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Abstract: The aggregation and packing of a membrane-disruptive 5-hairpin antimicrobial peptide, protegrin-1
(PG-1), in the solid state are investigated to understand its oligomerization and hydrogen-bonding propensity.
Incubation of PG-1 in phosphate buffer saline produced well-ordered nanometer-scale aggregates, as
indicated by *3C and >N NMR line widths, chemical shifts, and electron microscopy. Two-dimensional 13C
and H spin diffusion experiments using C-terminus strand and N-terminus strand labeled peptides indicate
that the S-hairpin molecules in these ordered aggregates are oriented parallel to each other with like strands
lining the intermolecular interface. In comparison, disordered and lyophilized peptide samples are randomly
packed with both parallel and antiparallel alignments. The PG-1 aggregates show significant immobilization
of the Phe ring near the g-turn, further supporting the structural ordering. The intermolecular packing of
PG-1 found in the solid state is consistent with its oligomerization in lipid bilayers. This solid-state aggregation
approach may be useful for determining the quaternary structure of peptides in general and for gaining
insights into the oligomerization of antimicrobial peptides in lipid bilayers in particular.

Introduction pertaining to the dimer structure: are tfiehairpins aligned
parallel or antiparallel to each other? Which strand of the hairpin
forms the dimer interface? Understanding the detailed membrane-
bound dimer structure, which is essentially determined by
intermolecular hydrogen bonding, is important for deciphering
the mechanism of action of the peptide. Because PG-1 is highly
cationic, similar to most antimicrobial peptideghe dimer
structure can also provide useful insights into the energetic
driving force for the insertion of PG-1 into the hydrophobic
membrane.

The crystal structures of twg-sheet antimicrobial peptides
utside the lipid or detergent environments have been deter-
mined to understand the oligomerization and mechanisms of

Protegrin-1 (PG-1) is a smaithairpin peptide from porcine
leukocytes that has potent and broad-spectrum antimicrobial
activities? Its minimum inhibitory concentrations lie in the range
of a few micrograms per milliliter, more than 2 orders of
magnitude stronger than existing antibiotics such as van-
comysin? PG-1 carries out this remarkably efficient microbicidal
function by destroying the cell membranes of the target
organisms. Yet, how the peptide interacts with lipid bilayers
on a molecular level, and what properties of the amino acid
sequence of the peptide endow its potent and selective membranec-)
disruptive ability, remain a mystery. Understanding PG-1
structure can shed light on the structdfanction relationships action of these peptides in the membrafiét was found that

of a Igrge c_Iass of smﬂa@-shec_at antlr.nlcro.b|al peptldés._ theseS-sheet peptides form dimers in the crystal, stabilized by
Using solid-state NMR chemical shift anisotropy and dipolar 4 compination of hydrophobic interactions and hydrogen bonds.
coupling measurements, we recently found that PG-1 is im- gecayuse the crystal structure of PG-1 is not available, an
mobilized in POPC bilayers, where the lipid acyl chains contain 4jtemative approach for gaining insights into the oligomerization
16-18 carbons, but undergoes rigid-body uniaxial rotation in ot this peptide in the membrane is to create well-ordered and
DLPC bilayers, where the lipid chains have only 12 carbons. |isig.free peptide aggregates whose intermolecular packing can
The immobilization in the biologically relevant membrane pe getermined by solid-state NMR. Studying the structure of
thickness of POPC bilayers suggests that the peptide isiyig-free ordered aggregates has the practical advantages that
gggr.egat.ed. Ugnlfj’F spin d!ffu5|on NMR, we found that EG-l it has high sensitivities due to the avoidance of lipid dilution
is dimerized in POPC bilayefs.This prompted questions  an that it does not suffer from the dynamic disorder common
to membrane systems. Further, the solid-state aggregate structure
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Figure 1. Schematics of possible modes of packing of fHeairpin peptide PG-1. (a) NCCN parallel packing. (b) NCCN antiparallel packing. (c) NCNC
parallel packing. (d) NCNC antiparallel packing. Colored residues indicate unifoli@ly°N-labeled residues used in this study. Dashed lines indicate
expected short intermolecular distances.

(a)

can be compared with independently determined membrane-labeled in3C and1>N. Distance-dependeffC and!H spin
bound oligomeric structure to shed light on the importance of diffusion produces cross-peaks in the 2D spectra whose intensi-
various noncovalent interactions and the environment to peptideties provide semiquantitative constraints on the intermolecular
oligomerization. distances. In this way, we have determined both the identity of

In addition to antimicrobial peptides, other examples of thep-strand lining the intermolecular interface and the mutual
S-strand peptide oligomerization include the amyloid peptide alignment of the strands.
fibrils found in neurodegenerative diseases such as the Alz-
heimer’s diseasgThe packing and high-resolution structure of
the Alzheimer's3-peptide A8;-40 have recently been determined Uniformly *3C,'>N-labeled Gly, Leu, Phe, and Val were purchased
using solid-state NMRY Whether PG-1 can form similar from Isotec (Miamisburg, OH) and Cambridge Isotope Laboratory
extended fibrils is not obvious, because the 18-residue disulfide- (Andover, MA) and converted to Fmoc derivatives by Synpep Corp.
linked peptide has a much smaller shape anisotropy than typicaI(DUb“n' CA).‘ PG-1. (NH_RGGR.LCYCRRRFC.VCVGRCO.NHQ)

. . . . . was synthesized using Fmoc solid-phase peptide synthesis protocols

amyloid-forming peptides, making the free energy reduction of . . ; )

. . L . and purified by HPLC as described previou¥lyThe labeled amino
oligomerization less significant than the longestrand peptides.

= o acids were incorporated at residues, &4, and G; on one sample,
The -hairpin fold of PG-1 also presents an additional degree 54 G and Ls on another sample (Figure 1).

of complexity and novelty to the oligomerization: because the  preparation of PG-1 Samples.Ordered PG-1 aggregates were
two strands of the hairpin share intramolecular hydrogen bonds prepared by dissolving the purified and lyophilized peptide in pH 7

in the plane of the3-sheet, oligomerization can occur either phosphate buffer saline (PBS) containing 10 mM phosphates and 100
with like strands or with unlike strands lining the intermolecular mM sodium chloride. The concentration of the peptide was typically
interface. 2—3 mM. The solution was incubated at room temperature fe8 2
weeks with gentle shaking. The solution was then centrifuged, and the
precipitate was collected and dried foB h before being packed into
NMR rotors for magic-angle spinning (MAS) experiments. Mixed
aggregates and 20% diluted aggregate samples were prepared by co-
incubating appropriate amounts of the starting compounds in the PBS

Materials and Methods

Two general NMR strategies are available for determining
the oligomeric structure of peptides. The first involves distance
measurements on site-specifically labeled samiiés. A
number of solid-state NMR techniques already exist for measur-
ing site-specific distances with high accurdéy>However, the
success of this approach depends crucially on the labeling (9) Murphy, R. M.Annu. Re. Biomed. Eng2002 4, 155-174.

i ; 10) Petkova, A. T.; Ishii, Y.; Balbach, J. J.; Antzutkin, O. N.; Leapman, R. D;
p95|t|ons, otherwise one may not be able to extract measurablel Delaglio. F.: Tycko. RProc. Natl. Acad. Sci. U.S./8002 99, 16742
distances even for closely packed molecules. The second  16747.

: e : : (11) Balbach, J. J.; Petkova, A. T.; Oyler, N. A.; Antzutkin, O. N.; Gordon, D.
approach_ bypasses thls_dlfflculty by increasing Fhe_ number of J. Meredith, 8. C.; Tycko. Réiophys. 32002 83, 1205-1216.
labeled sites in the peptide and uses more qualitative methodsxlzg Yang, J.; Weliky, D. PBiochemistry2003 42, 11879-11890.
)

. . s a6 . P . (13) Toke, O.; O'Connor, R. D.; Weldeghiorghis, T. K.; Maloy, W. L.; Glaser,
such as spin diffusioA® to determine the proximity of spins R.W.; Ulrich, A. S.; Schaefer, Biophys, J 2004 87, 675-687.

between different moleculég:18 (14) Gullion, T.; Schaefer, I. Magn. Reson1989 81, 196-200.
. .. . 15) Raleigh, D. P.; Levitt, M. H.; Griffin, R. GChem. Phys. Letfl988 146,
In this work, we show thgf-hairpin PG-1 can indeed form (15) 71_78_ Y

_of- i 6) Suter, D.; Ernst, R. RPhys. Re. B 1985 32, 5608-5627.
ordered aggregates on the tens-of-nanometer scale by suitabl 17) Tycko, R 1ehii, Y.J. Am. Chern. So@003 125 6606-6507.

solution incubation, and we have determined the molecular (18) Lange, A.; Luca, S.; Baldus, M. Am. Chem. SoQ002 124, 9704~
i i i ; 9705.

packmg _and _a“gnment in these a_ggreg_ates usmgszgnd (19) Yamaguchi, S.; Hong, T.; Waring, A.; Lehrer, R. |.; Hong, Blochemistry

IH spin diffusion NMR. Several residues in PG-1 are uniformly 2002 41, 9852-9862.
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solution. The untreated PG-1 samples were taken directly from the
purified and lyophilized peptide without solution incubation.
Solid-State NMR Experiments. NMR experiments were carried

the excess fluid was wicked off and the samples were negatively stained
by applying a drop of 1% phosphotungstic acid (PTA; pH 6.2) for
<1 min. Excess fluid was wicked off, and grids were air-dried. TEM

out on a Bruker (Karlsruhe, Germany) DSX-400 spectrometer operating images were collected using a JEOL 1200EX Il scanning and

at a resonance frequency of 400.49 MHz fdy 100.70 MHz forl3C,
and 40.58 MHz fo*N. A triple-resonance MAS probe equipped with
a 4 mm spinning module was used for the experiments. Low-

transmission electron microscope (Japan Electron Optics Laboratory,
Peabody, MA) at 80 kV and were digitally collected with a Megaview
Il camera and SIS Pro software (Soft Imaging Systems, Inc.,

temperature experiments were conducted by cooling the bearing air Lakewood, CO).

through a Kinetics Thermal Systems XR air-jet sample cooler (Stone
Ridge, NY). The temperature was maintained withii K of the
desired value, and the spinning speed was regulated to witBikriz.
Typical 90 pulse lengths were gs for 13C and**N and 3.5-4.0 us

for H. 'H—13C and*H—N cross-polarization (CP) contact times were
0.7 and 1 ms, respectively. Typical recycle delays were 2Gand
15N chemical shifts were referenced externally to ¢h&ly 13C' signal

at 176.4 ppm on the TMS scale and tReacetyl-valine'>N signal at
122.0 ppm on the NEiscale, respectively. Secondary shifts were
calculated after converting the random coil chemical shift vah@so
the same scales.

2D H-driven *C spin diffusion (PDSD) andH spin diffusion
(CHHC) experiments were carried out at a spinning speed of 5.4 kHz
to minimize sideband overlap and to avoid rotational resonance éffects
between directly bondetC labels. Aw; spectral window of 20 kHz
and a maximunt; evolution time of 11.2 ms were used. The mixing
time 7sp was 400 ms fof*C spin diffusion and 20@s for *H spin
diffusion. For the CHHC experiment, a shi{€—H CP contact time
7cp Of 120us was used before and after fémixing period to ensure
site-specific detection of thtH—!H distances. The shottp for the
CHHC experiment minimizes the relay mechanism for strong cross-
peaks?

The 2D wide-line separation (WISE) experim@nivas used to
measuréH—H dipolar couplings in various PG-1 samples. After
evolution undetH—*H and'H—3C dipolar couplings for a maximum
of 0.13 ms, théH magnetization is transferred site-specifically*{6
by a 200us Lee-Goldburg (LG) CP period:?*

13C—1H dipolar couplings between directly bondee-8 spins were
measured using the 2D LG-CP experimé&rithe evolution time tf)
is the LG-CP contact time, during whiéHl spin diffusion is suppressed
by the magic-angle spin lock. At short contact timesl(ms), only
directly bonded*C—*H dipolar couplings are observedC detection
duringt; resolves thesEC—H couplings according to th&C isotropic
chemical shifts. The spinning speed was 10 kHz, and the maxitnum
was 2.56 ms. To achieve polarization transfer, the first sideband
matching conditionwic = wesrn — wr, was used, whereic is the'3C
spin-lock field strength anaesn is the *H effective spin-lock field
strength. Due to the shotH Ty, values, which make it difficult to
measure small €H couplings, we used a constant-time version of the
experiment where a variabtel LG spin-lock period was added before
CP to make the totaiH spin-lock time constarit.26

H rotating-frame spirlattice relaxation timesTi,) were measured
using a'3C-detectedH LG spin-lock experiment. Again, the use of
magic-angle spin lock suppresss spin diffusion so that only the
Ty, of protons directly attached to tH&C is detected. ThéH spin-
lock field strength was 70 kHz.

Electron Microscopy. Aliquots of incubated PG-1 solutions were
applied to Formvar coated nickel grids. After adsorption~+@& min,

(20) Wishart, D. S.; Bigam, C. G.; Holm, A.; Hodges, R. S.; Sykes, B. D.
J. Biomol. NMR1995 5, 67—81.

(21) Lange, A.; Seidel, K.; Verdier, L.; Luca, S.; Baldus, 1 Am. Chem. Soc.
2003 125 12640-12648.

(22) Schmidt-Rohr, K.; Clauss, J.; Spiess, H. Macromoleculesl992 25,
3273-3277.

(23) Lee, M.; Goldburg, W. IPhys. Re. 1965 140, A1261-A1271.

(24) Yao, X. L.; Conticello, V. P.; Hong, MMagn. Reson. Chen2004 42,
267-275.

(25) vanRossum, B. J.; Forster, H.; deGroot, H. J.JMMagn. Reson1997,
124, 516-519.

(26) Tekely, P.; Gerardy, V.; Palmas, P.; Canet, D.; RetournarGofid State
Nucl. Magn. Resonl995 4, 361-367.

Results

Figure 1 shows a schematic diagram of the possible modes
of intermolecular packing of thé-hairpin PG-1. For simplicity,
only two molecules are shown in each model, but the pattern is
expected to repeat in a well-ordered aggregate on the tens of
nanometer scale. In addition to the possibilities of parallel and
antiparallel alignment, thg-hairpins can arrange themselves
either with like strands facing each other, NCCN, or with unlike
strands facing each other, NCNC. This results in four distinct
packing motifs. These different modes of packing can be
distinguished with suitably labeled peptides. If the peptide is
labeled solely on one strand, then the presence of intermolecular
cross-peaks will prove the existence of the like-strand NCCN
packing. If such cross-peaks are absent, and NCNC packing is
suspected, then a mixture of N-strand-labeled and C-strand-
labeled peptide should give rise to intermolecular cross-peaks.
To determine whether the strands align in a parallel or
antiparallel fashion, the labeling positions on each strand should
include both ends. Figure 1 highlights the labeled residues in
two PG-1 samples: one incorporates uniford#@,'>N-labeled
Fi2, V14, and Gy (red), while the other contains uniformly
labeled G and Ls (green). The figure also shows the short
intermolecular distances expected for each packing motif
(dashed lines): f;—V14 for NCCN parallel packing (a), z—

G17 for NCCN antiparallel packing (b), —Ls and possibly
V14—Ls for NCNC parallel packing (c), andip—Gs, V14—Gs,
and Vis—Ls for NCNC antiparallel packing (d).

Preparation and Characterization of Ordered PG-1 Ag-
gregates.To obtain well-ordered PG-1 aggregates, we incubated
the peptide in PBS solution for an extended period of time with
gentle agitation. Representative TEM images of the resulting
aggregates (Figure 2) show a network of strands that are
~10 nm wide and~100 nm long. These are shorter and thicker
than the amyloid fibrils of 4 peptide¥® and distinct in
morphology. To assess the local order and secondary structure
of the aggregates on the subnanometer length scale, we
compared thé3C and!®N line widths and chemical shifts of
the incubated and untreated peptide. Figure 3a,b showsGhe
CP-MAS spectra of [U-B, V14, G17] PG-1 in the two different
states. Several changes are observed. First, the spectral resolution
is much enhanced by incubation: for example, o and k>
Co. became much better resolved, and tHep€ak narrowed.
Second, the @ and C peaks in the PG-1 aggregate shifted
upfield as compared to the untreated peptide, while the resolved
Val Cf shifted downfield. Based on the knowfC secondary
shifts of proteing/28these indicate that the incubation procedure
makes thegp-strand conformation of PG-1 more ideal. In
comparison, the N-strand labeled peptide, [4-Gs] PG-1,
showed less pronounced chemical shift and line width differ-

(27) Wishart, D. S.; Sykes, B. D.; Richards, F. M. Mol. Biol. 1991 222
311-333.
(28) Spera, S.; Bax, Al. Am. Chem. S0d.991, 113 5490-5492.
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Figure 2. TEM images of PG-1 aggregates incubated from the PBS solution. The aggregatekD@ream long and~10 nm wide.
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Figure 3. (a,b)13C MAS spectra of (a) untreated and (b) aggregated {4)-F E 1
V14, G171 PG-1. (c,d)'>N MAS spectra of (c) untreated and (d) aggregated g -
[U-F12, V14, Gi7] PG-1. s
c
Q
ences between the incubated and the untreated peptide, sug- %8’ 1
gesting that incubation has less influence on the N-strand 0 F
©
structure than the C-strand. T2 vh LE

Similar to the'*C spectra, théN C.P-MAS SD?Ctra of [U-k . Figure 4. (a)13C and®N full widths at half-maximum (fwhm) of untreated
V14, G17] PG-1 show pronounced line narrowing and chemical (filled) and aggregated (open) PG-1. Smaller line widths indicate a more
shift changes for the aggregate sample. The most significantordered conformation. (b)3C secondary shifts of untreated (filled) and
line narrowing occurs at 5N, while Fi» undergoes the largest ~ aggregated (open) PG-1, calculated\ass — Ar, whereAr are the random-
chemical shif change:-3 ppm upfeld as compared to the %3] TeTieR S NegaveCard € secondary st and posiirc
untreated peptide. Because this change is larger than the typmaf
15N secondary shift range of PRéwe suspect that it results
from the location of Phé>N at theg-turn, whose chemical shift ~ the molecular-level packing and hydrogen bonding of PG-1,
trend is not as well represented in the protein database as thédhe nanometer-scale order evident from the NMR line widths
canonicala-helix andj-sheet structures. and chemical shifts is sufficient for further analysis using 2D

Figure 4 summarizes the line widths (a) al¢ isotropic 13C correlation experiments.
shift (b) differences between the aggregated and untreated Packing Motif of PG-1 Aggregates. To determine the
PG-1. The aggregate sample exhibits narrower line widths and packing of PG-13-hairpins in the ordered aggregate, we carried
stronger $-sheet secondary shifts for most resolved sites, out 2DH-driven3C spin diffusion (PDSD) experiments. Figure
especially for the C-strand residues. For the untreated PG-1,5 shows the spectra of [U1f V14, G17] PG-1 as 100% labeled
residues in the middle of the strands such agand Ls have aggregates (a), 20% diluted aggregates (b), and untreated 100%
narrower lines than terminal residues such ag The residue labeled peptide (c). A mixing time of 400 ms was used in all
experiencing the most significant ordering is;Fwhose @ experiments to achieve complete exchange. The spectrum of
and @3 line widths both decreased, while the terminal Ga the 100% PG-1 aggregate (Figure 5a) shows significant cross-
showed slightly increased disorder in the aggregate. Thus, thepeaks between;iand Vi4 such ast—a, a—f, anda—y. These
pB-turn region of the peptide is most strongly structured by immediately suggest that the C-strand of ghbairpin packs
incubation. Taken together, the NMR chemical shifts and the closely with another C-strand, causing intermolecular spin
microscopy data indicate that the PG-1 aggregates prepared bydiffusion. There are no visible M—G;7 cross-peaks and only a
solution incubation are well ordered on the tens of nanometer weak F,—Gi7 a—a peak, suggesting that the two C-strands
scale but do not have the micrometer-length order typical of are mainly aligned in a parallel fashion. Because th@Gignal
amyloid fibrils. Because the purpose of this study is to determine is broad and partially overlaps with thesF peak at room

13922 J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005
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5¢) shows much weaker;#V14 cross-peaks but a stronger
Fi1o—Gi7 a—o. peak. These indicate that in the absence of
incubation, PG-1 does not adopt any preferential alignment in
the solid state, but has a combination of parallel and antiparallel
alignments. The fact that the#Gy7 a—o peak is visible while
V14—G;7 cross-peaks are not suggests that it is easier for the
two ends of thes-hairpin to contact each other than for the
peptide to align in an out-of-registry fashion, which is necessary
for forming V14—Gs7 contacts.

Because cross-peaks in the long-mixing-time PDSD experi-
ment can arise from both direct and relay transfer, we carried
out a'H spin diffusion experiment (CHHC) with a shawp of
200us'®2to verify the direct nature of the intermoleculapd—

V1400 contact. It has been shown that withing, of ~200us,
strong cross-peaks in the CHHC spectrum reflect ditelet

1H distances of within~3 A.1821 Figure 6 shows the CHHC
spectra of aggregated (a) and untreated (b) PG-1. The\h,4
Ha—Ha cross-peak is strong in the aggregate but is absent in
the untreated peptide. In fact, the inter-residuen cross-peak

in the aggregate is higher than some of the intra-residue cross-
peaks such asd&—Vy (see 1D cross sections in Figure 6¢). As
compared to the highest intra-residue cross-peak;ip, which

has a distance of2.5 A, the F.0—V 40 peak intensity is
~70%, strongly suggesting a direcift—V14a distance of

~3 A,

If the NCCN packing motif is correct, then there should be
N-strand to N-strand interfaces in the PG-1 aggregate in addition
to the C-strand to C-strand interfaces. To test this, we measured
the 2D 13C spin diffusion spectrum of the N-strand labeled

60 R, aggregate, [U-g Ls] PG-1 (Figure 7a). The spectrum shows
P 138 ppm) well-resolved and clearly visible 45 Ls C'—a and C—y peaks,
13C (ppm) indicating the existence of short intermolecular distances. Again,

Figure 5. 2D 'H-driven 1°C spin diffusion spectra of [U5, Vis, Gt the contribution of intramolecular spin diffusion is negligible
PG-1. (a) 100% labeled aggregates. (b) 20% labeled aggregates. (c) 10099ased on the 2D spectrum of a 20% diluted sample (Supporting
labeled but untreated peptide. For each 2D spectr_um, the 1D cross sectionsnformation)_ Thus, the N-strand does form hydrogen bonds with
thrﬁughhthe a0t (top r%"") and Mqa (bli’ttom r.""(‘j’.) S"CZS. ars Tg‘o""” onthe  another N-strand and in a parallel fashion. However, the cross-
right, where inter-residue cross-peaks are indicated in bold. . . . !
9 P peaks of the peptide aggregate are not significantly stronger
) ) than those of the untreated peptide (Table 1), suggesting that
temperature, we carried out the 2D PDSD experiment on the i N-strand is not as tightly packed as the C-strand or that the
same sample at 253 K, when thez@intensity is strongerand N _terminus is more disordered than the C-terminus in the
better resolved. Under this condition, thexd—Gi70t cross- aggregate
peak decreased even further, to about half the intensity of the The presence of the NCCN packing does not in itself rule
room-temperature peak (Table 1), thus confirming that the F ) . o
P P ( ) g E out the alternative NCNC packing. To determine if the ordered

Gi17 a—a distance is long. . ;
To rule out the possibility that the observegh+V 14 cross- PG'l_ aggregate contains a mlxtur_e of NC.CN and NCNC
apackmg motifs, we prepared an equimolar mixture of N- and

peaks are intramolecular, we measured the 2D spectrum of d labeled ; King i
20% diluted PG-1 aggregate sample, prepared by co-dissolvingC'Stran abeled PG-1 aggregates. | NCNF: packing Is present,
then cross-peaks between the N-strand residues on one molecule

20% labeled peptide with 80% unlabeled peptide in the X

incubation buffer. Dilution removes intermoleculdE—3C spin and the C-strand residues on another molecule are expected.

diffusion, so that any inter-residue cross-peaks in the spectra!N€ 2D spectrum of this mixture is shown in Figure 7b. No
N-strand to C-strand cross-peaks such as—Vs (dashed

must result from intramolecular spin diffusion. Figure 5b shows ™ 5 M
the 2D spectrum of this diluted sample. Indeed, the-N 14 circles) and \{4—G3 are detected. The only visible intermo-

cross-peaks are either significantly attenuated or disappeared!€cular cross-peaks are the;FV14 peaks due to NCCN parallel
The only remaining strong cross-peaks are intra-residue onesPacking. These —V1,4 peaks are about a factor of 2 weaker
confirming that the three labeled residues are sufficiently than the C-strand sample (Table 1), consistent with the 1:1 molar
separated along thé-strand not to cause intramolecufc ratio of the two labeled peptides. Thus, NCCN parallel packing
spin diffusion within 400 ms. is the sole repeat motif in the ordered PG-1 sample.

To determine whether the NCCN parallel packing of the PG-1  Table 1 lists the normalized cross-peak intensities of the 100%
aggregate is specifically caused by incubation, we measuredN- and C-strand labeled PG-1 aggregates and their untreated
the 2D spectrum of the untreated peptide. The spectrum (Figureequivalents, and of the 1:1 mixture. The cross-peak intensities

J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005 13923



ARTICLES

Tang et al.

Table 1. Cross-Peak Intensities (Iag and flga) of Aggregated and Untreated PG-1, Normalized with Respect to the Diagonal Peaks (/aa and
Isg) According to I = (Iag + lea)/(Iaa + lgg)?

cross-peaks C-strand aggregate N-strand aggregate untreated peptide mixed aggregate
PDSD CHHC PDSD PDSD CHHC PDSD

F1o—V14 oa—a 0.256-0.012 0.412+0.032 NAP 0.212-0.018 0.192-0.024 0.146-0.010
oa—f 0.270-0.014 0.148-0.022 NA 0.198t0.024 0.062-0.026 0.122-0.010
oa—y 0.29(+0010 0.108:0:026 NA 0.12(+0-006 0.050+0-014 0.17(+0-:006
p—a 0.200+0022 0.256+0:046 NA 0.088+0-028 0.080+0-032 0.190+0:020
=B 0.254+70.026 0.124+70.030 NA 0.216+0-040 0.084+0.038 0.142:0:024
B—y 0.182:0.012 0.148-0.036 NA 0.066+0-008 0.038-0.016 0.148-0.010

F12 oa—p 0.506+0-020 0.596+0.038 NA 0.380t0-040 0.460-0.036 0.282+0.012

Vi oa—p 0.782+0.022 0.422+0.028 NA 0.844+0.026 0.412-0.028 0.582+0.018
o=y 0.730-0.012 0.272-0.034 NA 0.682+0.008 0.320-0.014 0.566-0-010
13_7/ 0.798:0.014 0.428:0.026 NA 0.608t0-008 0.4280.016 0.630:0-010

F1o—G17 oa—a 0.186-0-018(0,108-0-022¢) 0.158-0.028 NA 0.238t0.022 0.102:0.022 NA

Gz—Ls C—a NA NA 0.086+0.010 0.086+0:008 NA NA
C—y NA NA 0.114+0.006 0.134+0:008 NA NA

aUncertainties were propagated from the peak intensities and the noise of the 2D spectra. For pure unmixed samples, intensite20@ e weak
cross-peaks reflecting long-range distanédsot applicable® Measured at 253 K.
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Figure 7. 2D H-driven 13C spin diffusion spectra of (a) 100% labeled
[U-G3, Ls] PG-1 aggregates, and (b) 1:1 mixture of [4;&s] PG-1 and
[U-F12, V14, G17] PG-1 aggregates. Inter-strand cross-peaks suchas V
Ls (dashed circles) are absent in (b).

Figure 6. 2D CHHC spectra of (a) aggregated and (b) untreated {§})-F
V14, Gi17] PG-1. (c) Vi4 Ca cross section for the aggregated (top) and
untreated (bottom) peptide. (d)FCa cross section for the aggregated (top)
and untreated (bottom) peptide. StrongsVFi> cross-peaks (bold) are
observed only in the aggregate sample.

Segmental Mobility of PG-1 Aggregates.The 13C line
(Ias andlga) were normalized to the diagonal peaksa(and widths of the untreated and aggregated PG-1 samples (Figure
lgg) according tol = (las + lea)/(laa + lgg), and the  4) indicate that the £ at the S-turn experiences the most
uncertainties were propagated accordingly from the noise of the significant line narrowing upon aggregation, while the; Ga.
2D spectra. It can be seen that the ordered PG-1 aggregatesignal broadened rather than narrowed, suggesting chain-end
show significantly stronger C-strand cross-peaks than the disorder in the aggregate. To determine the origin of the order
untreated peptide in both the PDSD and the CHHC spectra, and disorder in the aggregate, we measuredkhe'H dipolar
while the N-strand cross-peaks have more comparable intensitiesoupling,'3C—'H dipolar coupling, andH Ty, of untreated and
between the two samples. The,FV 14 cross-peak intensities  aggregated PG-1. These dynamic parameters are resolved by
in the mixed aggregate are about one-half the intensities of thethe 13C isotropic shifts and the use of spin-diffusion free
pure C-strand aggregate, consistent with the fact that only 50%LG-CP. Figure 8 shows the 2BH WISE spectrum of the
of the C-strand labeled PG-1 is packed next to another C-strandaggregate (a) and its Phe cross sections (solid lines, b), which
labeled peptide. are superimposed with the cross sections of the untreated peptide
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Figure 8. H—H dipolar couplings of PG-1. (a) 2D WISE spectrum of
[U-F12, V14, G17] PG-1 aggregates. (b) 1BH cross sections of untreated
(dashed line) and aggregated (solid line) [W;M14, G17] PG-1. (c) 1DH
cross sections of [U-¢ Ls] PG-1 aggregates at 293 K (solid line) and
253 K (dotted line). The backbone dynamics are negligibly unaffected by
the temperature, indicating that the N-terminal backbone is immobilized at
room temperature.

(dashed lines). The untreated PG-1 exhibits narréiewidths

than the aggregate, indicating larger-amplitude motion. More-
over, the mobility difference increases down the Phe side chain.
Both PG-1 samples are more mobile than amino acid Phe: the
latter has an aromati¢i—'H coupling of 53 kHz, as compared

to 25 kHz for the aggregate sample and 9 kHz for the untreated
peptide. Cooling the aggregated PG-1 to 253 K increased the
IH—1H couplings but did not completely immobilize the ring
(Table 2). Consistently, tHéC—H dipolar couplings also show
that the Phe ring in the untreated peptide undergoes larger-
amplitude motion than in the aggregate (Table 2). As compared
to Fi2, no substantial coupling differences are found at &hd

V14 between the untreated and aggregated samples. Take
together, these indicate that incubation immobilizes the hairpin
tip more significantly than the C-terminus.

The H Ty, values of ; Ha and H3 increased in the
aggregate (Table 2), while tfig, of G;7 Ha decreased. These
suggest that the broadening of/GCa. signal in the aggregate
(Figure 3) results from increased microsecond-time scale
motions of the C-terminus, which interfere with CP, while the
opposite occurs atik Co. and @3, making thej-turn more
ordered and rigid in the aggregate.

Discussion

The NMR line widths and chemical shifts and microscopy
images indicate unambiguously that well-ordered PG-1 ag-

n

gregates on the scale of at least tens of nanometers can be
created by appropriate solution incubation. The fact that these
aggregates do not show micrometer-length order may result from
a combination of the highly charged nature of the peptide and
the low aspect ratio of the molecule.

The cross-peak patterns in the 28C correlation spectra
indicate that thgs-hairpins in the ordered aggregate pack and
hydrogen bond in a parallel fashion with like strands facing
each other. BothH-driven3C spin diffusion and direc¢H spin
diffusion support this conclusion. Th&C spin diffusion
experiment detects-€C distances up te-7.5 A within a mixing
time of 500 ms, as shown by a recent studyredpectrin SH3
domain?® while the ™H spin diffusion experiment can detect
H—H distances within~3 A in a shortrsp of ~200us. Thus,
the absence or weaknesst#E spin-diffusion cross-peaks such
as R>—G;7 (Figure 5a) and Y4—Ls (Figure 7b) in the peptide
aggregates indicaté3C—13C distances longer than 7.5 A. These
rule out the antiparallel packing and the alternate strand packing
(NCNC) models. The strongest constraint in favor of NCCN
parallel packing is the significantget—V 140 cross-peak in the
peptide aggregate. Although this cross-peak in %@ spin
diffusion spectrum could arise from both direct and relay
transfer, the fact that in thiéd spin diffusion spectrum this—a
peak is stronger than most inter- and intra-residue side chain
cross-peaks (Table 1) rules out the possibility of side chain-
mediated relay transfer. In addition, the untreated peptide shows
clear PDSD intra-residue side chain cross-peaks (Figure 5c) but
negligible R0—V 40 intensity, indicating that relay transfer
alone is insufficient to produce backbooe-a cross-peaks if
the distance is large.

The fact that the N-strand4G'—Lsa peak is lower than the
F120—V 1400 peak in the PDSD spectra is partly due to the larger
isotropic shift difference betweert @nd Qx, which attenuates
13C spin diffusion. It may also reflect true looser packing of
the N-strand interface, which is also manifested in the less
dramatic line narrowing of the N-strand residues as compared
to the untreated peptide. This looseness likely results from the
more hydrophilic nature of the N-strand due to the presence of
an additional Arg residue (¢Rin the middle of the strand (Figure
1). In comparison, the C-terminal strand is almost entirely
hydrophobic, thus stabilizing the C-strand interface.

Figure 9 illustrates the NCCN parallel packing model of
PG-1, showing both a C-strand interface and an N-strand
interface. The positions of the neighboring PG-1 molecules are
adjusted to satisfy hydrogen-bond length&_o, of 2.4—

3.6 A3031Because parallgd-strands do not have an inversion
symmetry, each pair of residues has two different internuclear
distances across the intermolecular interface. Based on this
model, F, and Vi, have @—Ca distances of~5 and 10 A,

the shorter of which is the main contributor to the cross-peak
in the PDSD spectra. Remarkably, a shof#+V14 Ha—Ha
distance of~3.3 A is found, confirming that the strong—o
peak in the CHHC spectrum (Figure 6a) is due to direct
polarization transfer. At the N-strand interface, gGs C'—

Ca distance of~6 A is found, also within the detection limit

of 13C spin diffusion. In comparison, the NCCN antiparallel

(29) Castellani, F.; vanRossum, B.; Diehl, A.; Schubert, M.; Rehbein, K;
Oschkinat, H.Nature 2002 420, 98—102.
(30) deDios, A. C.; Oldfield, EJ. Am. Chem. S0d.994 116, 11485-11488.
(31) Creighton, T. EProteins: Structures and molecular propertiénd ed.;
W. H. Freeman and Co.: New York, 1993.
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Table 2. H fwhm of the WISE Spectra, *C—*H Dipolar Couplings, and *H T3, Values for Aggregated and Untreated PG-1

H fwhm (kHz) 1C~H coupling (kHz) T, (MS)

aggregated untreated aggregated untreated aggregated untreated

site 293K 253K 293K 293K 293K 293K 253K 293K
Fi2 Ca 53 56 47 12 11 5.5 11 34
Cp 61 70 50 12 11 2.1 8.4 1.6
Co 25 38 9 6.3 3.9 1.6 5.4 2.0
Vi Co 48 52 50 12 12 7.2 11 6.9
Cp 30 38 30 6.6 8.6 4.1 8.6 4.6
Cy 11 13 8 2.3 4.3 5.2 9.1 5.8
Gl Ca 52 66 45 11 11 15 6.0 2.0

consistent with the results obtained in the membrrihere,
intermolecular G-H, C—N, and C-F dipolar couplings between
site-specifically labeled residues constrained the PG-1 dimer
structure to be parallel with two C-strands lining the dimer
interface. Thus, the PG-1 aggregate formed from solution
incubation outside the membrane has similar packing and
hydrogen bonding to the membrane-bound PG-1 oligomer. This
suggests that the common driving force for the oligomerization
of this S-hairpin peptide inside and outside the membrane is
hydrogen bonding. This approach of preparing ordered ag-
gregates may thus be useful for studying the oligomerization
of other membrane-actiye-sheet antimicrobial peptides whose
crystal structures are not available.

It is interesting to note that a solution NMR study of PG-1
in DPC micelle$® showed that the peptide forms antiparallel
dimers with the C-strand lining the dimer interface. The reason
for the different alignment between the micelle environment,
on one hand, and the aggregate and lipid bilayer environments,
on the other, is presently unclear. However, because detergent
micelles are well known to impose curvature strains onto
Figure 9. NCCN parallel packing model of PG-1 in the ordered aggregates. Peptides, one possible reason for the difference may be the
Short intermolecular £—V14 and G—Ls Co—Co and Hr—Hao distances different shape anisotropies of the parallel and antiparallel PG-1
are highlighted in red. The NO hydroger_l bonds stabilizing the oligomeric  §imers. The parallel NCCN packing observed in the aggregate
structure are shown as black dashed lines. . L . . . -

and in the lipid bilayer puts six Arg residues at two adjacent
p-turns in close proximity, forming a strongly amphipathic
structure. The electrostatic repulsion between tifegns may
make the parallel dimer a bulkier structure than the antiparallel
dimer, where the Arg-ricj3-turns are spaced apart. The compact
antiparallel dimer structure may thus be favored in the con-
strained micelle environment, while the parallel packing may
be stabilized in the bilayer because the stronger amphipathic
structure facilitates peptide insertion into the membrane.

packing motif yields F,—V14 Co—Ca distances of~13 A, well
beyond the detection limit offC spin diffusion.

This NCCN packing model shows the direction of the
intermolecular contacts to be sideways in fhbairpin plane
rather than perpendicular to the plane. This reflects the fact that
the side chains occupy space above and belowSthairpin
plane, which makes it difficult to establish close inter-plane
backbone contacts. In amyloid fibrils, the typical distances
between adjacerft-sheet planes are-4.0 A according to fiber Conclusion
diffraction studies$?32 Such a large distance is beyond the
detection limit of'3C spin diffusion. Moreover, since inter-plane ~ We demonstrated the preparation and quaternary-structure
packing is not driven by hydrogen bonding, any accidental close determination of well-ordered aggregates of thenairpin
contact betweefi-sheet planes would be nonspecific in nature; antimicrobial peptide PG-1. 2B°C correlation experiments
thus the untreated peptide should show similarly strong back- mediated by bot#*C andH spin diffusion showed intermo-
bone Cross_peaks as the pept|de aggregate if inter-sheet Contadﬁcular backbone CrOSS'peakS that are consistent with parallel
were the cause of these backbone cross-peaks. This is inconpPacking of thes-hairpins, with like strands lining the intermo-
sistent with the experimental data. lecular interface. The C-strand interfaces in the aggregate are

The NCCN parallel alignment of PG-1 in the ordered solid- MOre tightly packed and ordered than the N-st_rand interfaces,
state aggregate determined from these 2D experiments iswhich may result from the st_ronger hydrophobic nature of the

C-strand. The ordered packing of the aggregate is supported

(32) Jarvis, J. A,; Craik, D. J.; Wilce, M. @iochem. Biophys. Res. Commun.

1993 192 991-998. (34) Wu, X.; Mani, R.; Buffy, J. J.; Tang, M.; Waring, A.; Hong, M., submitted.
(33) Malinchik, S. B.; Inouye, H.; Szumowski, K. E.; Kirschner, D.Biophys. (35) Roumestand, C.; Louis, V.; Aumelas, A.; Grassy, G.; Calas, B.; Chavanieu,
J. 1998 74, 537—-545. A. FEBS Lett.1998 421, 263-267.
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by the reduced mobility of the Phe ring at tifeturn as ported by the National Institutes of Health grant GM-066976
compared to the untreated peptide. This is the first time a to M.H. and grants Al-22839 and Al-37945 to A.J.W.
p-hairpin peptide is shown to be able to form ordered aggregates

on the length scale of tens of nanometers. The hydrogen-bonding Supporting Information Available: 2D **C correlation spec-
propensity of PG-1 in the solid state determined from this study tra of [U-Fi2, V14, G171 PG-1 aggregates at 253 K and of 20%
sheds light on the oligomerization of this peptide in lipid diluted [U-Gg, Ls] PG-1. This material is available free of charge
bilayers, which will be presented elsewhéte. via the Internet at http://pubs.acs.org.
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