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Abstract: The recently isolated trichogin GA 1V is a 10 amino acid, Aib-rich peptide with potent membrane-
modifying properties. The peptide is too short to span lipid bilayers, so the mechanism by which trichogin GA
IV interacts with biological membranes is unknown. The crystal structure has been solved, but there is much
less information on the peptide’s conformation in solution. This problem is addressed by examining the electron
spin resonance (ESR) of single and double TOAC-labeled trichogin GA IV analogues, where TOAC is a rigid
nitroxide amino acid and serves as an Aib analogue. The doubly labeled peptides, trich-1,4, -4,8 and -1,8,
represent all possible trichogin GA 1V analogues containing two-AiF OAC substitutions. ESR in MeOH

at 200 K of theg ~ 2 spectral region suggests that the N-terminus from residues one through four adopts a
helical structure similar to that observed in the crystal. However, the central and C-terminal regions appear to
be structurally heterogeneous. To further resolve the solution structure, we performed half-field ESR
measurements in a MeOH/EtOH glass at 120 K and referenced them against similar measurements from a
series of double TOAC-labeled peptides of known structure. Half-field intensities depend on electron spin
dipolar coupling and scale asrdivherer is the internitroxide distance. The combination of allowgdy(2)

and half-field ESR indicates that the trichogin GA IV C-terminal region is partialhelical, as in the crystal
structure, but is in equilibrium with unfolded conformers. It is suggested that the @}y stretch creates a

hinge point between two short but stable helical regions. The combined ESR methods used here represent a
new approach for determining the solution structures of partially folded peptides.

Introduction biological lipid bilayers. Nevertheless, trichogin GA IV exhibits
remarkable membrane-modifying properties similar to other
peptaibols, although the mechanism by which it causes mem-
brane leakage is unknown.

The sequence of trichogin GA IV is the following:

Peptaibols are peptides of fungal origin, rich ézami-
noisobutyric acid (Aib), that possess a 1,2-amino alcohol at the
C-terminust These unique peptides are of current interest
because of their membrane-modifying properties and, conse-
quently, their potential as model membrane channels and
therapeutics. The longer peptaibols such as alamethicin form
stable, membrane-spanning helices and are believed to assemb
as barrel staves to form voltage-gated chanhdlse recently
isolated peptide trichogin GA IV brings new and unique
characteristics to the peptaibol class of peptitEgst, it has
an n-octanoyl group attached to the N-termirfuBecause of
the lipophilic character of this N-terminal group, trichogin GA
IV is referred to as dipopeptaibol® The second distinguishing
feature is its short length; trichogin GA IV is composed of only
10 amino acid residues and is therefore too short to span

nOct-Aib*-Gly-Leu-Aib*Gly-Gly-Leu-Aib®-Gly-lle-Lol

k‘l?/herenOct stands fon-octanoyl and Lol stands for leucinol.
Preliminary circular dichroism and NMR studies in methanol
suggest that the peptide forms a helix as expected for sequences
containing Aib residue%.The crystal structure was recently
solved and confirmed a general helical character with residues
one through four forming a distortedigzhelix (i — i + 3
hydrogen bonding) and residues four through ten forming an
a-helix (i < i + 4 hydrogen bondingd).There is a kink at Gly
2 allowing for the switch from - to a-helix. On the basis of

* Corresponding author. Voice mail: (831) 459-2176. Fax: (831) 459- this crystal structure, it was proposed that a transmembrane pore
2935. E-mail: glennm@hydrogen.ucsc.edu. could form via an alamethicin-like barrel stave mechanism but

! University of California, Santa Cruz. with each stave composed of a trichogin GA IV head-to-head

* University of Padova. . A5 Th . ) .
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Table 1. Trichogin GA IV TOAC-Labeled Analogues

nOct-Aib -Gly-LeuTOAC-Gly-Gly-Leu-Aib -Gly-lle-Lol Trich-4

nOct-TOAC-Gly-Leu-TOAC -Gly-Gly-Leu-Aib-Gly-lle-Lol  Trich-1,4
nOct-Aib-Gly-Leu-TOAC-Gly-Gly-Leu-TOAC-Gly-lle-Lol ~ Trich-4,8
nOct-TOAC -Gly-Leu-Aib-Gly-Gly-Leu-TOAC-Gly-lle-Lol ~ Trich-1,8

Table 2. Reference Peptides of Known Structure

Boc-TOAC-TOAC -Ala-Ala-Ala-Ala-OtBu Hex-1,2
Boc-TOAC-Ala-TOAC -Ala-Ala-Ala-OtBu Hex-1,3

Boc-TOAC-Ala-Ala-TOAC -Ala-Ala-OtBu Hex-1,4
) Boc-TOAC-Ala-Ala-Ala-TOAC -Ala-OtBu Hex-1,5
Aib TOAC Boc-TOAC -Ala-Aib-TOAC -Ala-Ala-OtBu Hex-1,4-Aib-3
Figure 1. Chemical structures of Aib and its spin label analogue  pBrBz-TOAC-Ala-Ala-TOAC -Ala-OtBu pBrBz-Pent-1,4
TOAC. Ac—Alas-TOAC-Lys-Ala,-TOAC-Ala-Lys- 3KT-4,8

Alas-Lys-Ala-NH;

to the polypeptide backbone. It is & @trasubstituted.-amino

acid like Aib (see Figure 1) and exhibits Aib’s tendency to
strongly promote helical conformatio#3!3 Recent crystal-
lographic and spectroscopic studies demonstrate that-Aib
TOAC substitutions are structure-presenfnyhen two TOACs

are engineered into a peptide sequence, the intramolecular

Ibiracliical dip?la; aBnd isotror}igrg%g’lings_gwaﬁ bi usecti tto trrr:ap TOAC substitution, which allows for determination of ESR
oca_gect))mekéy.v ecause o ft h sngida %C_ nr;en 0 I'e spectra in the absence of biradical coupling, while the trich-
peptide backbone, spectra often show strong dipolar coup IN9S) 4, -4.8, and -1,8 contain all possible double AibTOAC

under solvent and temperature conditions in which other spin substitutions. A preliminary account of these TOAC-labeled

label techniques do ndé€14 Past work from our lab has : ; ; ; -
. " peptides outlined their chemical synthesis and demonstrated that
demonstrated the remarkable detail double TOAC labeling they retain the membrane-modifying properties of the parent

reveals about local peptide fold. We have been able to trichogin GA IV.17 In addition, a crystal structure of the trich-

distinguish 3g-helix from a-helix!>1¢in Ala-rich peptide$and - ; o
. . . 4,8 showed that it adopts a mixeghy@ fold similar to that of
to follow the solvent-induced denaturation of hexameric se- parent peptid¥:18

guences.Most recently, quantitative line shape fitting was used There are two goals of this present study. First, we use TOAC

ts(Z)I% ?i?)lzlzf (t){ﬁ;ltircuecstugﬁ ofrl(;)tg%]-geﬂgﬁgﬁepﬂg\elz 'g aqiltjfr? usf double labeling to determine the conformations of trichogin GA

a roxir.natel 36 residugs/turn Howevgr com aris‘,)on of the IV in methanol solution. Second, as part of this structural

r;gtivei : +y3 .andi 14 dis.tances in ;solvat[()ad Ala-rich determination, we extend double label ESR by using half-field
o tides’su ested t;ackbone torsion angles of —70° and transitions as a means independent of line shape fitting to

P z a5 cgognsistent with & pitch of 31‘3399 residues/turit determine an average distance between TOAC residues. The

Y =49, P s ... half-field absorption arises from a forbiddefirh = 2” transition

Our findings suggested that local solvation may exert substantial . . o

that becomes partially allowed in the presence of biradical

influence over local helix fold. . ; . o
. . dipolar couplingt® 22 The integral of this signal scales as®/
In this present work we apply double TOAC labeling to map wherer is the separation between spifig3 Past work has

the solution structure of trichogin GA IV. To understand how demonstrated the utility of half-field measurements in the

Eihéfer‘?neiatelzdi?s :(rcl)tlzr?ncf flmléherr:/?rrgr?rfgris’ Alst (;issélrjrlszee?g\éeo\}g determination of internitroxide distancE¥3We develop a half-
’ * field transition calibration curve, a half-field molecular ruler,

X-ray diffraction studies demonstrate that trichogin GA IV is . .
from a series of short Ala-rich sequences of known geometry,

helical when c_rystalllzeé.Howgver, p_ubl_lshed magnetic reso- which are shown in Table 2. By combining allowed ESR with
nance and optical spectroscopic studies in solution are qualitative

and do not indicate whether details of the crystal structure are these half-field measurements, we show that the N-terminal

preserved in solution. And although trichogin GA IV has three region of trichogin GA IV retains |t$ hehcal_structure in solutlc_)n.
However, the central and C-terminal regions are only partially

(6) Flippen-Anderson, J. L.; George, C.; Valle, G.; Valente, E.; Bianco, helical and appear to coexist as a superposition of helical and

Aib residues, it also has four helix breaking glycines so it may
also adopt nonhelical conformations.

Trichogin GA IV contains Aib residues at positions 1, 4, and
8. As shown in Table 1, four peptides with Air TOAC
substitutions are examined. The trich-4 peptide contains a single

o Formagglo, F.; Crisma, M.; Toniolo, @nt. J. Pept. Protein Red 996 unfolded conformers. This study reveals trichogin GA IV
’(7) Hanson, P.; Martinez, G.; Millhauser, G.; Formaggio, F.; Crisma, conformations r_lot previously seen by either cryst_a_llography or
M.; Toniolo, C.; Vita, C.J. Am. Chem. S0d.996 118 271-272. nuclear magnetic resonance spectroscopy. In addition, this work

(8) Hanson, P.; Millhauser, G.; Formaggio, F.; Crisma, M.; Toniolo, C.
J. Am. Chem. S0d.996 118 7618-7625. (17) Monaco, V.; Formaggio, F.; Crisma, M.; Toniolo, C.; Hanson, P.;

(9) Toniolo, C.; Valente, E.; Formaggio, F.; Crisma, M.; Pilloni, G.;  Millhauser, G.; George, C.; Deschamps, J. R.; Flippen-Anderson, J. L.
Corvaja, C.; Toffoletti, A.; Martinez, G. V.; Hanson, M. P.; Millhauser, G.  Bioorg. Med. Chem1999 7, 119-131.

L.; George, C.; Flippen-Anderson, J. L. Pept. Sci1995 1, 45-57. (18) Crisma, M.; Monaco, V.; Formaggio, F.; Toniolo, C.; George, C.;
(10) Marchetto, R.; Schreier, S.; Nakaie, C.JRAmM. Chem. S0d.993 Flippen-Anserson, J. LLett. Pept. Scil997, 4, 213-218.

115 11042-11043. (19) Eaton, S. S.; More, K. M.; Sawant, B. M.; Eaton, G. R.Am.
(11) Toniolo, C.; Crisma, M.; Formaggio, Biopolymersl998 47, 153~ Chem. Soc1983 105 6560-6567.

158. (20) van der Waals, J. H.; de Groot, M. Bol. Phys.1959 2, 333~
(12) Karle, 1. L.; Balaram, PBiochemistryl99Q 29, 6747-6756. 340.
(13) Toniolo, C.; Benedetti, BMacromoleculed991, 24, 4004-4009. (21) de Groot, M. S.; van der Waals, J. Mol. Phys.1959 3, 190—
(14) Hanson, P.; Anderson, D. J.; Martinez, G.; Millhauser, G. L.; 200.

Formaggio, F.; Crisma, M.; Toniolo, C.; Vita, ®ol. Phys.1998 95, 957— (22) Atherton, N. M Electron Spin Resonance: Theory and Applications
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lays the foundation for a new mode of ESR spectral analysis of stand_a_rds of known distance sgch as those employed here_ (see
aimed at determining the detailed conformations of peptides in below), it is very accurate for studying samples at low concentration.

solution. Nevertheless, when standards of known distance are not available, eq
1 should provide an excellent means for distance determination in
Experimental Section TOAC-labeled peptides.

Fits to the 200 K spectra were done according to the procedures
Synthesis and purification of the peptides used in this study have detailed by Hustedt et &.Computer models of the peptides were built
previously been reportéd Samples were prepared in a glassing solvent  and queried with MOLMOLZ’ using a library modified to contain the
mixture consisting of 9:1 (v/v) methanekthanol. Samples for variable  TOAC and Aib residues. Calculations necessary to transform the
temperature measurements (40) were withdrawn and sealed into  coordinates appropriately for inclusion and inspection of the models
100 uL glass capillaries. Samples for half-field measurements were sg byilt were aided by use of MOLMOL, MidasPlus, Perl 5, and Octave

prepared using 300L of this mixed-solvent solution placed in4 mm  2.0.5 on a Silicon Graphics, Inc. Indy R5000 workstation.
quartz sample tubes and quickly frozen in liquid nitrogen to form a

glass. These samples were immediately placed in the cooled spectromResults
eter cavity for spectral acquisition. Concentrations were determined )
by comparison of the integrated intensities of the allowed, room  Allowed ESR Speptra. Prewqus work has focused. on the
temperature spectra against a series of TEMPOL standards preparestructure of trichogin GA IV in MeOH. Methanol is an
in 5 mM aqueous MOPS buffer (pH 7.1; 0.1, 1, and 2 mM TEMPOL) appropriate solvent for several reasons. First, it is the most helix-
and in 9:1 MeOH-EtOH (0.5, 1.0, and 5.0 mM TEMPOL). promoting of the various neat alcohdlSecond, among the
Unless otherwise indicated, all spectra were recorded in continuous-g|cohols, it is the closest to water in physical properties but
wave mode on a Bruker ESP-380 X-band spectrometer equipped with gffers much greater fluid temperature range and solubility than
a TEo, cavity and a ER4111 variable temperature unit. The temper- water for these uncharged peptides. Finally, past NMR and CD
atures at which this unit regulates were checked against a Cernoxstudies were performed in MeOH a'nd b hbldin close to this
ceramic thermocouple purchased from and calibrated by Lakeshoresolvem we an compare our re’sem reiults o gthose obtained
Cryonics. Allowedg ~ 2 spectra near 200 K were recorded with a ’ . p p i
center field of 3357 G, a modulation frequency of 100 kHz, a elsewhere. For this study we use 9:1 (v/v) Me©EtOH. Our
modulation amplitude typically of 1.0 G, and a power of 2.7 mW. Care Past work has demonstrated that EtOH shares helix-promoting
was taken to ensure that spectra were not power-saturated. properties nearly identical to those of MeGHut this mixture
Integrated intensities for both allowed and half-field spectral regions allows for the formation of proper low-temperature glasses
were determined via dc_)uble i_ntegration qf the recorded deri_vative-m_ode which are useful for measuring half-field transitions (see below).
spectra. For the half-field signals, a third-order polynomial baseline Room temperature spectra of the trichogin GA IV analogues in
correction was determined using 35 G of baseline at both edges of thenaat MeOH have already been reported, and it was demonstrated
absorption mode spectrum and subtracting this polynomial from the that rapid tumbling of these analogues averages the distance-
entire spectrum prior to the second integration. . . . )
It has been demonstrated by the Eaton laboratory that the intensitydependent dipolar |nteract|dﬁ.Thus, we focus here on low
temperature spectra. Conventional continuous wave spectra were

of a half-field spectrum, when normalized against the intensity of the . . . : . . .
full field spectrum at the same temperature to give a relative intensity, OPtained in fluid solution at 200 K where rotational diffusion

directly reports on distance according to the relationship is too slow to average spectral rigid lattice featurEDerivative
and absorption spectra for the four trichogin GA IV analogues
A@9.17 are shown in Figure 2. The trich-4 spectrum serves as a reference
Relative Intensity= 52 @) monoradical spectrum devoid of dipolar coupling.

The dipolar interaction scales as®L/At distances sufficiently
long to give a weak interaction, dipolar coupling results mainly
in broadening of the rigid lattice features. At shorter distances,
interacting radicals. For two nitroxides = 19.54+ 0.5 (see refs 19, the dipolar interaction dominates the ESR spectrum and the

23), and this value has been supported by thébkyle tested this ~ Widith between the spectrum's outer edges scales es 1/
approach with one of our doubly TOAC-labeled peptid#rBzHex- Representative spectra have been published elseiié(see
1,48 By using a distance of 5.84 A between the electron spins (see &S0 Figure 5). The trich-1,4 spectrum is clearly broader than
below) we determined = 8 + 2, which is in reasonable agreement the trich-4 spectrum and gives a pattern that has been observed
with the Eaton’s value. for other well-structuredi, i + 3 doubly labeled helical

In principle, one should be able to use eq 1 for accurate distance peptidesh#1t is difficult to assign secondary structure without
determination in most cases. For our studies reported below, however,companiori, i + 4 labeling in the same region of the pepticfé;
we useq a slightly diﬁerent.approach. Our samples were often studied however, the results can be compared to those obtained from
at submillimolar concentrations where the allowges 2 spectra were model 3o and o-helical peptides. Ala-rich, double TOAC,

often significantly broadened by dipolar coupling and the half-field . . ) . .
transitions were weak. Thus, it was convenient to obtain allowed and hexamerlc peptides form well-structureghBelices, and the

half-field spectra, using conditions that optimized signal reproducibility ! ,+ 3 Spln-labeled analogues at 200 K Sh,OW much stronger
for each, with the allowed spectra used only to determine peptide diPolar coupling than that observed for the trlch-iHOW(-_:-ver,
concentration. Half-field spectra were recorded with a center field of longer sixteen- and twenty-residue sequences farhelices,
1677 G, a modulation frequency of 100 kHz, a modulation amplitude and spectra from their, i + 3 double TOAC analogues are
of 5.0 G, a microwave power of approximately 84 mW, and a sweep quite similar to that obtained from the trich-114.

width of 200 G. Integrated intensities of the half-field transitions were We attempted to fit the trich-1,4 spectrum with a simulation
normalized by dividing by the number of scans acquired, the peptide that incorporates dipolar couplii§.The best simulation ob-
concentration, and the square root of the microwave power. The gain tzined is shown in Figure 2. Fine features in the simulation are

and modulatlon amplltude were held constant for all half-field spectra. clearly absent in the experimental derivative spectrum. It is
Solution concentrations were determined at room temperature using

methods reported previousty Although this method is less general (26) Hustedt, E.; Smirnov, A.; Laub, C.; Cobb, C.; Beth,Blophys. J.
than that proposed by the Eaton laboratory and requires the availability 1997, 72, 1861-1877.

(27) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graphics1996 14,
(24) Coffman, R. E.; Pezeshk, A. Magn. Res1986 70, 21—-33. 51-55.

(25) Todd, A. P.; Millhauser, G. LBiochemistry1991, 30, 5515-5523. (28) Fiori, W. R.; Millhauser, G. LBiopolymers1995 37, 243-250.

wherer is the internitroxide distance in Ay is the spectrometer
frequency in GHz, and\ is a coefficient that depends on the type of
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Figure 2. Full field spectra (250 G scan width) of the trichogin peptides Distance (A)

in 9:1 (v/v) MeOH-EtOH at 200 K displayed in derivative mode (left)
and absorption mode (right). The dashed line overlaying the trich-1,4
spectra is the least-squares result from a simulation incorporating dipolar
coupling. The distance determined from this fit is 8.6 A.

Figure 3. Distance calibration curves determined at 120 K from the
five hexameric peptides in Table 2. (A) Intensit§ vs peptide
concentration for Hex-1,28), Hex-1,3 (error bars), Hex-1,4%), Hex-
1,4-Aib-3 @), and Hex-1,5 &) showing the expected linear depen-
possible that some of these details are smoothed out by localdence. (B) Intensity* values from A extrapolated to zero concentration
conformation heterogeneity or small local motions. However, and plotted against internitroxide distance. The solid line represents
the absorption spectrum shows that the simulation captures thethe resulting callbrat|0|_’1 curve, and the dashed lines represent the
main spectral features and overall width but that the experi- calculated error. Intensity” for pBrBz-Pent-1,4 M) was determined
mental spectrum is somewhat less sharp at the edges. Thét a single concentration below 2 mM.

distance obtained from the simulation is 8.6 A, which is
consistent with the structure of am-helix'4 (note that -1,4
spacing in a &-helix gives a distance of approximately 5.8 A;
see Figure 3B and ref 8). Thus, by comparison with spectra
obtained froma-helical peptides and from spectral fitting, it
appears that the N-terminal region of the trichogin GA IV forms
a stable helix with, most likelyi, < i + 4 hydrogen bonding.

mixed with a suspension of egg phosphatidyl choline (ePC)
vesicles. This type of lipid environment typically stabilizes
peptaibols in the helical conformation. Indeed, in ePC the trich-
4,8 peptide showed a full-field dipolar spectrum at 300 K with
only a negligible amount of monoradical-like signal (data shown
in ref 17). Thus, we conclude that conformational heterogeneity

The trich-4,8 spectrum shows prominent outer wings con- rather than a contaminant is responsible for the trich-4,8 line

sistent with strong dipolar coupling. However, the central shape. Th's Is discussed in dgt@l beloW' . .
region of the spectrum suggests that there is substantial The trich-1,8 spectrum exhibits very little dipolar coupling.
contribution from a peptide species devoid of dipolar coupling. !N Figure 2 the trich-1,8 spectra are superimposed on the trich-4
Attempts at fitting the entire spectrum failed, and the relative SPectra to show that it is just a little broader than that obtained
contributions of the dipolar coupled and uncoupled spectra from a monoradical species. Simulations were attempted, but
exhibit a temperature dependence (see below). Thus, it appear§ach fitting attempt converged to a different distance. Thus, we
that the central and C-terminal regions of the peptide are conclude that the broadening is too small to allow for deter-
structurally heterogeneous with spectral contributions coming mination of a well-defined distance.

from both helical and unfolded peptide conformations. Itisalso  The ESR spectra are complex but suggest that the N-terminal
possible, however, that the uncoupled contribution arises from region is probably well-structured, although no single conforma-
a monoradical contaminant. Given the high purity of the peptide tion gives a simulation that provides an ideal fit to the
samples, the most probable monoradical species would be aexperimental data. The central and C-terminal regions are
peptide where one nitroxide has been reduced to the hydroxy-structurally heterogeneous with a contribution from an unfolded
lamine. To rule out this type of contamination, the trich-4,8 conformation. Given that the trichogin GA IV peptide exists
peptide was treated with base to ensure complete oxidation ofamong multiple conformations, it would greatly refine our
the nitroxide moiety® Despite this treatment, the relative knowledge of its structure if we had a method for determining
contributions of coupled and uncoupled spectra showed noan average distance between labels. For this, we turn to
variation at a fixed temperature. In addition, the peptide was measurement of half-field intensities.
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Development of a “Half-field Molecular Ruler” Using 3 10- angles of-57° and—30°, respectively:> The interspin distance
Helical Peptides. ESR typically detects allowed single-spin was taken as the average of the internitroxide Nland O--O
transitions characterized bym = 1, wherem is the unpaired distances for the TOAC residues as modeled in the twist-boat
electron spin state. However, in the presence of strong dipolarconformation found in the crystal structure of the pentamer
coupling, there is a mixing among the electron two-spin states pBrBzPent-1,£. The half-field intensity as a function of model
resulting in a weak transition that appears at approximately half length is shown in Figure 3B. The data are fit with a constant
the field of the allowed transition. This transition is often referred slope and zero intercept corresponding to the intensfty]
to as “Am = 2", although it actually arises from absorption of distance relationship expected. The dashed lines in the plot
a single quantur® The strength of this interaction is propor- represent the slope standard deviation, which incorporates the
tional to 1/® and becomes forbidden in the high field limit (or  scatter in this plot as well as propagated error associated with
more specifically when the Zeeman interaction is much greater concentration and signal integral measurements. The data in
than the dipolar interaction). The Eaton laboratory has performed Figure 3B suggest that distances less than 10 A may be reliably
extensive studies of this signal, and they have demonstrated thatdetermined with error less than 1.0 A. Longer distances may
in the limit of low concentration, the integral of the half-field also be determined but, as expected, the error will increase
absorption is directly proportional to r#/ with negligible proportionally.
influence from relative nitroxide orientatioA%23 An additional experiment was performed to test the ap-

There are three steps in setting up a half-field calibration Plicability of this approach for a related peptide. Inspection of
curve. First, one must obtain a series of nitroxide biradicals the concentration dependence curves in Figure 3A reveals that,
where the internitroxide distance for each is known. For this for sufficiently dilute samplesX2 mM or less) or for suf-
we use the first five peptides in Table 2. Next, the strength of ficiently short distances<{10 A), the systematic error introduced
the half-field transition must be determined for each known DY concentration-dependent intermolecular contributions is less
peptide biradical as a function of peptide concentration. than the random error inherent in the measurement and can, to
Extrapolation to zero concentration (infinite dilution) gives the @ first approximation, be disregarded. For limited sample
half-field transition strength in the absence of intermolecular quantities or for samples of limited solubility in which multiple
dipolar coupling'® Finally, these zero concentration integrals dilutions might be impractical to perform, measurements at a

are plotted against known distance, thereby establishing aSingle, sufficiently low concentration can provide a reasonable

single-concentration measurement is shown (syrmdor the
pentamepBrBzPent-1,4 and plotted against its crystallographi-
cally determined distance. The distance of 7.4 A determined
from the half-field measurement for this peptide agrees fortu-
itously well with the value of 7.3 A determined from the crystal
structure®

Application of Half-field Measurements to the Trichogin
Peptides. Concentration-dependent half-field measurements

that, upon cooling to 120 K, MeOH does not form a sufficiently were performed. on _the Fhrge trichogin GA IV analogueg; and
good glass. Glasses are desired, rather than a crystalline matrixZXtraEOIdatetd to infinite dtlltétlot?.lThe dA?ta are shtov(;/nt;nIFlgure
to guard against solute extrusion which can locally concentrate h anth t'IS ?ncest rltlepor eh' ed.O\;V' sodretpor e d ?OW f‘hre
solute molecules, thereby generating noncontrollable, spuriously ypothetical crystaliographic distances determinéd from the
high half-field signals. We found that the 10% (by volume) of trlchogln GA IV prystal structure modeled with TOAC residues
EtOH added to the MeOH solvent system had little effect on replacing the Aib’s.

the spectra of the peptides while allowing for the formation of

Ala-rich hexamers with two or more Aib residues form stable
310-helices!? The first six TOAC-labeled peptides in Table 2
also form stable @-helices as determined by X-ray crystal-
lography on the pentanfeand several ESR investigations on
both the pentamer and hexam&&pectra of the pentamer and
hexamer sequences in Table 2 in MeOH have already been
reported®® Half-field measurements are best performed at low
temperature to ensure immobilizati&Hhowever, we have found

half-field (A crystallographic (A
good glass at low temperature. ) * y graphic (2)
. . . . Trich-1,4 7.9+ 0.53 5.42
The concentration dependence of the half-field signal inten-  tich4's 7.4+ 0.47 708
sity, as normalized against peptide concentration, was recorded  Trich-1,8 12.0+0.76 11.4

at 120 K for the series of five TOAC containing hexamers.

Figure 3A shows the inverse sixth root of the half-field signal Along the abscissa corresponding to the half-field measurement
intensity plotted against concentration for each of the hexamers.for each peptide in Figure 4 are also plotted the crystallographic
Almost all of the data points in Figure 3A represent an average distance3and distances expected for ideay-3¢ = —57°, v

of multiple measurements. To illustrate the degree of experi- = —30°) anda-helix (¢ = —63°, y = —42°) conformationsg>2°
mental uncertainty, error bars are shown for data from Hex-  The trich-1,4 half-field distance of 7.9 A agrees well with
1,3. The relative concentration error and intensif§error are 8.6 A obtained from fitting the allowed ESR spectrum at 200
small and less than 10% and 5%, respectively. Linear extrapola-K. However, these ESR-determined distances are substantially
tion of each curve to infinite dilution gives a value which should longer than that expected from our crystal structure-based model.
be directly proportional to the interspin distance within each Figure 4 shows that, nevertheless, these distances are quite close
molecule. Indeed, the relative ranking of the intercepts is to that expected for aw-helix or, to a lesser extent, a3
consistent with that expected forghelical conformations. helix. As noted in the Introduction, the trichogin GA IV crystal
UsingD;; to represent internitroxide distance, Figure 3A shows structure shows a kink at Gly 2, and computer models indicate

thatDi 4 < D32~ D13 < Dis which is consistent with 13- that preservation of this backbone kink in trich-1,4 would bring
helix and markedly different from that expected fohelix (D1 .4 the two TOACSs in close proximity. Since the ESR data agree
~ D15 < Dip~ D1g).” well with distances expected from conventional helical struc-

To calculate distances for the biradical hexamers, we built tures, we conclude that this kink is not preserved in solution
computer models of d.OUbll? TOAC'|ab9|ed peptides assuming " (29) Benedetti, E.; Di Blasio, B.; Pavone, V.; Pedone, C.; Toniolo, C.;
a 3-helical conformation with uniform backbone torsiat) Crisma, M.Biopolymers1992 32, 453-456.
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Figure 4. Half-field measurements at 120 K for the series of doubly
labeled trichogin GA IV analogues. (A) Example half-field spectra from
trich-4,8 at 4.3 mM (1679 G center field, 200 G scan width) showing . ., .. ., ' .
derivative (left) and absorption (right) modes. (B) Intensi§for the 3250 3350 3450 3250 3350 3450
doubly labeled trichogin GA IV peptides plotted on the calibration curve Field (Gauss) Field (Gauss)
ILOemCZ;%i;%gE c’u)rzv;th Aetrrtﬁ:ebi?wrt.ser?sei;;‘zrcg]lﬁg 1‘frc())rmeg1cehun:etr_tdalnty n Figure 5. ESR spectra (250 G scan width) of the 3KT-4,8 at 200 K
" ) . pepude are g trich-4,8 at two temperatures below 200 K. The dashed line

plotted the expected distances from the trichogin GA IV crystal structure laving the 3KT-4.8 spectrum is from spectral fitting with dipolar
(d), from ideal uniformo-helix (<), and from ideal uniform @-helix overiaying 0 SP . pe 9 P
(a) coupling. The dashed lines overlaying the trich-4,8 spectra are least-

’ squares fits to a superposition of two spectra where one corresponds
to an uncoupled biradical and the other to the simulation of the 3KT-
4,8 spectrum.

but instead the N-terminal region of the peptide relaxes and
forms a well-structured helical turn.

That reliable distances were obtained for the trich-4,8 and
-1,8 peptides highlights the power of the half-field approach.
(Figure 2) were either 100 complioatod or faied 10" yield _1oadening of the allowed ESR specirum of approximately 10
sufficient line broadening to be amenable to standard line shapeG if the pep"d‘? were structured as a “”'f"“?“"‘e"x- Howevgr,
analysis. In addition, Figures 3 and 4 show that half-field such brogdenmg IS not observed, and |nstead', the trich-1,8
distance determinations are useful out to 12 A, which is a spectrum is only shghtly broader than a monoradical spectrum.
distance regime that challenges other techniques. Thus, the f|r_1al tgsk in the str_uctural assessment of the t_rlchogln

The distance determined for the trich-4,8 matches well to that GA IV peptide is to reconcile these results with the distance

expected from the crystal structure. As shown in Figure 4, the meTa;]sureme_nts of the pr_ewousbsectlodn_. he trich-4.8
trich-4,8 distance suggests thathelix is the dominant folded e prominent outer wings observed in the trich-4,8 spectrum

structure in the C-terminal region of the peptide. There may be arise from significant dipolar couplilng. We recenftly reported
structural contributions from13-helix or unfolded conforma- ESR measurem_ents and _spectral f|_tt|ng on a series of doubly
tions, but in the presence ofhelix, these may not contribute TOAC-labeled, S|xteen-re3|dl_Je Ala-rich pept|de_s, and the results
significantly to the half-field intensity given ther#/dependence. .Of these measurements provide a re_ference_pomt for understand-
Allowed ESR spectra (see above) suggest that this region of'"9 the trich-4,8 spectrum: The Ala-rich .peptldes are called 3KT
the peptide is conformationally heterogeneous, but clearly, _‘T_?]d are based 0? the orlglnatl) 3K (fjei'gnTgA'\éaqugsle%& a!.
a-helix is a significant conformer. This is discussed further e sequence of one member of the -labeled series

below relevant to the study here, the 3KT-4,8, is given in Table 2.
Finélly the trich-1,8 distance of 12.0 A is only a little longer Circular dichroism and distance hierarchies from double TOAC
than the 11.4 A expected from the crystal structure. The inherentexperiments es_tabl1i4sh clearly that these peptides fold as well-
error of 0.8 A suggests that it is not worthwhile trying to strgcture(_ja-h_ellces. The ES.R spectrum of_the_SKT?4,8_and
interpret any differences in these two values. Again, there may a simulation Incorporating dipolar couplmg IS given In Elgure
be unfolded conformers contributing to the overall structure, 5 The spectrum 1Is dommatgd. by the d|po!ar |nteract|on,' as
but the approximate agreement between the half-field and indicated by the large 75 G splitting, and the distance determined

crystallographic values suggests that there is a significantfrom the fit is 6.6 A. )
population of peptide that is fully helical in solution. The outermost features of the trich-4,8 spectrum match well

Conformational Heterogeneity of the Central and C- to the 75 G splitting in the 3KT-4,8 spectrum. This suggests
Terminal Regions. Half-field measurements on the trich-4,8 that the distance for the folded conformer contributing to the
peptide suggest an-helical structure for this region of the ~ trich-4.8 spectrum adopts approximately the same geometry as

peptide. However, the allowed ESR spectrum at 200 K (Figure ™ (30) Marqusee, S.; Robbins, V. H.; Baldwin, R. Broc. Natl. Acad.
2) is complicated and clearly indicates a mixture of conforma- Sci. U.S.A1989 86, 5286-5290.

tions. In addition, the half-field distance of 12.0 A determined
%or the trich-1,8 peptide should give an average dipolar
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Figure 6. Percent ofa-helix as determined from the trich-4,8 fits in
Figure 5. An interesting feature is the decrease in the fraction of folded,
helical peptide at low temperature.

the 3KT-4,8, which isx-helix. As discussed in sections above,
the central region of the spectrum appears to be that from an
uncoupled biradical, which most likely arises from a population
of unfolded conformers. Thus, the most conservative way o Figure 7. Schematic representation of the two trichogin conformers
interpret the trich-4,8 spectrum is to model it as a superposition suggested by this study. The amide nitrogens are shown in black, and
of only two spectra where one corresponds to that of an ideal the remaining backbone and side chain atoms are shown in gray. On
4,8 doubly labeled:-helix and the other to that of an uncoupled the leftis the folded conformer in a predominatishelical conformation
biradical. (¢ = —63°, = —42°) and lacking the N-terminal kink identified in

To perform this modeling, we used the simulation of the 3KT- the crystal structure. On the right is the same structure, with helical
4,8 for thea-helical spectral compone8t and the monoradical turns at the N- and C-termini but with fully extended back_bone torsion
trich-4 spectrum to represent the uncoupled biradical component2"9'€s ¢ = 180, v = 180) for Gly 5 and Gly 6. Coexistence of

) . - . these two conformers in nearly equal proportions is consistent with

S.. Given these two normalized basis spectra, the normalized

- . e . the allowed and half-field ESR measurements on the TOAC-labeled
trich-4,8 absorption mode spectra were fit with the relation analogues.

S=p.S, T (1= PIS, )

where the single fitting parametey, represents the fractional

opulation ofo-helix. The resulting least-squares fits are shown - )
pop o d d . By usingp, = 0.46 determined at 120 K (where the half-

in Figure 5. The absorption mode spectra show that this fitting field btained clatoe 75 A
procedure captures the main features of the trich-4,8 spectra.'€/d measurements were obtained), we calculalig= 7.5 A,

In contrast, the derivative spectra show that this fitting procedure ¥vh||(;:h agrees well W'Elr_‘hthe drllstan.ce de&ermmed frork:l the half;]
does not reproduce the central line of the uncoupled component, leld measurements. Thus, there is no discrepancy between the
half-field and allowed ESR measurements. The central and

The central line of the simulated spectrum is sharper by c inal : f trichogin GA IV f ionall
approximatef 2 G than the central line of the experimental trich- -terminal regions of trichogin are conformationally
| heterogeneous in solution, and the half-field measurement gives

4,8 spectrum, which, in turn, indicates that there is still residua - .
biradical broadening in the central region of the trich-4,8 a slightly longer than expected distance because of the presence
of unfolded conformers.

spectrum.
Comparison of the trich-4,8 spectra at 200 (Figure 2), 180, Discussion
and 160 K (the latter two in Figure 5) reveals a temperature
dependence where the population of the strongly coupled Allowed g~ 2 ESR spectra and distances determined from
component decreases as the temperature is lowered. Thidalf-field transitions offer complementary views of peptide
temperature dependence is plotted in Figure 6, and below 160structure. Allowed spectra are excellent for measuring relatively
K, no further decrease im, was observed. An interesting feature close distances<8 A) and for identifying conformational
of Figure 6 is the demonstration of a “cold denaturation” trend. heterogeneity. In contrast, half-field measurements can detect
This is discussed further below. longer distances, out to 12 A in this present study, and yield a
Figure 5 demonstrates that the allowed ESR spectrum of the 1/r6 weighted view of local structure. Combining these tech-
trich-4,8 peptide fits reasonably well to a superposition of a niques to study a partially folded peptide gives a structural
spectrum of ar-helix and an unfolded component where the perspective that would not be accessible to either technique
latter exhibits little detectable biradical coupling. We can now alone. For example, the half-field distances suggest that trichogin
use these results to further interpret the half-field result for this GA IV adopts a rather uniform-helical structure in MeOH, a
peptide. Distances determined from half-field intensities rep- result that would agree with published NMR and circular
resent an average where each component is weightedrby 1/ dichroism studied.However, the trich-4,8 and -1,8 spectra do
For the two species identified in the trich-4,8 spectra, the averagenot support the assignment of unifolmhelix to trichogin GA

unfolded conformers, respectively. Studies with the 3KT-4,8
suggest that, is approximately 6.6 A. It is impossible to know
ry, but we can estimate an upper boundrgg by settingr, =

half-field-determined distance is given by IV. The trich-4,8 spectrum in particular suggests a heterogeneous
structure. We reconcile these disparate results by assigning a

1 P 1 +@1- pa)l (3) well-ordered helical structure to the N-terminal region of the

o To ré peptide (positions 1 through 4) and a mixed helical/unfolded

structure to the central and C-terminal regions (positions 4
wherer, andr, correspond to the 4,8 distances éohelix and through 8), as shown schematically in Figure 7. Thus, even in
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a helix-promoting solvent such as MeOH, trichogin GA IV with  observed for well-structured-helical or 3¢-helical peptides’
its three Aib residues does not fold to a well-ordered helix. ~ Only at 200 K does the spectroscopic signature of a strongly
This finding of partially folded conformers is relevant to the coupled component become apparent. Thus, the 298 K ESR
general study of peptides in solution. Peptides rich in Aib, such data also support the existence of unfolded conformers. It is
as the peptaibols, are usually studied by X-ray crystallography. interesting to note that, in the preliminary NMR work, there
Crystallographic work has revealed a wealth of information was a lack of medium-range connectivities and the authors
including identification of different helical pitchea; and 3o- interpreted this to indicate possible flexibility.
helix, and the determinants that favor various secondary Whereas this present study clearly documents the existence
structures (see, for example, ref 12). It is often assumed thatof central and C-terminal unfolded conformers, it is difficult at
the crystallographically identified structure will apply to solution.  this stage to determine the nature of the unfolded conformers.
While this appears to be a safe assumption for large proteinsWe can consider, however, two limiting cases. In the first case,
and nucleic acids, such an equivalence between solution andesidues 510 are classical random coil and exist among a
crystal structure may not hold for peptide folds of limited random ensemble of conformers. On average for this model,
thermodynamic stability. Indeed, there has been considerablethe distance between residues 4 and 8 is substantially greater
interest in developing NMR and ESR methods for studying Aib- than that for a foldedx- or 3;-helix. In the second case, we
rich peptides and, only recently, have such methods revealedfocus on the consecutive Gly residues at positions five and six.
detailed polypeptide backbone fol@%3+33 (Note that NMR Gly is a strong helix breaking residue in media of both low
studies of Aib-rich peptides can be hampered by Aib’s lack of and high dielectric constaft,and -Gly-Gly- may serve as a
a Co proton.) The methods presented here represent a newhinge point between two short but stable helical stretches. The
approach for exploiting TOAC labeling to reveal detailed short C-terminal helical region would be defined dhelical

solution peptide conformations. hydrogen bonds 6— 10 and 7— Lol. We have constructed
Similar to the longer peptaibol alamethicin, the crystal Molecular models and, by allowing Gly 5 and Gly 6 to adopt a
structure of trichogin GA IV reveals a mixedigda-helix. fully extended conformationg( = 18(°, v = 18C°), the

Alamethicin adopts a helical structure in both the Crysta| and internitroxide distance in tI’iCh-4,8 exceeds 12 A Such a distance

in solution, although a recent paramagnetic relaxation NMR Would give only weak dipolar coupling in the allowed ESR
study indicates that it exhibits limited internal flexibilitg Our spectrum as observed. We favor the second case, shown in
results indicate that trichogin GA IV in solution may be Figure 7, because it preserves a largely hydrogen-bonded
substantially more flexible than alamethicin and, perhaps, structure as suggested by the published infrared spectra. In either
significantly unfolded over the central and C-terminal regions case, it is very likely that the flexibility in the central region
of the peptide. Such a result is not surprising given the peptide’s Would be reduced by Gly—~ Ala or similar helix-favoring
short sequence and consecutive Gly residues at positions fivesubstitutions at positions five or six. Such substitutions may
and six. Despite this apparent internal flexibility, however, offer a new strategy for modulating the membrane-modifying
trichogin GA IV remains a potent membrane-modifying peptide. Properties of trichogin GA IV.
Although existing models propose a helical structure for  Finally we note that Figure 6 reveals an interesting and
trichogin GA IV in membranes, the results presented here unexpected feature of trichogin GA IV. Typically, the folded
suggest that perhaps other conformations should be considerednelical state is favored at low temperature. For example, in
when developing biophysical theories of peptaibol channel agueous solution, structural studies on Ala-rich peptides dem-
formation. onstrate an increase in helix content as the temperature is
It is interesting to compare our results with previous confor- réduced (see, for example, refs 30, 35). For trichogin GA IV,
mational studies of the trichogin GA IV peptide. Preliminary Figure 6 suggests a gentle trend in the opposite direction; the
NMR work on trichogin GA IV in MeOH, based on ROESY fraction of helix decreases as the temperature is reduced. In other

connectivities, hydrogen exchange, and NH temperature coef-Words, below 200 K, trichogin GA IV exhibits cold denaturation.

ficients, suggests a fairly uniform-helical structuré.Circular There is only one previous report for cold denaturation of helical
dichroisn## and infrared spectroscop¥ support this assign-  Peptides, and this was for a series of mainly Ala-rich helices in
ment. The crystal structure also identifies a primasitpelical water/hexafluoro2-propanét.Cold denaturation, which arises

structure but with a @rhelical N-terminug. On the basis of ~ When the unfolded state has a higher heat capacity than the
the crystal structure, it was suggested that ion channels mightfolded state, plays a key role in the thermodynamics of protein

form with aligned Gly residues forming the channel lumen. Our folding because it provides insight into the temperature depen-
results indicate that-helix is the primary folded component ~ dence of the folding free enerdyOur results on trichogin GA

but it is in equilibrium with central and C-terminal unfolded !V in methanolic solution suggest that cold denaturation may

conformers. Of course, the ESR data presented here wereP€ @ general property of helical peptides. Above 200 K we do

obtained at 200 K and below, whereas the NMR and other Not know whether this trend continues, but as discussed above,
spectroscopic data were obtained at 298 K. Is it possible, then,ESR spectra at 298 K suggest a persistence of the unfolded
that uniforma-helix is dominant at room temperature and the conformers.

unfolded conformers observed here are a result of the low-
temperature condition? This issue is addressed in our preliminary
ESR work on this series of peptides where spectra were obtained By combining allowedg ~ 2 ESR with half-field distance

at 298 K. We found that at 298 K the trich-4,8 peptide gave measurements, we have developed a new strategy for character-
weak biradical coupling with much less coupling than has been jzing multiple conformations in partially folded peptides. This

(31) Gratias, R.; Konat, R.; Kessler, H.; Crisma, M.; Valle, G.; Polese, (34) Li, S. C.; Deber, C. MNat. Struct. Biol.1994 1, 368-373.
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