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ABSTRACT. Alamethicin is a 20 amino acid antibiotic peptide produced by the soil fungus Trichoderma
viride. The peptide inserts into bacterial membranes and self-associates to form ion channels, but the
details of this process are unknown. Residue-specific acid- and base-catalyzed exchange data were obtained
for 16 of 18 backbone amides of alamethicin dissolved in sodium dodecyl sulfate micelles using high-
resolution 2-dimensional heteronuclear nuclear magnetic resonance spectroscopy. To facilitate interpretation
of the exchange data, we synthesi2¢@dcetyleo-aminoisobutyric acidN'-methyl andN-acetyl-alanine-
N'-methyl and measured the pD dependence of their hydredeuaterium exchange rates to determine

the sequence-dependent inductive and steric effects of-drainoisobutyric acid residue. Intramolecular
H-bonding in alamethicin was monitored through the exchange parankgtefminimum exchange rate)

which indicate that the backbone is significantly more stable than the backbones of alanine-based helical
peptides. Rapid exchange at Gly-11 suggests a highly local conformational flexibility in the middle of the
peptide. Interactions with the detergent micelle were revealed by the exchange paramgie(spDf
minimum exchange) which suggest that the N-terminus of alamethicin interacts more strongly with the
detergent micelle than does the C-terminus. A periodicity ipipDifference data reveals that one surface

of the helix interacts more strongly with the micelle. The surface consists of residues 1, 5, 9, 13, 16, and
20. The opposite face of the helix contains several polar residues (two glutamines and a glycine), suggesting
that, on average, this face of the helix is directed toward the solvent. These results serve as a model for
the interaction of the peptide with membranes containing anionic lipid. In combination with published
molecular dynamics simulations [Gibbs et al. (19BiQphys. J. 722490-2495], the present results also

offer insight into the mechanisms of hydrogemheuterium exchange in helical peptides.

Progress in elucidating the structures, dynamics, andings @). The opening and closing of the pores can be
folding pathways of intrinsic membrane proteins has been controlled by the application of a potential difference across
slow because membrane proteins are usually insoluble inthe bilayer which has made alamethicin a valuable model
water, they do not crystallize easily, and they are difficult for the voltage-gated ions channels of nerve and musgle (
to obtain in large quantities. Natural and synthetic peptides Alamethicin structure and dynamics have been studied in
have proven to be useful for modeling the interactions a variety of solvents and with the use of molecular dynamics
between proteins and lipid bilayers and have provided insight simulations. A high-resolution X-ray diffraction structure was
into peptide secondary structure formation, the insertion of determined by Fox and RichardS) (on crystals grown in
helices into bilayers, and the association of transmembrane90:10 acetonitrile-methanol. The crystals hold three slightly
helices within membranedl), One of the most intensely  different bent helices, containing predominandlyhelical
investigated model peptides is alamethicin, a 20 amino acid H-bonding with different numbers ofiginteractions. In both
antibiotic produced by the soil fungiisziride. The antibiotic methanol {0—12) and aqueous detergent solutioh8)(only
activity of the peptide is thought to occur by virtue of its enough NOE and J-coupling data have been obtained to
ability to breach the integrity of bacterial membranes,
although the mechanism by which this occurs is not :Abbreviations: Aiba-aminoisobutyric acid; DSS, disodium 2,2-
completely understoo@{4). X-ray diffraction studies show  dimethyl-2-silapentane-5-sulfonate; EDAC, 1-ethyl-3-(3-dimethylamino-

that, at low concentrations, alamethicin adsorbs onto the Propy)carbodiimideHCI; HMQC, heteronuclear multiple-quantum
’ ' coherence; K(L), amide proton left of the sidechain;R), amide

surface of a membrane deforming & (At higher concen- ;100 right of the side chain; HSQC, heteronuclear single-quantum
trations the peptide inserts across the bilayer and self-coherenceks, acid-catalyzed exchange rate;, base-catalyzed ex-
associates to form ion channels which have been investigate¢hange rateks, conformational closing rate constarip, molar

. . 3 ionization constant of BD; kp,0, water-catalyzed hydrogen exchange
structurally by neutron in-plane scattering ¢) and func rate constantk. rate of ﬁydrogen exchange at the gD Kop

tionally by single-channel, patch-clamp conductance record- conformational opening equilibrium constarks, conformational
opening rate constank.,s measured hydrogen exchange ratg; k
calculated random coil hydrogen exchange rate; Me, methyl; NMR,
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loosely fold the peptide into a helical conformation, and this the interactions between the peptide and the micelle surface.
has been interpreted to suggest that the peptide backbone i§he latter provide a model for the interaction of the peptide
highly flexible in these solvents. Molecular dynamics with anionic lipid.
calculations {4, 15) and nitroxide enhancement %1 NMR
relaxation rates 16) also suggested significant dynamic MATERIALS
flexibility in the peptide backbone. In contrast, residue-  !SN-labeled and unlabeled alamethicin were prepared and
specific NMR relaxation studies, which monitor backbone purified as described in refl. SNH,CI (99.5 atom %'°N)
fluctuations on the picosecond time scal€r, (L8) suggested  from Isotec Inc. (Miamisburg, OH) was used as external
that in alamethicin a stable secondary structure is formed reference for'>N NMR spectra.’>NH,Cl (2.9 M) in 1 M
throughout its length both in methanol and in aqueous HCI resonates at 24.93 ppm relative to §IH(28). Sodium
detergent solution. In methanol (a mild helix-promoting dodecyl-Ds sulfate (98.6 atom %H) was from Cambridge
solvent; refl9), indications of a stable helix come from the Isotope Laboratories (Anover, MA). Standard buffer solutions
observations of a possible helix macrodipole effect on amide (Fisher Scientific Co., Fairlawn, NJ) were used to calibrate
proton chemical shifts1@), from the small temperature the pH meter. Citric acid, trisodium salt dihydrate (Sigma
dependence of the amid¢l (12) and carbonyl3C (20) Chemical Co., St. Louis, MO), and succinic anhydride
chemical shifts, and from backbone amide hydrogen ex- (Eastman Kodak Co., Rochester, NY) were used as buffers
change measurementaly. in the measurements of hydrogen exchange of the model
Amide hydrogen exchange measurements, obtained withdipeptides.N-Acetylalanine, o-aminoisobutyric acid, and
the use of high-resolution NMR spectroscopy, are one of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid¢Cl (EDAC)
the few technigques which can provide information about were from Sigma Chemical Co., and acetic anhydride was
protein dynamics on the millisecond to nanosecond time scalefrom Fisher Scientific Co. MethylaminelCl was from ICN
at virtually atomic-scale resolutior2®, 23). Measurements  Biomedicals Inc., Aurora, OH.
of backbone amide hydrogen exchange rates provide site-
specific information about fluctuations in backbone confor- METHODS
mation usually considered to be hydrogen bond breaking Synthesis and Purification of N-Acetyl Amino Acitt N
events R4). Dempsey and HandcocR%) measured amide  Methyl Amides. Micetyl a-aminoisobutyric acid was syn-
hydrogen exchange rates of lipid vesicle-associated alame-+thesized fromx-aminoisobutyric acid and acetic anhydride
thicin to obtain information about the dynamics of the peptide as described in re29. Acetylation was confirmed with the
in a lipid environment. Because of the limited solubility of use of ninhydrin, and the product was purified using reverse-
alamethicin in water and the slow tumbling of the vesicle- phase HPLC11) with pure water as eluant. The amidation
associated peptide which precluded measurement of its NMRreactions were done by reactiNgacetyla-aminoisobutyric
spectrum, exchange trapping experiments were used to obtairacid orN-acetyl alanine with methylamine; amide formation
the exchange data. Exchange protection factors were calcuwas promoted by the water-soluble carbodiimide, EDAC
lated at a single pH value which has the limitation that shifts (29). The reaction mixtures were left to react overnight and
in pHmin can lead to erroneous exchange protection factors.were then purified by reverse-phase HPL& NMR
Interestingly, the data provided valuable and detailed infor- spectroscopy confirmed the identity of thieacetyl amino
mation about the stabilities of the hydrogen bonds of the acid N'-methyl amides.
molecule dissolved in water, a state which has been little  Hydrogen Exchange and NMR Spectroscofly.NMR
studied. Hydrogen exchange from the membrane-associatedxperiments were done on a Bruker AMX500 NMR spec-
state yielded an amide exchange protection profile that is trometer usig a 5 mminverse broadband probehead with
significantly different from that measured in the aqued® ( the inner coil tuned tdH and?H (lock) and the outer coil
and methanol-solubilized state®lj. tuned to ™N. Details of the acquisition and processing
Detailed information about the dynamics of alamethicin parameters are given in the appropriate figure legends.
is necessary for a full understanding of its biological and Assignments of théH and?*N NMR resonances of alame-
structural properties. For example, flexibility in the peptide thicin dissolved in aqueous detergent solution were described
backbone could contribute to the mechanism of insertion into earlier (L8).
membranes, the formation and stability of por28) (channel For the measurement of HD exchange of thecetyl
noise, and the nature of the channel lumen by changing theamino acidN'-methyl amides, the procedure described in
orientation of backbone and side-chain residues in the lumenref 30 was followed. Concentrated solutions of tReacetyl
(15). To determine residue-specific backbone dynamics on amino acidN'-methyl amides were made by dissolving a
alamethicin dissolved in aqueous detergent micelles, weweighed amount of amide in 1 mL of a,8 solution
carried out hydrogen exchange measurement&\vtabeled containing 50 mM buffer and 0.5 M KCI. The buffers were
peptide using 2D heteronuclear NMR spectroscopy. The either succinate, for pH-46.5, or citrate, for pH 4 and below.
principal advantage to measuring exchange from SDS Solutions (0.8 mL) containing the same buffer and salt
micelles compared to lipid vesicles is that, owing to the small concentrations as the concentrated amide solution but dis-
size of the detergentpeptide complex, the full pH depen- solved in DO were used to dilute 0.1 mL of the amide
dence of exchange can be measured directly by NMR solution at 5°C. After the solutions were mixed a series of
spectroscopy. As the effects of micelles on exchange havelD *H NMR spectra were acquired at various times a€5
been studied systematicall@®), those results can be used The amide proton intensities were integrated. In all exchange
in the interpretation of peptide exchange data. The presentexperiments the pH values were measured at room temper-
results reveal the hydrogen bond stabilities of alamethicin ature (22°C) after exchange was completed. The pH meter
dissolved in aqueous detergent as well as information aboutreading in DO (pDweag Was corrected using the following
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relationship: Hy(L)

pDcorr = pD

4+04 (1)

rea

(31). The K, values of citrate and succinate at 20 are ar
higher by 0.06 units compared to those atG (30, 32). : Hu(R)
Since the experiments were done at& and the pH was AL
read at 20°C, the pH at 5°C was calculated using the
following relationship:

L L . L

L
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For the HD exchange experiments on alamethicin, a jk Lf
d

solution containing 150 mM SDS-Pand 20 mM NaHPQO,
solution in RO, the pH of which had been adjusted, was 5n - 5 ‘ 0
used .to. dilute a solution of alamethicin dissolyed ipCH IGURE 1: The amide regions of representative 500 MHAMR
containing the same SDS and buffer concentrations. Severagpectra of approximately 44 mM-acetyl-AibN'-Me in 50 mM
HMQC spectra §3, 34) were acquired at different times  succinate, 0.5 M KCl, 87.5% @, and pRo, 5.2 at (a) 6 min, (b)
following the mixing at 27°C. Low-resolution HMQC 35 min, (c) 135 min, and (d) 1034 min after dissolution &G
spectra took 20 min to acquire, and high-resolution HMQC U2 Paes) S00 s o o hrekaturation of the water
and HSQC §9) spectra were acquired over 5.5 h. Fpr well- esonance, a spectral width of 6024 Hz, an acquisition time of 1.36
resolved cross peaks the cross-peak volumes were 'ntegrateé, and processing with 1 Hz line broadening. Inset: Nonlinear least-
In the low-resolution spectra, where two cross peaks were squares fits of the exponential HD decays of therelsonances of
not completely resolved, the combined cross peaks wereN-acetyl-AibN'-Me: filled circles @), Hy(R); open circles @),
integrated and peaks from Elices were also analyzed. ggf(ih)édTPnerg?g; (R) and left (L) amides, i{R) and (L), are as
Data Analysis.The NMR peak integralsaj at each time '

(t) were fit to a three-parameter equation using the software Aib-N'-Me were used to calculate the sequence-dependent

Passage to determine the exchange rajg) @t each pH steric and inductive effects on the amides to the left and right
_ of the Aib methyl side chains as described by Bai et20).(
a=a,exp(k,d) +b ®3) However, the measuredys of the Hy(L) of N-acetyl-Aib-

N'-Me was used ag. for Aib 1. The k. for Phol 20 was
calculated with the C terminus as a neutral carboxylic acid.
The validity of this is discussed below.

The baseline valueb] originates in the KO present after
dilution of the sample. Since the exchange experiments for
alamethicin in SDS solution were conducted at°Z7 the
predicted exchange ratdscf at 20°C were extrapolated to RESULTS

27 °C to allow for comparison with experimentaj,s using )
the equation and data fror3Q): Hy Exchange Rates of N-Acetyl-Aib-Me. Backbone

amide hydrogen exchange rates in proteins must be corrected
k.(T) = k(293)expF-E(1/T — 1/293)R] 4) for sequence-dependent inductive and steric effects. Molday
et al. 37) and Bai et al. 80) measured these effects for the
whereE, is the activation energy which is 14 and 17 kcal/ 19 common.-amino acids and glycine usirigracetyl-amino
mol for ka andkg, respectively, an® is the universal gas  acidN'-Me dipeptides dissolved in water. Dempse&1)(
constant. measured these effects for the Aib residud&liacetyl-Lys-
The pH,r values were plotted versiks,s and these were  Aib-N'-Me dissolved in deuteriomethanol. Because of the
fit to a two-parameter equation using the software Ka- importance of carefully measured sequence-dependent effects

leidograph: for the proper interpretation of protein hydrogen exchange

and the additional difficulties associated with pH measure-
Kops = K410 PP + kg 10D~ PKo) (5) ment in methanol38), we synthesized an Aib-containing

molecule similarly to the syntheses by Bai et &0)(and

whereky is the acid-catalyzed exchange rate constianis measured its amide hydrogen exchange rates under conditions

the base-catalyzed exchange rate constant, pD is thg,pD identical to those described in r80. As a control, we also

and Kp is the molar ionization constant of,D which is synthesizedN-acetyl-AlaN'-Me and measured its amide

1071565t 5°C, 107159 at 20°C, and 1048%at 27°C (30, exchange rates. Figure 1 shows the amide regions of

32). Hydrogen exchange catalyzed by water can be signifi- representative'H NMR spectra of N-acetyl-AibN'-Me

cant especially near the pfa for polar amino acids30). dissolved in RO at different HD exchange times at°&

However, because of a paucity of data near the,pr and pDyr 5.2. The inset shows sample plots of integrated

most of our experiments, we did not include a tég for peak areas versus time and the nonlinear least-squares fits

the water-catalyzed exchange rate constant. This has littleof the data to monoexponential decays.

effect on the determination d§y and kg, especially since Figure 2 shows the measured pD dependence of HD

most of the residues in alamethicin are nonpolar. In the fitting exchange for the k(L) and Hy(R) of the Aib and Ala

procedure, the observed data were weighted by the reciprocallipeptides. The curves through the Aib data are nonlinear
of their magnitude so as not to favor points far from the least-squares fits weighted as described in the Methods
pPDmin (24, 36). The exchange measurements Mdacetyl- section. The curves through the Ala data were calculated
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S ' ' ' Ty terminal to the Aib not found in our dipeptide. Model
Wi Hw(m) -7 compound studies show that this will slow exchange by a
1otL ] factor of about 2.5. For example, the addition of an Ala to
K, (min.™) N-methyl acetamide slowed exchange at the,pHy 2.3-
10%F 3 fold (37), and there is a 2.8-fold difference between khg

for N-Ac-Ala-N'-Me (L) andN-Ac-Ala-Ala-Ala-N'-Me (30).
In summary, the measurég, values for the different Aib
model compounds dissolved in methangll)( and water
(Table 1) are in excellent agreement.

The difference in uncorrected pia for the Hy(R) of Aib

27 ' ' ' ' LT in N-acetyl-Lys-AibN'-Me dissolved in deuteriomethanol
(21) andN-acetyl-AibN'-Me dissolved in deuterated water
1 is 0.86 units. Most of this difference is accounted for by the
additional peptide unit in the former compound. For example,
addition of a peptide bond tbl-methyl acetamide lowers

] the pDhin by 0.76 units 87), and the additional peptide bonds
in N-Ac-Ala-Ala-Ala-N'-Me compared tdN-Ac-Ala-N'-Me
withdraw electrons and lower the gl by 0.9 units 80).
However, the Lys side chain iiN-acetyl-Lys-AibN'-Me
would be expected to suppress acid catalysis, enhance base

01

Ko, (min. ™)

PDeon
Ficure 2. The dependence of the HD exchange rates o0 catalysis, and shift the pf, to lower pD by a further0.4

N-acetyl-Aib-N'-Me (®) andN-aetyl-AlaN'-Me (O). The best fits

of the Aib peptide data to eq 5 are indicated by the solid lines. The units 30). This is the minimum shift expected since the

dashed lines were calculated from the data of Bai et34)) for exchange oN-acetyl-Lys-AibN'-Me was measured in the
N-acetyl-AlaN'-Me andN-acetyl-GlyN'-Me. absence of salt, whereas the measurements of Bai &Cal. (
were done in 0.5 M KCI which would partially screen the
Table 1: Calculated HD Exchange Parameters for positive charge on the Lys side chain. On the basis of these
N-Acetyl-Aib-N'-Me at 278 K in 0.5 M KCl considerations, the pf values measured for the model
log ka log ks Kmin compounds in methanoRq) occur at pD values which are
M7 min) (M~ min™) (min™) PDrmin higher than expected, perhaps by as much as @4 pD
(L) 2.86 8.77 196102  4.87 units. This suggests exercising caution when comparing the
(R) 3.30 7.97 129¢10 549 absolute pRi, values measured for alamethicin dissolved

using the exchange parameters reported by Bai eB6). ( in the two solvent systems.

and indicate excellent agreement between our measurements Intrinsic Hy Exchange Rates in Alamethicitdeally,
of base- k) and acid-catalyzedk{) exchange rates, the pD determination of the e_ffects of secor_1dary structure on the
of minimum exchange (pRy), and the rate of exchange at ates of backbone amide exchange in a pepnde requires a
the pDhin (knin). The curve showing the pD dependence of Measurement of the rates of HD exchange in an unfolded
the Gly dipeptide in Figure 2 was derived from the results molecule. The high helix propensity of Aib residues has been
reported in ref30. The shifts to higher pD for the Ala  noted by others39), and this makes unfolding of alamethicin
dipeptide as compared to Gly, particularly for the(R), a difficult task @0). An alternative is to compare the
are due to electron donation by themethyl substituent =~ measured rates of exchange to those predicted for a
which increases the basisity of the amide thereby increasingcompletely unfolded peptide using the rates of exchange for
the acid-catalyzed exchange rate and decreasing the baseRoly-D,L-alanine corrected for sequence effects. The predicted
catalyzed exchange rate. The effect of nethyls in Aib Ka, Ks, PHmin, and kmin for an unstructured alamethicin
is to shift further the pD dependence of amide exchange to molecule dissolved in water at 2T are listed in Table 2.
higher pD. The downward shift of the Ala dipeptide curves These values were calculated from the lag1.62), logks
compared to those for the Gly dipeptide are due to a steric (10.05), and logkp,0 (—1.5) values adjusted to 27C for
effect of thea-methyl. Steric blocking is larger for the L poly-D,.-alanine and the amino acid side-chain correction
than for the R peptide klas shown by Bai et al30). Our factors published in re80. Correction factors for the Aib
data also show that additional steric hindrance to hydrogenresidues to the right and left of the exchanging amide were
exchange is conferred by the second methyl in Aib compareddetermined by subtracting the Iég{ measured foN-acetyl-
to Ala. Ala-N'-Me from that measured fdv-acetyl-AibIN'-Me. The

The calculated base- and acid-catalyzed exchange rateska™ andkg™ of Aib 1 were calculated relative to the measured
the pDnin, andkmin for the Aib dipeptide at 3C are listed in ka andkg of the Hy(L) of N-acetyl-Aib-N'-Me rather than
Table 1. If the values reported in réfl for N-acetyl-Lys- relative to PDLA. There is a 2.4-fold difference in the rates
Aib-N'-Me dissolved in methanol at 2« are corrected for ~ of exchange betweed-Ac-Ala-N'-Me (R) and PDLA 80).
the temperature difference between our experiments (seeThe ka™ andkg™ for the C-terminal phenylalaninol amide
Methods), thekyi, of the L-amide of Aib is about 29-fold  were calculated using the correction factors for a neutral
greater in water. The increased exchange rate is duecarboxyl terminus30). An alternative is to use the \{R)
partly to the higher catalyst concentrations in water of N-Ac-Ala-N'-MA. This calculation enhancdg' by about
(10PKerson = PKza)2 = 101667141702 = 16.4; ref 21). In 100-fold, reducesg™ by about 10-fold, increases pi° to
addition, N-acetyl-Lys-AibN'-Me has an amino acid N- 4.27, and reducels,n® only slightly.
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Table 2: Amide Hydrogen Exchange Parameters for Alamethicin Dissolved in Aqueous SDSGit 27

kArc kAobs kBrc kBobS kminrc kmiHObS
residue (M~ min™?) (M~ min™?) (M1 min™?) (M~ min-?) (min1) (min—1) PDnmin'® PDmin®°s
Aib-1 1269.6 1587.1 116 10° 1.77 x 107 0.097 1.33x 102 4.42 5.38
Aib-3 46.1 46.6 1.46< 10° 4.34x 10° 0.025 3.58x 10 3.65 5.41
Ala-4 225.8 1.11 2.0 10 1.69x 1¢° 0.060 3.44x 10°° 3.92 4.81
Aib-5 71.4 1.25 2.55¢ 10° 2.67x 10° 0.042 4.59x 10°° 3.62 4.74
Ala-6 225.8 3.98 2.0% 1 9.59x 10¢ 0.060 4.91x 10°° 3.92 5.21
GIn-7 24.8 243 2.55 100 1.11x 108 0.141 1.30x 104 2.89 4.57
Aib-8 38.3 2.40 4.04¢ 10° 2.06x 10° 0.018 1.77x< 1074 3.39 4.43
Val-9 41.1 1.79 4.04 1C¢° 2.30x 10¢ 0.012 1.61x 105 3.90 5.35
Aib-10 35.8 0.84 1.85 1¢° 1.65x 1¢° 0.021 2.96x 10°° 3.54 4.75
Gly-11 136.0 14.9 3.7% 10° 1.13x 107 0.068 1.39x 1073 3.68 4.46
Leu-12 32.6 0.92 8.62 10° 1.36x 1P 0.068 2.82x 107 3.18 4.81
Aib-13 52.9 0.23 1.5% 10° 2.23x 10° 0.028 1.81x 10°° 3.66 4.41
Val-15 8.6 111 2.55¢ 1¢° 1.69x 1P 0.020 3.44x 10°° 3.16 481
Aib-16 35.8 1.22 1.8% 10° 3.34x 10¢ 0.026 1.60x 107 3.54 5.18
Aib-17 220.6 0.63 2.3% 10° 4.67x 10 0.019 1.37x 107 4.39 4.96
GIn-18 76.5 1.79 2.3% 10° 1.61x 1C° 0.041 6.00x 107 3.66 4.92
GIn-19 13.3 2.30 4.0% 10% 1.19x 108 0.181 1.31x 104 2.66 4.54
Pho-20 11.9 114.3 2.02 101 1.24x 1P 0.146 3.00x 104 2.78 5.88

a Note that the measured exchange data for Ala-4 and Val-15 are given identical values because their cross peaks could not be resolved in any
of the spectra.

Obsewed Hy Exchange Rates in Alamethicin Dissedl SDS-H,0 solution was diluted with SDSD,0 solution at
in SDS Solutionkigure 3 shows examples of HMQC spectra pDcor 6.0 and 6.8. Figure 5 shows an HSQC spectrum
acquired at different time intervals after an aliquot of obtained immediately upon dilution of the peptide, which
alamethicin in SDSH,0 solution was diluted with SDS indicates that all of th&°N'H cross peaks are resolved except
D,0 solution. The resolution in th®N dimension is low for Ala 4/Val 15. In the absence of evidence that the amide
because of the small number ofiRcrements; however, the  hydrogens of these two residues exchange with different
cross peaks of residues 1, 3, 6, 11, 12, 13, 16, and 20 aregates, we assume one rate for both (see Table 2). The high-
completely free from overlap and provide reliable hydrogen resolution spectra confirmed the biexponential analysis of
exchange data which fit well to monoexponential decay the low-resolution cross peak decay of Val 9/GIn 18 and
curves, representatives of which are shown in Figure 4a.indicated that the decay of GIn-18 is nearly 10-fold faster
Although they overlap slightly, the cross peaks of residues than that of Val 9 in the base-catalyzed limb of the exchange
8 and 17 are well enough resolved to provide reliable data (see Table 2). The high-resolution spectra also confirmed
hydrogen exchange data for each residue and to fit well to the conclusions from the low-resolution spectra that the rates
monoexponential decay curves. Note as well that Aib 8 of exchange for Aib 5 and Aib 10 are nearly identical in the
exchanges much more rapidly than Aib 17 at several pH base-catalyzed limb. Analysis of the decays of the GIn 7
values providing data for the latter which is free of any and GIn 19 cross peaks indicates that GIn 7 exchanges at
overlap from the Aib 8 cross peak (see Figure 3). The crossabout the same rate as GIn 19 (see Table 2).
peaks for the pairs of residues Ala 4/Val 15 and Val 9/GIn  The pD dependence of HD exchange for 4 representative
18 are also well enough resolved to provide reliable hydrogenresidues is plotted in Figure 6. The curves through the data
exchange data for the pairs of amides; however the pairsare nonlinear least-squares fits weighted as described in
themselves are not separable in this experiment. The AlaMethods. The excellent fits of our data to eq 5 and the slopes
4/Val 15 cross peak decays were fit to single- and double- near unity suggest that exchange occurs via the EX2
exponential decays with little difference in the goodness of mechanism; that is, acid- and base-catalyzed exchange occurs
the fits. On the other hand, the Val 9/GIn 18 decays in the from the open, non-H-bonded state and that the conforma-
base-catalyzed exchange region fit significantly better to tional closing ratek) is significantly greater than both the
biexponential curves than to a monoexponential curve, conformational opening rat&4) and the chemical exchange
suggesting that separation of the peaks can be achievedate @0, 41). The acid- and base-catalyzed exchange rates,
kinetically (see Figure 4b). The pairs of cross peaks Aib the pDnin, andkmin values are listed in Table 2 where they
5/Aib 10 and GIn 7/GIn 19 overlap significantly in the can be compared to the predicted exchange rates for an
exchange experiments (Figure 3). Visual inspection of the unstructured peptide. The predicted pD dependence of
spectra suggests that neither amide of the pair exchangegxchange for residues in an unstructured peptide is also
significantly faster than the other in either the acid- or the indicated by dashed lines in Figure 6.
base-catalyzed regions. The decays of both pairs of cross The measured exchange parameters for alamethicin in
peaks fit to single- and double-exponential curves with little aqueous SDS can also be compared to the predicted rates of
difference in the goodness of the fits. This suggests that atexchange in an unstructured peptide by calculating protection
most pD values, Aib 5 exchanges at about the same rate agactors (PF) forka, ks, andkmin (See Figure 7), defined as
Aib 10 and that GIn 7 exchanges at about the same rate aghe ratio of the calculated rate of exchange in the unstructured
GIn 19. molecule to the measured rate of exchange in the folded

To obtain residue-specific exchange data for the overlap- molecule. The inverse of the protection factor is a measure
ping resonances, we acquired high-resolution 2D spectra atof the equilibrium constant for the H-bond opening fluctua-
different time intervals after an aliquot of alamethicin in tion (Kop = kop/ker) in the EX2 mechanism where chemical
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exchange is much slower than the closing tateWith the

exception of Aib-1, Aib-3, and Pho-20, the residues show catalyzed exchange are for Ala-4, Aib-13, and Aib-17 at
depression of both the acid- and base-catalyzed exchang&00-400. The rest have protection factors from 10 to 50.
rates, with the base-catalyzed exchange experiencing a largef he base-catalyzed protection factors are much larger than
depression than the acid-catalyzed rates (see Figure 7a,b)t_he acid-catalyzed protection factors. The smallest calculated
The acid-catalyzed exchange in Aib-3 is the same as thatvalue is for Aib-1 followed by Gly-11 which has a protection
expected for a random coil amide but the base-catalyzed ratefactor of 334; Aib-8 has a protection factor on the order of
is depressed. The acid-catalyzed exchange rates at Aib-1 and000; Leu-12, Aib-16, and Pho-20 have protection factors
Pho-20 are enhanced, but the base-catalyzed exchange ratem the order of 19 and the rest are on the order of410
are depressed. The largest protection factors for acid- This is the opposite to what occurs in methanol where the
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Proper interpretation of the hydrogen exchange rates ;g . (a), for alamethicin dissolved in SDS were calculated by

measured for alamethicin dissolved with aqueous detergentdividing the rates of HD exchange calculated for an unstructured
requires a separation of the effects of H-bonding (peptide peptide by those observed in alamethicin and listed in Table 2.
conformational stability) from the effects of detergent on each The PFkin) values for alamethicin dissolved in metharid) fvere
; gaken from Dempsey2(l).

of the exchange parameters. Studies on model compound

(42), alanine-based helical peptide), and proteinsZ2) . . -
suggest that local unfolding of at least one peptide unit with Fi Confc;rmatlonal Staﬁ'“ty of the Aéametr(;lcm Baclijbo!’]e. f
H-bond breaking at both the NH and CO precedes acid- and'9Ure /¢ compares the sequence-dependent retardation o

base-catalyzed hydrogen exchange in secondary amides. ThED exchange in alamethicin dissolved in aqueous detergent
effect of H-bonding is to depresks and ks equally with that for alamethicin dissolved in methanol as determined

depressingmin but leaving the pRi the same as in model Py Dempsey21). Both sets of data have been corrected for
compounds. SDS has the opposite effect on HD exchange S€duence-dependent inductive and steric effects using similar,
Studies on small peptided3) and model compound£7) though not identical, reference compounds. The protection
suggest that the negative electrostatic surface of SDS micelledactors for methanol were calculated from the meastgd
elevates the local proton concentration and diminishes thefor alamethicin and exchange data for model dipeptides
hydroxide concentration effectively lowering the pH near the dissolved in methanol 20). The protection factors for
micelle. The difference between the measured bulk pH and detergent were calculated from the measikg¢for alame-

the local pH causes an apparent enhancemeRf, @ind a thicin dissolved in detergent and exchange data for paky
depression okg which are equal, resulting in an elevated alanine dissolved in wateBQ). The difference in the rates
pDmin and an unchanged#n, (27). Application of these  of exchange of the reference molecules is approximately
conclusions from the small molecule research to SDS- 2-fold, resulting in a slight inflation of the PFs for the peptide
solubilized alamethicin suggests that intramolecular H- dissolved in methanol compared to those in detergent. The
bonding can be monitored through the paramétgr and similarity in the PFkqyin) values for all residues in alamethicin
that interactions with detergent are revealed by the parameteiin the two solvents (Figure 7c) is striking and suggests that
pPDmin. EXceptions to these generalizations are possible andthe conformational stability of the backbone is identical in
are discussed below. the two most common solvents used for its study. This is

DISCUSSION
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most likely due to the high helix propensity of the Aib residue 7 T TTT T T T T T T T T TTT

due to the steric interactions of the additionainethyl group 6 F ]
(44) which limits the influence of solvent on conformation. - 1
Note that comparison of protection factors at thg, has ST ]
the advantage of eliminating sequence-dependent inductive sk g

and steric effects, the significant differences in exchange due PPmin
to different catalyst concentrations in methanol and water,

and the possible effects of differences in pD measurements 2 F b

in the two solvent systems. , L ]
The PFkmin) values indicate that the alamethicin backbone M

in methanol and SDS is significantly more stable than the %0 2 4 6 @8 1012 14 16 18 20

backbones of other peptides of similar size dissolved in water. Amino Acid

Rates of exchange at the plof a 21-residue Ala-based  Figure 8: The difference data) were calculated by subtracting
helical peptide l-Ac-[AAKAA] +-Y-NH,) are retarded by  the pDn, values measured for alamethicin dissolved in aqueous
up to 8-fold compared to PDLA2@). Thus, exchange from  SDS (8) from the pDwin values measured for alamethicin dissolved
the stable core of the Ala-based peptide is more than 100in methanol ) as reported by Dempseg ).

times faster than that from the core of alamethicin. The . ) .

termini of alamethicin are also much more resistant to Nas been observed in studies with several model compounds

exchange than are the ends of Ala-based peptides which ardhought to i'nteract prima}rily with the surface o_f th.e micelle
often described as dynamically fraye2#). In alamethicin, (27, 43). This electrostatic effect on e'xchange' |nQ|cat¢s that
exchange at residue 1 is slowed by a factor of about 8 exchange occurs fror_n Fhe; peptide in association with the
compared to a freely exchanging amide. Since neithec-an detergent micelle. This is in contrast to the H:D exchange
nor a 3¢helical conformation could provide an intramo- Measurements of alamethicin in the presence of lipig). (
lecular carbony! for H-bonding to the Aib-1 NH, the slow Those results suggested that in some circumstances exchange
exchange must reflect a stable steric interaction at the occurred only after the peptide had dissociated from the
N-terminus, present in the peptide in both solvegts £7). membrane and was in a water-soluble state. Thg.palues

The stability of the conformation at the N-terminus is also measured in detergen_t are_also 5|gn|f|cantly higher than those
indicated by the slow exchange at residue 3 most likely Measured for the peptide dissolved in metha2d) &s shown
reflecting a H-bond between the terminal acetyl and the Aib-3 In Figure 8. As discussed above, comparison of these values
NH (12). is complex in part due to the difficulty of measuring pD in

Compared to the rest of the core of the peptide, amide Methanol. However, analysis of the model compound
exchange at Gly-11 is relatively rapid, although it is certainly €xchange data (see Results) suggests that the pD values

much more resistant to exchange than all of the residues inféPorted for methanol may be slightly high so that correction
the Ala-based peptide. The rapid exchange at Gly-11 suggest£0r this effect would only magnify the differences in pi
a highly local conformational flexibility in the middle of the ~Measured in the two solvents. Figure 8 shows that thg.pD
peptide on the millisecond to submicrosecond time scale. Values in SDS appear to fluctuate about a mean value of
By comparison, substitution of a central Ala residue by a 4-9, whereas the values in methanol are lowest at the
Gly in a 20 residue Ala-based peptide results in a global N—term!nus and increase to thelr. highest vaI.ues at the
destabilization of the helix and a reduction of the fractional C-terminus 21). The latter observation was ascribed to the
helix content from 90% to 20%46). Interestingly, increased ~ direct effect of a helical macrodipole on hydrogen exchange
local flexibility is not observed on the picosecond to at the termini of the peptide2(), and the effects of an
nanosecond time scale in NMR relaxation experiments for alamethicin macrodlpple on amide proton chemlc.al shift in
alamethicin dissolved in either methanol or SDSB)( methanol have been dlscusseql previousB).(The resistance
Recently, molecular dynamics simulations of alamethicin in 10 HD exchange of the entire backbone of alamethicin
the presence of methanol confirmed the general stability of dissolved in SDS suggests that the helix in SDS is as stable
the backbone hydrogen bonds throughout the pepfifle ( 8S that pres_ent in methanol (Flgur_e 7¢) but that the effect_of
Increased flexibility was observed about the dihedral angles the macrodipole on HD exchange is masked by the negative
W of Aib-10, ® and ¥ of Gly-11, and® of Leu-12 electrostatic charg(_a on the surfacg of the micelle. As_sumlng
indicating the extent of the helix disruption caused by the that the conformation of the peptide and the magnitude of
central Gly residue. Flexibility at Gly-11 might be important the ma_crodlpo_le are similar in the two solvents, the differ-
in the mechanism by which the peptide, initially adsorbed €nces in pRi, in methanol and SDS should reveal the net
onto a membrane surface, begins to penetrate the bilayer o€ffect of the detergent on the plp values. The difference
it might be involved in mediating the conformational changes data, shown in Figure 8, are larger at the N-terminus and
involved in changing the pores between the open and closeddecrease as the C-terminus is approached. This suggests that
states. the positive end of the macrodipole at the N-terminus of
A Model for Alamethicin Interaction with Anionic Lipid. ~ @lamethicin interacts more strongly with the negatively
The pDwin Values for alamethicin dissolved in detergent are charged surface _of an SDS mlcel_le than d_oes the C-terminus
mostly 1-2 pD units higher than those calculated for an Where the negative end of the dipole resides.
unstructured molecule dissolved in water (see Table 2). This The difference pRi, data also reveal a periodicity (Figure
is likely due to the negatively charged surface of the micelle 8) not readily apparent in the original data but which suggests
which causes an apparent enhancement of acid-catalyzedhat one surface of the helix interacts more strongly with
exchange and a depression of base-catalyzed exchange arntie micelle. On the basis of the positions of the peaks in the
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difference data, that surface consists of residues 1, 5, 9, 13(24, 48). In alamethicin, exchange of the non-hydrogen-
16, and 20 whose pk) are most strongly perturbed by the bonded Aib-1 NH is retarded and the gRis among the
detergent. This definition of one face of the helix is nearly highest measured in alamethicin, so it is not necessary to
identical to one generated by molecular dynamics simulationsinvoke different conformational events for exchange cata-
of the peptide solvated by methanol (Figure 2C;I'8f The lyzed by acid and base.
conformation is predominantlg-helical but also includes Although EX2 hydrogen exchange gives no direct infor-
310 interactions involving the NHs of Aib-3, Ala-4, Val-9, mation about the structural fluctuations enabling exchange,
Val-15, and GIn-18. The conformation is bent, due to a nanosecond molecular dynamics simulations may provide
rotation of the Aib-10-Gly-11 peptide and the presence of some clues. Simulations of alamethicib( show that large-
proline at position 14, and the concave surface of the helix amplitude fluctuations in conformation occur at thié
is similar to that described by the pR difference data in  dihedral bond angle of Aib-10, th® andW¥ angles of Gly-
Figure 8. The opposite face of the helig (7, 11, 15, 19 11, and the® angle of Leu-12. If correlated fluctuations
contains several polar residues (GIn-7, Gly-11, GIn-19) and about the® and ® angles adjacent to a peptide unit were
some of the least perturbed pPvalues suggesting that, on  sufficient to permit exchange, we would expect rapid
average, this side of the helix faces solvent. exchange at the NH of residues Gly-11 and Leu-12, whereas
Many membrane-active peptides such as the antibiotic exchange at Gly-11 is much faster than at Leu-12 (Figure
magainins, cecropins, and melittid) ( mitochondrial import 7¢). This suggests that exchange at Gly-11 is facilitated by
signal sequences, and transmembrane protein segmépts ( conformational fluctuations involving at least three and
are thought to interact with membranes through a combina- perhaps four sequential dihedral bond angles as occurs in
tion of hydrophobic and electrostatic interactions. Electro- cooperative helix-coil transition®24). The slow exchange
static interactions may dominate the initial stages of peptide at the other residues in alamethicin suggests that hydrogen
membrane interaction as an unfolded, amphipathic, cationicexchange reports rare cooperative events in which several
peptide interacts with anionic lipid headgroups at the consecutive H-bonds are broken, as occurs, for example, in
membrane surface. Hydrophobic interactions then drive the unwinding of one turn of helix.
amphlpa_\thlc hellx_ formgtlon and par’qal penetration of the ACKNOWLEDGMENT
peptide into the bilayer in a topology in which the nonpolar ] )
face of the helix interacts with lipid hydrocarbon and the ~ We thank Dr. Kirk Marat and Mr. Terry Wolowiec for
cationic surface faces solvent and anionic heatjs This maintenance of the NMR spectrometer and a reviewer for
can then be followed by transient insertion of the peptide helpful comments.
across the bilayer which may be stabilized by peptide REFERENCES
peptld_e |nteract_|ons. _Ou_r r_e_sults suggest tha_t a_lamet_hlcm 1. Deber, C. M., and Goto, N. K. (199®at. Struct. Biol. 3
could interact with anionic lipid through the cationic amino 815-818.
terminus of its preformed helical macrodipole. Similar to its . Sansom, M. S. P. (199%). Re. Biophys. 26365-421.
interaction with an anionic micelle, the peptide would . Cafiso, D. S. (1994Annu. Re. Biophys. Biomol. Struct. 23
maximize electrostatic interactions with the anionic lipid 141-165. _
heads and burial of its hydrophobic groups. These results \E,;\fCh'nger' B. (1997). Membr. Biol. 156197-211.
. . ) . - u, Y., He, K., Ludtke, S. J., and Huang, H. W. (1995)
illustrate the key role of the Aib residue in assisting a neutral Biophys. J. 6823612369.
peptide to interact with a membrane. The high helix He, K., Ludtke, S. J., Huang, H. W., and Worcester, D. L.
propensity of the Aib residue drives helix formation and, (1995) Biochemistry 3415614-15618.
through the macrodipole, allows the peptide to interact /- He, K. Ludtke, S. J., Worcester, D. L., and Huang, H. W.

; . . (1996) Biophys. J. 702659-2666.
electrostatically with the membrane. The observation that o You, S., Peng, S., Lien, L., Breed, J., Sansom, M. S. P., and

some alamethicin isomers contain a single glutamic acid Woolley, G. A. (1996)Biochemistry 356225-6232.
residue near the C-terminus suggests that alamethicin may 9. Fox, R. O., and Richards, F. M. (198Rture 300 325-
also be able to interact with cationic lipid using the glutamic 10 330.

acid or the anionic end of the macrodipole. . Esposito, G., Carver, J. A., Boyd, J., and Campbell, I. D. (1987)
- . Biochemistry 261043-1050.
Hydrogen Exchange-Enabling Conformational Changes. 14 Yee, A. A., and O'Neil, J. D. J. (1998jochemistry 313135

The preceding analyses were based on the assumption that ~ 3143.

acid- and base-catalyzed hydrogen exchange is enabled by12. Yee, A. A., Babiuk, R. P., and O’'Neil, J. D. J. (1995)
local unfolding events which expose the amide and the Biopolymers 36781-792. ,

carbonyl units of each peptide to solvent catalysts. It is 13'g;?ir:g:n[')_J'SC_:t'lggi%?égh;ﬁig?%’,assénfoh;é_%éf;'s'h’ L.P.,and
possible, however, that base-catalyzed exchange occurs via14 Fraternali, F. (1990Biopolymers 301083-1099.
small-amplitude fluctuations at the nitrogen, whereas acid- 15. Gibbs, N., Sessions, R. B., Williams, P. B., and Dempsey, C.
catalyzed exchange requires larger conformational fluctua- E. (1997)Biophys. J. 722490-2495.

tions which expose the entire peptide bond (imidic acid 16- North, C. L., Franklin, J. C., Bryant, R. G., and Cafiso, D. S.
mechanism)42, 47). For such residues base catalysis would (églzﬁ), ?_I.OgTyES“ eJﬁ 27‘]1.8F§’1;ﬁg6&fi501 D. S. (198R)chem-

be enhanced compared to acid catalysis and the asymmetry sy 31, 5136-5144.

in the molecular dynamics would lower the gcomplicat- 18. Spyracopoulos, L., Yee, A., and O'Neil, J. D. J. (1996)
ing the analysis. Just such a separation of conformational Biomol. NMR 7 283-294. _ _

events for acid- and base-catalyzed exchange was necessanyt®: ?;ka;vf_';é' and Goddette, D. (1988jch. Biochem. Biophys.

to gxplain the rapid _exchange at the twp amin.o-terminal 20. YeQe, A A.,' Marat, K., and O'Neil, J. D. J. (199Bur. J.
residues in a 21-residue Ala-based peptide which are not Biochem. 243283-291.

H-bonded but was not required for the rest of the residues 21. Dempsey, C. E. (1995) Am. Chem. Soc. 117526-7534.

o upr wp



6498 Biochemistry, Vol. 38, No. 20, 1999

22.
23.
24.
25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

Englander, S. W., and Kallenbach, N. R. (198%) Rev.
Biophys. 16521-655.

Englander, S. W., and Mayne, L. (199%)nu. Re. Biophys.
Biomol. Struct. 21243-265.

Rohl, C. A., and Baldwin, R. L. (1994iochemistry 33
7760-7767.

Dempsey, C. E., and Handcock, L. J. (19B&phys. J. 70
1777-1788.

Boheim, G., Hanke, W., and Jung, G. (19B&)phys. Struct.
Mech. 9 181-191.

Spyracopoulos, L., and O'Neil, J. D. J. (199%4)Am. Chem.
Soc. 1161395-1402.

Levy, G. C., and Lichter, R. L. (197%itrogen-15 Nuclear
Magnetic Resonance Spectroscojiphn-Wiley and Sons, New
York.

Means, G. E., and Feeney, R. E. (19Chemical Modification
of Proteins Holden-Day, Inc., Toronto.

Bai, Y., Milne, J. S., Mayne, L., and Englander, S. W. (1993)
Proteins: Struct., Funct., Genet. 175—86.

Glasoe, P., and Long, F. (196D)Phys. Chem. §4.88-190.
Weast, R. C., Ed. (198QRC Handbook of Chemistry and
Physics 1st Student Ed., D163D104, CRC Press, Florida.
Bax, A., Griffey, R. H., and Hawkins, B. L. (1983) Am.
Chem. Soc. 1057188-7190.

Bax, A, Griffey, R. H., and Hawkins, B. L. (1983) Magn.
Reson. 55301—-315.

35.
36.
37.

38.
39.

40.
41.

42.
43.

44,
45.

46.

47.
48.

Yee et al.

Bodenhausen, G., and Ruben, O. J. (198%m. Phys. Lett.
69, 185-189.

Robertson, A. D., and Baldwin, R. L. (199Bjochemistry
30, 9907-9914.

Molday, R. S., Englander, S. W., and Kallen, R. G. (1972)
Biochemistry 11150-158.

Dempsey, C. E. (198®Biochemistry 276893-6901.
Augsperger, J. D., Bindra, V. A., Scheraga, H. A., and Kuki,
A. (1995) Biochemistry 342566-2576.

Hvidt, A. (1964)C. R. Tra. Lab. Carlsberg 34299-317.
Hvidt, A., and Nielson, S. O. (196@)dv. Protein Chem. 21
287—386.

Perrin, C. L., and Lollo, C. P. (1983) Am. Chem. Soc. 106
2754-2757.

O'Neil, J. D. J., and Sykes, B. D. (198Bjochemistry 28
699-707.

Basu, G., and Kuki, A. (1993iopolymers 33995-1000.
Chakrabartty, A., Schellman, J. A., and Baldwin, R. L. (1991)
Nature 351 586—588.

Liu, L.-P., and Deber, C. M. (199Bjiochemistry 365476~
5482,

Fersht, A. R. (1971). Am. Chem. Soc. 93504-3515.

Rohl, C. A., Scholtz, J. M., York, E. J., Stewart, J. M., and
Baldwin, R. L. (1992)Biochemistry 311263-1269.

BI1982959T



