-
coil chemical shift+0.1 ppm; a “-* indicates a Hchemical shift
lower than the random-coil chemical shift0.1 ppm. A “0”
indicates a shift that is within 0.1 ppm from the random-coil value.
Random-coil values were taken from 0.

Table 5: NOESY Cross-Peaks Found between SDS and Novispirin

cross-peaks, whereas helix 2 is only defined by relatively SDS-atom

few cross-peaks. However, in addition to those shown in the _Novispirin__ 1-Chy  2-CH, 3-CH, 4-11-Ch 12-Ch
sequence plot, there are interactions between the aromatic R4/R3 H¢ ? X

ring protons of Tyr 17 and the side chain of lle 14. This is E?;FHSZ Z i: i

also reflected in atypical chemical shifts of the side-chain 75 > X

protons of lle 14. The helicity of these regions is also vy17 Hot2 X X
corroborated by strong sequentidi+HN NOESs. At present, Y17 Het2 X ? X

we are unable to decide whether the lack of structural apeaks are denoted with an “x”. A “?” denotes cases where neither
information around residue 12 actually reflects mobility or the absence nor the presence of the peak can be proven unambiguously

is caused by an artifact (e.g., lack of NMR signals in this because of spectral overlap with other cross-peakbe H of R4 and
region) ' R5 have the same chemical shift; the cross-peak can, therefore, not be

assigned to only one of the two atoms.
In LTAB, the *H atoms of Novispirin could be assigned

with the following exceptions: K1 (all protons) and N2'H  getergent, PFG-diffusion measurements, and finally H
Quality criteria are listed in Table 4. As in SDS micelles, gxchange.

the structure shows 2 helical stretches, butin contrast to the  paramagnetic reagents such as?Mare useful probes of
structure in SDS, the kink between the two helices is well- the solvent-accessibility of different parts of a protein or
defined and the whole structure (Figure 5B) can be aligned peptide §6). When Mi#* ions come into close proximity
simultaneously. The sequence plot (Figure 6B) clearly showsith protons, their nuclear magnetic relaxation will be

the presence of two helical stretches.

Micelle Penetration Inestigated by Paramagnetic Re-
agents.In addition to obtaining the structure of Novispirin,

enhanced, leading to signal broadening.
1. SDS Upon addition of 50&«M MnCl,, several signals
of Novispirin were weakened or vanished altogether, whereas

it is of interest to investigate to which extent the peptide is others were affected much less. Table 5 and Figure 7 show
buried in the micellar environment or exposed to the the results of these experiments. Because of electrostatic
surroundings. We have used four complementary techniquesinteractions, it is assumed that most of the?Mis localized

to obtain more information on this, namely, quenching of on the negatively charged surface of the SDS micelles. The
signals by paramagnetic reagents, NOEs between peptide angresence of M# ions has only little effect on resonances
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A o B The found cross-peaks are summarized in Table 5. No cross-
i peaks were found from backboné' ldtoms of Novispirin
i . + to SDS atoms. Because of severe spectral overlap, only side-
T 070 | gt ! chain atoms with a chemical shift5.5 ppm could be
2 960 investigated. Neither the presence nor the absence of NOEs
E 050 ; between other side-chain atoms, notably lle and Leu methyl
S 040 2 groups, and SDS can be proven. In addition to the cross-
£ 030 : peaks given in Table 5, a number of cross-peaks were found
0.20 that could not be assigned to any peptide atom. They could
g;g L-""f; ﬁfh possibly belong to Lys Hatoms, but as none of them are

i i BRSNS D assigned, this cannot be confirmed.

residue 2. LTAC No NOEs between any Novispirin atom with a
chemical shift=5.5 ppm and LTAC atoms could be detected.
C-term \ NOEs between other Novispirin side-chain atoms and LTAC
) cannot be ruled out, but they cannot be observed due to
' spectral overlap.

HN Exchange in SDS and LTAEigure 8 shows the
HN/H> regions of TOCSY spectra with 75 ms mixing time

B N
' : obtained from Novispirin in SDS, in LTAB, and in the
absence of detergents, all at pH 5.7. Although Novispirin in
- SDS was measured at 8G while Novispirin in LTAB was

measured at 28C, there are numeroustH,O exchange
peaks in the LTAB solution and only a few in the SDS
N-term solution. The latter can be attributed to exchangeable arginine
Ficure 7: (A) Influence of paramagnetic Mh ions on relative side-chain atoms, while not a single'léxhibits exchange.
signal intensity of Novispirin in SDS at 5¢C (closed squares) N LTAB, there is more exchangeaply lle 6, lle 13:_”’3 14,
and LTAB at 25°C (open diamonds). The top graph shaws/lo Lys 16, Tyr 17, and Gly 18 M definitely do not yield an
plotteld Vs tThgé)Sertlde Stequm?gcef %hﬂﬁe is the Stlgnal lhttﬁnSllt)S/ exchange peak. A control experiment with Novispirin at pH
in a clean- spectru of 20 ms mixing time with a o i
kHz spin-lock and a WATERGATE water suppressidi®)(after 2'7 lfgld S%C mhthe ab_ls_ﬁnCFeZOf detefrgﬁnt_rsohowed strong
addition of 0.5 mM M@, and |, is the signal intensity before ackbone Fi exchange. The F2-Tows o the TOCSY spectra
addition of Mr?+. The highest ratio occurring in each of the samples areé shown along with the 1D NMR spectra to demonstrate
was normalized to 1, since no comparisons of absolute signal that the cross-peaks originate from chemical exchange and
intensity between two different samples could be made. In general, not from a combination of F1-ridges and insufficient water

signal intensity ratios are far weaker for LTAB than for SDS. (B) ;
Visualization of the data using the structures for Novispirin in SDS suppression. Weak examples for the latter can be seen but

(left) and LTAC (right). The backbone is represented by a spline &€ having opposite sign to the “true” exchange peaks in the
function, whose radius is proportional to thg/l, value plotted in spectra of Novispirin in both detergents.
}Q?rfﬁﬁegr:ggg'& hﬁ/ltﬁrllr}gﬁrsthe curve, the more this individual residue N g ispirin—Micelle Association Probed by PFG Diffusion
’ ExperimentsThe results of the previous three techniques

of residues 26 and 8 forming the first helix. A medium  make it reasonable to infer that Novispirin, at least in part,
effect on residue 7 could be observed. Data on residue 9is buried in the SDS micelle, whereas it is questionable
have been omitted due to a standard error of more than 100%whether Novispirin is at all associated with LTAC micelles
Resonances from residues 10 and 11 have disappearedsee Discussion). Measurement of the diffusion constant for
completely, and a moderate effect of the Wrions on Novispirin could provide more insight. In the case of SDS,
residues 12 and 13 can be observed. The resonance of residudiffusion constants obtained from Novispirin and SDS are
14 has vanished, while that of residue 15 is not affected at equal within the accuracy of the measurement. Under the
all. No data can be obtained on residue 16, and the conditions mentioned above, the diffusion constant for both
resonances of the last two residues, 17 and 18, vanish uporNovispirin and SDS is 0.11x 10 m? s, where free
addition of Mr#t. Novispirin in water diffuses with 1.75 10719 m? s%. The

2. LTARB Upon addition of 4 mM MnGJ, most Novispirin contribution of monomeric SDS to the measured diffusion
signals diminished or vanished altogether. The fact that a constants is negligible at the high salt concentrations used.
much larger MA" concentration was needed to observe an The diffusion constants obtained from Novispirin and LTAC
effect compared to SDS micelles is ascribed to the chargewith increasing amounts of LTAC present are given in Table
of the micellar surface that attracts Kfrions in the case of 6. They show that the diffusion constant of Novispirin drops
SDS but repels them in the case of LTAB. The data are with increasing LTAC concentration. This is converted to
presented in Table 5 and Figure 7. The onl/H* signals hydrodynamic radius using the Stokdsinstein equation (eq
remaining are those of the hydrophobic residues lle 6, lle 4), which also takes into account changes in the viscosity of
13, and lle 14. The signals of the aromatic protons of Tyr the solution with increasing LTAC concentration (see
17 remain visible, although its¥AH® cross-peak does not. Materials and Methods). Diffusion constants of LTAC

NOEs between Detergent and M&pirin Molecules. 1. micelles are higher than those of SDS micelles, which is in
SDS The 2D-selective NOESY spectrum revealed several agreement with the fact that SDS micelles are larger than
cross-peaks from Novispirin side-chain atoms to SDS atoms.LTAC micelles £7).
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Ficure 8: HN/H™ regions of TOCSY spectra with 75 ms mixing time of Novispirin in (A) the absence of detergent, (D) SDS, and (G)
LTAB micelles. The spectra were recorded using the clean-TOCSY sequét)ceith a 15 kHz spin-lock and a WATERGATE water
suppression40) with selective pulses. The chemical shift of water is 4.76 ppm in the spectrum of Novispirin in LTAB (recorde8Qjt 25

and 4.50 ppm in the spectra recorded in the presence of SDS and in the absence of detergents (recortied] mspectively. The

F2-rows of the TOCSY spectrum at the chemical shift of water are presented (B) in the absence of detergent, (E) in SDS micelles, and (H)
in LTAB micelles. The bottom line shows 1D NMR spectra recorded using excitation-sculpting water suppisimal Gelective excitation

of the region from 6 to 9 ppm by an off-resonance Q5 puB® 6f 3.14 ms duration. Spectrum C is from Novispirin in the absence of
detergents, spectrum F from Novispirin in SDS, and spectrum | from Novispirin in LTAB.

The hydrodynamic radii of LTAC and Novispirin versus Different Binding Modes of Ndspirin. The titration of
LTAC concentration are plotted in Figure 9. The data show Novispirin with different additives clearly follows different
that the apparent hydrodynamic radius of Novispirin remains binding modes. For lipids, TFE, SDS, and LTAC, there is a
essentially unchanged up to approximately 630 mM, after cooperative transition, while LPS and the detergents DM and
which it begins to increase. This is in contrast to the NMR DPS elicit a hyperbolic binding curve. Hyperbolic binding
spectra measured at different concentrations of LTAC (Figure occurs well above the cmc of the detergents in all three cases,
4) which already show signs of chemical shift dispersion of suggesting a simple equilibrium between free and micelle-
HN atoms, pointing at the formation of stable secondary bound peptide. TFE’'s cooperative transition is a simple
structure elements at LTAC concentrations as low as 200 consequence of a linear relationship between the free energy
mM. We interpret the data as a sign of beginning secondary of folding and TFE concentratior8{), similar to that seen
structure formation, as detergent concentrations increasefor denaturants5g). In the case of SDS, the cooperative
maybe aided by transient interactions with the LTAC pinding is completed below bulk cmc, and this indicates that
micelles. However, the association/dissociation equilibrium SDS monomers must cluster at the Novispirin surface. When
at low LTAC concentrations is still shifted toward the free 3 cluster of sufficient density has formed, it presumably
form of Novispirin. generates enough anionic surface area to contact other
Novispirin molecules (see below). For LTAC, the cooperative
DISCUSSION transition overlaps with the cmc under all conditions tested,

In the present work, we have investigated the influence suggesting that monomers may cluster to a small extent on
of different detergents and lipids as well as TFE on the Novispirin but are superseded by micelles above the cmc.
secondary structure of Novispirin G-10. For two detergents, This confirms that a supramolecular structure is required to
SDS and LTAB, we have determined the structures of the overcome the electrostatic repulsions between positive side
peptide by solution-state NMR and obtained information on chains and the cationic headgroup of LTAC. The cooperative
how the peptide is oriented relative to the detergent micelle. nature of Novispirin structure formation as a function of lipid
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Table 6: Diffusion of Novispirin ¢ = 2.5 mM) in LTAC, pH 5.7

Rq® R, LTAC'
Ctac® P Dobs.nov’ Dobsitacd  Novispirin - micelles
(mM) (mPas)(10°m?s™) (10°m?s™)  (nm) (nm)

0 113 1.75 1.10

18 1.15 1.84 3.20 1.03
97 1.26 1.65 1.39 1.05 1.46
174 1.37 1.47 1.13 1.08 1.54
247 1.50 1.32 0.99 1.10 1.56
322 1.63 1.33 0.89 1.00 1.57
395 1.78 1.19 0.80 1.04 1.57
478 1.96 1.09 0.74 1.03 1.53
575 2.18 0.94 0.66 1.07 1.53
639 2.34 0.87 0.60 1.07 1.56
711 2.53 0.71 0.55 1.22 1.59
798 2.78 0.60 0.44 1.31 1.80
880 3.02 0.55 0.41 1.31 1.75
1000 3.40 0.46 0.37 1.40 1.74

a Concentration of LTAC in millimoles per liteP.Viscosity of LTAC
solution as calculated from eq 80bserved Novispirin diffusion
constant? Observed LTAC diffusion constarftHydrodynamic radius
of Novispirin calculated from the Stoke€instein equation’.Hydro-
dynamic radius of LTAC micelles calculated from the StokEstein
equation separating the contribution of the monomeric LTAC and the
micellar LTAC by eq 4.
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Ficure 9: Hydrodynamic radii of Novispirin (filled diamonds) and
LTAC micelles (filled squares) calculated from the diffusion
constants by applying the StokeBinstein equation versus the
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cross the isodichroic point, unlike all other LPS concentra-
tions). Thus, the ability to form aggregates is most likely
promoted by electrostatically complementary “sandwich”
structures between positively charged Novispirin and nega-
tively charged lipids/detergents. For SDS, this is only
possible at relatively low concentrations; at higher SDS
concentrations, Novispirin becomes diluted out by SDS
molecules, and SDS micelles form, which by themselves are
solubilizing due to their high concentration of negative
charge. Because of the high degree of light-scattering of
DOPG vesicles, we were unable to determine whether higher
concentrations of DOPG likewise lead to Novispirin solu-
bilization anda-helix formation.

The aggregation phenomenon is unlikely to have biological
significance, since uniformly anionic vesicles do not occur
in nature. Nevertheless, it demonstrates that amphiphilic
molecules not only necessarily just inducdelical structure
when bound to proteins but also allow them to access other
conformational states, depending on the ratio between
protein/peptide and amphiphile. SDS at submicellar concen-
trations has been shown to stimulate fibrillation of proteins
(59, 60), and anionic lipid vesicles stimulate the fibrillation
of globular proteins and peptides, which at sufficiently high
concentrations can even take up and incorporate the lipid in
the fibril structures §1, 62).

Novispirin Shows a Versatile Ability To Form Helical
Structure in DetergentNovispirin is able to form regular
secondary structures in both anionic, zwitterionic, nonionic,
and cationic detergents and phospholipids. The formation
of secondary structure proceeds readily if the amphiphilic
compounds are negatively charged. Both anionic detergents
as SDS and anionic lipids as DOPG can induce secondary
structure formation at relatively low concentrations; the latter
however only if “diluted” by the zwitterionic DOPC.

The affinity of Novispirin toward negatively charged
surfaces is not surprising, since Novispirin at pH 7.5 carries
eight positive charges opposed by only one negative charge.
Interestingly, Novispirin needs at least 200% anionic
lipids to form secondary structure, which covers the fraction

concentration of LTAC. Open squares indicate the apparent (zround 25%) of anionic lipids present . coli inner

hydrodynamic radius for LTAC, which is a population-weighted
average of monomeric and micellar form.

membranes. Our lipid compositions deviate from bacterial
membranes in that we used phosphatidylcholine rather than

concentration is less straightforward to explain, since the phosphatidylethanolamine due to phosphatidylcholine’s su-

amount of peptide is not limiting for Novispirin oligomer

perior bilayer-forming properties and the inability to extrude

formation at the vesicle surface at low-lipid concentrations. vesicles with high fractions of phosphatidylethanolamine.
We can only speculate that extensive coating of the vesicleHowever, 16-20% of the latter lipid does not affect

surface with Novispirin at very low-lipid concentrations can
actually block structural transitions for steric reasons.
The Aggregated State: An Alternagi to the Random-
Coil and o-Helix. Pure DOPG leads to the formation of
water-insolubleg-sheet-rich aggregates with Novispirin. The

Novispirin structure.

The pure zwitterionic lipid (DOPC) is not able to induce
structure in Novispirin. Uncharged (DM) and zwitterionic
(DPS) detergents, however, do induce secondary structure
in Novispirin. More counterintuitively, the cationic detergents

same happens with SDS at certain protein/detergent ratiosL TAC and LTAB can likewise induce the formation of

although the Novispirinr SDS precipitate can be redissolved secondary structure. The LTAC/LTAB concentration needed
by adding more detergent. Variations in the amount of to induce structure is strongly pH-dependent. At pH 7.5, a
secondary structure in DOPG and SDS can be ascribed tofar lower amount of detergent is sufficient than at pH 5.7
differences in the concentrations of detergent versus lipid. (Figure 4). This indicates that the histidine side chain plays
LPS, however, which contains a small number of negative an important role in this interaction, since it is the only group
charges distributed in a matrix of neutral saccharides, is abletitrating in this pH area. In 270 mM LTAC, the chemical
to induce structure in its pure form at very low concentrations shift of the two imidazole protons (@and H?Y) titrate with
without forming precipitates to the same extent (although pH to give an apparentif of 6.37 (data not shown). The
there may be a small amount of aggregation around 0.075chemical shift changes are likely to arise from a combination
mM LPS, as the CD spectrum at this concentration does notof protonation-deprotonation, associatiewissociation, and
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A

Ficure 10: Novispirin in SDS (A) and LTAB (B). Contact surface. Green surface regions correspond to lle and Leu residues, cyan corresponds
to Asn and Tyr, red denotes the negatively charged C-terminus, and blue denotes positively charged side chains. The amphipatic nature of
the Novispirin helix is evident. The spatial distribution of the positively charged side chains is much narrower in LTAB than in SDS. (C)

A superposition of Novispirin in SDS (red), LTAB (blue), and TFE (green). For each structure, a bundle of the 10 best structures is shown.
In the left panel, the N-terminal residues are superimposed; in the right panel, the C-terminal residues are superimposed.

folding—unfolding equilibria. However, the protonatien The structure in LTAB is better-defined. A reason for this
deprotonation generally give rise to the largest shift changes,might be that only certain orientations of the peptide back-
making the value of 6.37 a reasonable estimate of the bone allow sufficient separation of the positive charges on
imidazole ring’s [K,. Since no positively charged biological the peptide from each other and from the positively charged
membranes are known, the biological significance of this micellar surface; thus, conformational freedom is severely
behavior is unknown. However, the observations reveal arestricted. As noted above, the introduction of an additional
surprisingly broad susceptibility of small peptides to form positive charge in the middle of the sequence by protonating
helical structures in micellar environments. H12 (at lower pH) greatly reduces the formation of structure
Structure ComparisorCD spectra of Novispirin in SDS, at a given LTAC concentration. Figure 10A,B shows the
LTAC, and TFE revealed subtle differences. Access to structures of Novispirin in SDS and LTAB. Besides illustrat-
atomic-level structures could elucidate the basis for theseing the amphipathic nature of the helix, it also shows a much
differences. Since only the structure in TFE is availaB®,( narrower spatial distribution of the positively charged side
we have determined the high-resolution NMR structures of chains when in contact with LTAB.
Novispirin in two different micellar solutions: SDS and Figure 10C shows an overlay of the structures of Novispi-
LTAB. In both cases, there are well-defined helical re- rinin SDS, LTAB, and TFE. It is evident that the structure
gions interrupted by a less well-defined region around is better-defined in TFE than in LTAB and SDS. The
residues 1612, in agreement with the TFE structure. While sequence plots (Figure 6 in this paper and Figure 2B in ref
the kink in the helix is very well-defined for Novispirin in  30) suggest that Novispirin in LTAB consists of two distinct
TFE, itis less so in SDS. This might reflect actual mobility, helical regions of approximately the same number of amino
since the spectra were recorded at & Also, recently acids, whereas Novispirin in both SDS and TFE consists of
published molecular dynamics simulatior&3) point at a a well-defined N-terminal helix and a much less well-defined
higher flexibility of Novispirin G-10 in SDS micelles. Ithas and smaller (in terms of its number of amino acids)
been pointed out that in the structure of Novispirin in TFE, C-terminal helix. The angle between the two helical frag-
113 fills a void in the hydrophobic face of the molecule ments is different in all three cases, which might be a
caused by the 110G mutatioB®). Such an interaction might  consequence of the special role of 113 (see above). Thus,
be the reason for the observed rigidity of the Novispirin although the general structure of the peptide is very similar
structure. In micellar environments, however, the hydropho- under all three conditions, there are changes from one
bic chains of the detergent molecules can take over this role,structure to another, which reflect the subtle changes
thus allowing a more flexible structure of the peptide itself. observed in the far-UV CD spectra.
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Novispirin Is Embedded in the SDS Micellé.becomes to the surface of the SDS micelle and thus form a much
clear that the key to understanding Novispirin’s behavior lies higher local concentration. The data recorded in the presence
in its interaction with the detergent micelles. Three types of of Mn?" ions point toward a micelle-embedded structure,
experiments were performed to learn more about the relativewith the first helical stretch being buried in the micelle, a
orientation of Novispirin and the micelle: the backbor® H surface-exposed hinge around G10 and 111, and thereafter
exchange was determined qualitatively from TOCSY spectra, the second helical stretch being oriented in parallel to the
paramagnetic Mit ions were added to the solution, and surface, showing alternating protection and lack of it. The
NOEs between SDS and Novispirin were investigated. C-terminal residues are not protected at the backbone level;

The H exchange data (Figure 8) revealed that not a single the presence of a negative charge at the C-terminus would
backbone M showed exchange with the bulk solvent. In a also suggest that the C-terminus points away from the anionic
control experiment under identical conditions but without micellar surface. The apparent low protection might also be
SDS, strong exchange peaks could be seen. Protection frontaused by M#™ ions interacting with the C-terminus. In
exchange can signify a very stable hydrogen bond broughteither case, the backbone of the C-terminus is exposed to
about by regular secondary structure or isolation from the the bulk solution. However, the aromatic side-chain atoms
bulk solvent. The two short helical stretches observed hereof Y17 are only moderately influenced by the presence of
are, however, unlikely to provide enough structural stability Mn2*, which points at an interaction of the phenyl ring with
to explain the absence ofNexchange by the existence of the micelle. This interaction is also corroborated by NOEs
very stable hydrogen bonds. It is more likely that the from the aromatic protons of Y17 to SDS protons.
backbone M atoms are situated inside the micelle, away  Finally, the diffusion constants obtained on Novispirin in
from the bulk solvent. Only labile side-chain protons from SDS and the SDS micelle in the same sample are equal,
arginine could be found to exchange with the solvent. This which is strongly supporting a firm attachment of Novispirin
is indeed expected, since the positive charges in the vicinity to the SDS micelle.
of these atoms are supposed to be situated at the surface of In summary, the data point at a conformation where amino
the SDS micelle, where they can interact with the anionic acids 2-8 (roughly speaking, the first helix) are buried in
sulfate headgroup. No lysine‘ttould be observed in any the micelle, whereas amino acids-98 (the kink and the
of the spectra. second helix) are situated on the surface of the micelle.

Additional evidence for a micelle-embedded conformation  Nowispirin Is Only Loosely Associated with the LTAC
comes from NOESY spectra with nondeuterated SDS. As Micelle. Similar experiments as those for Novispirin in SDS
summarized in Table 5, cross-peaks could be detected fromwere also conducted to investigate Novispirin in LTAC
Novispirin hydrogen atoms to SDS hydrogen atoms. No micelles. The results, however, pointed in a very different
NOEs could be detected from backbon® &toms to SDS direction.
atoms. However, nearly all visible side-chain atoms of The H' exchange was likewise estimated qualitatively
Novispirin with a chemical shift bigger than 5 ppm (R5,6,8 from TOCSY spectra. Unlike SDS, several backborié H
He, H12 H2, HeL, Y17 HY2 H-?) showed cross-peaks to  were found to exchange with bulk water in the presence of
SDS. Cross-peaks to the aliphatic side chains could not beLTAC micelles. The spectrum shown in Figure 8G,H exhibits
detected due to severe spectral distortion by the strong SDSa range of exchange peaks. The only backboNeatdms,
signals. Therefore, neither the absence nor presence of suclwhich definitely do not exchange, are from the three
NOEs can be confirmed. Most NOEs show to the overlapping hydrophobic residues 16, 111, and 113 and from the three
CH,-group signals from CkH4—11 of SDS. Only weak  C-terminal residues K16, Y17, and G18. The labile side-
interactions with 2-Ckland 3-CH groups could be estab- chain protons of arginine again showed exchange with the
lished. This could be due to the fact that the first group of solvent.
signals yields a stronger cross-peak owing to the high amount In LTAB, 8 times more MA" was needed than in SDS to
of hydrogen atoms contributing to this peak, while signals elicit an effect on the peak signals, probably due to repulsion
observed from only one group are not strong enough. In a between the cationic LTAC headgroup and¥rOnly very
mobile ensemble, cross-peaks to several different atoms carfew residues were protected against®¥mamely, 16, 113,
be expected that do not necessarily point at short distancesand 114.
that have to be fulfilled simultaneously. No cross-peaks could A NOESY spectrum of Novispirin in nondeuterated LTAC
be seen to SDSCH; group. This could point at the fact did not show any cross-peaks from Novispirin to LTAC. As
that Novispirin does not protrude that deeply into the micelle for SDS, neither the presence nor the absence of NOEs from
but could also just mean that signals are too weak to be LTAC to aliphatic side-chain atoms could be unambiguously
detected. proven due to signal overlap and severe spectral distortions

The visible cross-peaks, however, present strong evidencebrought about by the high concentration of the detergent.
for a micelle-embedded structure. Under the high-salt From the results of the three experiments (exchange,
concentration used for the NMR experiments, the cmc of addition of Mr?*, and NOESY), it is doubtful whether
SDS (around 0.1 mM) is too low to allow monomeric SDS Novispirin actually is bound to the LTAC micelle at all.
to cause these cross-peaks. Therefore, diffusion measurements were conducted to in-

The addition of paramagnetic Mhions gave another vestigate whether Novispirin is bound to the LTAC micelle
indication as to where in the micelle Novispirin is situated. or whether it is free in solution. A number of pulsed-field
Mn?* was titrated into the solution until a relative difference gradient NMR measurements were conducted to determine
in the ratio of remaining-to-original signal intensity could the diffusion coefficient of Novispirin in the presence of
be seen between different peptide atoms. In the case of SDSincreasing concentrations of LTAC. At pH 5.7, it was found
this proved to be at 0.5 mM. Probably, the Mrions stick that the apparent hydrodynamic radius of Novispirin remains
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constant up to approximately 600 mM LTAC; hereafter, it
increases. This points toward the formation of larger ag-
gregates, most probably peptidmicelle clusters. This is
further corroborated by the fact that also apparent micellar
hydrodynamic radii increase at this point. However, No-
vispirin still diffuses faster than the micelle and is thus not
tightly bound; otherwise, Novispirin’s and the micelle’s
diffusion coefficients and apparent hydrodynamic radii
should be equal. Comparing with the 1D NMR spectra at
different LTAC concentrations (Figure 4), it can be seen that
a dispersion of NMR signals begins already at lower levels
of LTAC. We suggest that there is an equilibrium between
a micelle-associated, folded and a free, unfolded form, that
gradually is shifted toward the micelle-associated, folded
form upon increasing detergent concentrations. This is in
agreement with far-UV CD titration experiments in up to 1
M LTAC at pH 5.7 which show that the degreeaihelicity
increases in an essentially linear fashion between 0 and 1 M
LTAC and has not yet reached a plateau levdl M LTAC
(Figure 3C).

Combining these pieces of information, it seems likely that
Novispirin is weakly associated with the micelle in equilib-
rium between bound and free form. However, even such a
weak association appears sufficient to induce an overall
folded structure. The induction of structure is not an artifact
of the high concentration of detergent used (e.g., through
reduction of water activity or binding of the counterion
bromide), since it is also observed at-200 mM LTAC at
pH 7.5 under CD conditions, that is, much lower peptide
concentrations; furthermore, halide ions at molar concentra-
tions do not by themselves induce helical structure in
Novispirin (data not shown). The strong increase in binding
affinity upon increasing the pH from 5.7 to 7.5, which is
accompanied only by the deprotonation of the single histidine
residue, also points to very specific interactions between
LTAC and Novispirin. The somewhat counterintuitive in-
teractions with a positively charged detergent are of great
principal interest. The fact that such interactions can be
observed might lead to a reevaluation of the driving forces

behind peptide/membrane association. Understanding these

driving forces will in turn be rewarded with the ability to
design target-specific antimicrobial peptides.
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