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Hydrophobic core of SDS micelle

Amphotericin B in SDS m

Amphotericin B (AmB) is known to self-assemble to form an ion channel across lipid bilayer membranes.
To gain insight into the conformation of AmB in lipidic environments, AmB in SDS micelles was subjected
to high-resolution NMR and CD measurements, and the NMR-derived conformation thus obtained was
refined by molecular mechanics calculations. These results indicate that AmB in SDS micelles is
conformationally fixed particularly for the macrolide moiety. Paramagnetic relaxation experiments with
the use of MA" reveal that AmB is shallowly embedded in the micelle with the polyhydroxyl chain
being close to the water interface and the side of polyene portion facing to the micelle interior. CD
measurements demonstrate that AmB is in a monomeric form in SDS micelles. The structure of AmB in
the micelles obtained in the present study may reproduce the initial stage of membrane interaction of
AmB prior to the assembly formation in biomembranes.

Introduction part facing outward® The occurrence of such molecular
assemblies in fungal plasma membrane increases permeability
For over 40 years, amphotericin B (AmB) has been a standardto ions, ultimately leading to cell death? The pharmacological
drug for treatment of deep-seated systemic fungal infectiohs.  action of AmB is based on its selective toxicity against
Due to the lack of better alternatives as well as the infrequent eukaryotic microbes over mammalians; ergosterol-containing
occurrence of resistant straihmB is still an important drug. ~ fungal membranes are more sensitive to AmB than cholesterol-
It is generally accepted that AmB associates with sterols to form containing mammalian onég%11Consequently, the concentra-
a barrel-stave pore in phospholipid membranes, with the
polyhydroxy side pointing inward and the lipophilic heptaene
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FIGURE 1. 500 MHz 'H NMR spectrum of AmB (5 mM) in SD$hs (75 mM) and BO at 30 °C. The water signal was suppressed with a
DANTE sequence. *Signals derived from residual protons of SRS-d

tion of AmB necessary to elicit the lethal permeability is higher Results and Discussion
in biomembranes with cholesterol than those with ergosterol. Conformation of Amphotericin B in SDS Micelles. The

The structure of AmB is comprised of two conformationally NMR sample was prepared by mixing 5 mM AmB and 75 mM
rigid parts, a macrolide ring and a mycosamine sugar moiety, SpSd,sin D,O to give a clear suspension. The NMR spectrum
which are linked by a rotatabfe-glycosidic bond. Their relative  of the solution (Figure 1) gave rise to high-resolution signals
position is thought to control AmMBAmMB and AmB-sterol of AmB, which is possibly due to the rapid lateral diffusion of
interactions, where inter- and intramolecular hydrogen bonds AmB in SDS micelles as well as to the fast reorientation of the
play crucial roles>!3We have recently prepared the conforma- micelles. ThéH chemical shifts were fully assigned on the basis
tion-restricted derivatives of AmB, in which carboxyl and amino of COSY and NOESY spectra (Table 1). The amino group of
groups are bridged with various lengths of alkyl chéimnd AmB was found to be protonated in SDS micelles because the
revealed that the amino-sugar orientation strongly affects the 3'-H and neighboring resonances were shifted higher frequency
ergosterol-selectivity in membrane-permeabilizing activity. In in the micelles from those in DMSO (Table 1). Then, to gain
this paper, to gain further insight into the structural properties information on the ionization state of the carboxyl group of
of AmB in amphiphilic environments, the conformation and AmB, we measured thé*C NMR spectra of AmB in SDS
binding mode of AmB were examined in SDS micelles on the micelles using uniformly!3C-labeled AmB!®> The chemical
basis of NMR, CD and molecular mechanics calculations. shifts of the AmB carboxyl group were found to be 175.5 ppm
in DMSO-ds and 178.5 ppm in SDS micelles. For comparison,
we also measureC NMR of propionic acid in DMSQds, in
1 M NaOH—-D,0, and in 1 M HCI-DBO. The shift of C1 of
propionic acid was 174.9 ppm in DMS@; 183.9 ppm in
NaOH—-D,O, and 178.6 ppm in HGID,0. The comparison of
13C chemical shifts suggests that the carboxyl group of AmB is
hardly ionized in SDS micelles. The pH of the suspension
Amphotericin B (AmB) T 5 6 prepared by the same method as the NMR sample except that
H,0 was used instead of D was 7.1, at which the carboxyl
group of AmB was supposed to be ionized. To explain the

19517223?""81551'%0“"'; Gariboldi, P.; Bruni, P.; Borowski, Biophys. Chem.  ynjonization of the carboxyl group of AmB in the micelle, we

(13) Baginski, M.; Resat, H. Borowski, Biochim. Biophys. Acta002 should take account of negative charges of the micelle surface
1567, 63-78.
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TABLE 1. 'H Chemical Shifts (ppm) of AmB in SDS Micelles and
in a DMSO Solution
SDS SDS
position  micelle® DMSCP position micellee  DMSOP
2 2.04,235 2.16 22 6.48
3 4.18 4.05 23,25,27 6.05-6.15
4 1.21,1.51 1.32,1.38 24,26 6.45—6.55
5 3.70 3.51 28 6.44 6:06.5
6 1.22,1.49 124,140 29 6.06
7 1.25,1.75 1.24,1.58 30 6.26
8 3.13 3.09 31 5.99
9 3.61 3.46 32 6.15 6.08
10 1.25,1.76 1.30,1.56 33 5.18 5.42
11 4.33 4.24 34 2.46 2.27
12 1.61,1.80 1.57 35 3.18 3.08
14 1.34,2.04 1.09,1.83 36 1.74 1.71
15 411 3.97 37 5.26 5.20
16 2.04 1.82 38 1.14 1.10
17 4.27 4.17 39 1.00 0.90
18 1.64,2.08 1.48,2.14 40 1.10 1.03
19 4.28 4.39 1 4.50 4.50
20 6.02 5.96 2' 4.08 3.71
21 5.97 6.10 3 3.29 2.76
4 3.45 3.14
5' 3.26 3.24
6' 1.22 1.16

abConditions: 5 mM AmB in SDSbs 75 mM and RO at 30 °C and
10 mM AmB in DMSO4s at 25°C, respectively.

TABLE 2. Apparent Vicinal Coupling Constants of AmB in SDS
Micelles and in DMSO

coupling valué (Hz) coupling valué (Hz)

coupled coupled

proton§ SDS micelle DMSO protongd SDS micelle DMSO
2n'3 10 nde 17,18 10 10
3,4 10 nde 18,19 2-3 2-3
4h 5 10 9 18,19 2-3 2-3
5,6 10 9 19, 20 9 8
7™ 8 11 10 32,33 13 14
8,9 <1 <1 33,34 10 11
9,10 11 10 34,35 10 10
10, 11 10 10 35, 36 <1 <2
11,12 10 10 36, 37 ~1 ~1

ah: ahigher frequency proton of a geminal pair in methyléne. lower
frequence protork Data have a maximum of 0.8 Hz error due to the digital
resolution of DQF-COSY¢ Coupling constants were not determined due
to strong secondary effects from merged methylene signals at H-2 and H-4.

due to the anionic nature of SDS sulfate. Under the negative
potential, K, values of carboxylic acids are known to increéfse.
Since the carboxyl group of AmB is localized close to the

Matsumori et al.

FIGURE 2. Long-range NOEs between the sugar portion and
macrolide in SDS micelles. The solid and dashed arrow-headed lines
represent strong and weak NOEs, respectively.

consistent with those in the crystal structureNsfodoacetyl
derivative of AmB17 suggesting conformational similarity in

the macrolide portion to the crystal structure. These features
for the macrolide ring were further supported by reasonably
observed transannular NOEs between H-3,5,9,11 and heptaene
protons (Figure S9, Supporting Information).

The orientation of the sugar moiety with respect to the
macrolide ring in SDS micelles was determined on the basis of
NOE data. Relevant NOEs of AmB in the micelles around the
sugar, most of which are also observed in AmB in DMSO, are
illustrated in Figure 2. To get a more precise picture of AmB
in the micelles, we carried out molecular modeling using the
Monte Carlo conformational search algoritHwith the aid of
the seven NOE constraints shown in Figure 2, which were
divided into two groups with upper distance limits of 3.3 and
45 A based on NOE intensities in comparison with rigid
standard values among the aminosugar signals (Figure 2). Due
to the immobility of the macrolide ring and the conformational
similarity to the crystal structure as described above, this part
was treated as a motion-restricted portion, wheB9° allow-
ance from the crystal structdrevas given to each €C single
bond upon calculation. A continuum solvation model using a
generalized Born-surface area (GB/SA) method was applied for
water through the calculation because most part of AmB
molecule except the heptaene is likely in water-accessible region
of the SDS micelle as estimated below. Under these conditions,
1000 random conformers were generated and subjected to
energy minimization by the conjugate gradient method.

Figure 3 shows a superposition of 50 lowest energy confor-
mations of AmB in SDS micelles within 2.1 kcal m3dl The

micelle surface as described below, the surface negative potentiafonformers have some flexibility in the glycoside bonds, but

of SDS micelles is thought to prevent the ionization of the
carboxyl group even under neutral pH conditions. As we
reported previously? the chemical shift of C41 of AmB in
DMPC dispersion agreed well with the present value in SDS
micelles, implying the un-ionized carboxylic acid in lipid layer
membranes.

the other possible conformer, where@QH and 41-COOH are
hydrogen-bonded, was found to be energetically unfavorable.
Theg (C18—C19—-0—-C1') angp (C19—0O—C1'—C2') angles

of the lowest energy conformer were determined te-1@2.0°

and 165.6°, respectively. The conformational preference of the
1 angle can be explained by the exo-anomeric effect for

We could obtain a significant number of vicinal coupling B-anomers? We have previously prepared the conformationally

constants in the macrolactone part from one-dimensithahd
DQF—COSY spectra (Table 2). All the coupling constants
measured in SDS micelles are typical fanti or gauche
orientations, which denotes that the macrolide portion of AmB
is conformationally rigid under the micelle conditions. In
addition, dihedral angles deduced from the coupling data are

(16) Fernandez, M. S.; Fromherz, ®.Phys. Chem1977,81, 1755—
1761.
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restricted derivatives of AmB by bridging the amino and
carboxyl groups with various lengths of chains, and determined
the conformation of the derivative that showed the highest

(17) Ganis, P.; Avitabile, G.; Mechlinski, W.; Schaffner, C.2.Am.
Chem. Soc1971,93, 4560—4564.

(18) Charbonneau, C.; Fournier, |.; Dufresne, S.; Barwicz, J.; Tancréde,
P. Biophys. Chem2001,91, 125—133.

(19) Bitzer, R. S.; Barbosa, A. G. H.; da Silva, C. O.; N., Marco A. C.
Carbohydr. Res2005,340, 2171—-2184.
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FIGURE 3. Superposition of 50 lowest energy conformations of AmB in SDS micelles within 2.1 kcal/mol, which were generated by the Monte
Carlo algorithm restrained with distance constrains from NOEs. Models are superposed for the minimum rmsd (similar conformations with respect
to the glycoside bonds were obtained without the NOE constraints).

TABLE 3. T:° Tip, and T1m Values of tH NMR Signals of AmB in SDS Micelles in the Presence of 3gM Mn 2+

position T1%(ms) T16? (Ms) Tim? (Ms) position T10 (ms) Ti2 (Ms) Tim? (M)
20 926 370 615 34 1051 429 726
3 1220 354 498 35 908 503 1126
5 1229 324 440 37 1359 419 606
8 1486 492 737 38 690 308 558
9 1352 573 994 39 611 323 684
15 1780 322 394 40 1181 418 647
21,23, 25,27,29,31 2596 1176 2151 I 1345 216 257
22,24, 26,28 2241 770 1173 4 1788 625 962
33 1719 801 1500 6 639 436 1375

aData may have errors up to 10%Higher frequency protons of the methylene at C2.

ergosterol-selectivity on the basis of distance and dihedral and C2 portions of SDS are accessible to2NMnThen we

constraints obtained in a DMSO soluti#hThe ¢ andy angles measuredy values oftH signals of AmB in SDS micelles in

in the most stable conformer were determined to—#9.3° the presence of 38M Mn2* (Table 3), though we could not

and 153.8°, respectively, which are very close to the current determine all of thél;y values of AmB due to not only signal

data. This conformational consistency between AmB in micelles overlap on 1D'H NMR spectra but signal broadenings by the

and the derivative suggests that the simulated structure shownaddition of Mr#*. Apparently, M&* strongly influences protons

in Figure 3 may represent the active conformation of AmB in at the C2-€15 polyhydroxyl chain of AmB (Table 3), and their

membrane environments. Tim values are roughly comparable to that of C2 of SDS, which
Position of Amphotericin B in SDS Micelles.Paramagnetic indicates that the chain resides close to the micelle surface.

ions such as Mt have long been used for estimating the depth Interestingly, the relaxation profiles for the polyhydroxyl portion

of bound entities in micelle¥. Relaxation induced by Mt are slightly different among hydroxyl-bearing methine protons;
shows how observed nuclei are close to the aqueous interfacgerminal H-2, -3, -5, and -15 are more effectively relaxed with
of micelles. The paramagnetic contribution to the sgattice Mn2* than H-8 and H-9 residing in the central part. This may
relaxation is represented Byu be accounted for by the notion that H-8 and -9 are more distant

from the surface due to the high curvature of the micelle.
1 Similarly, the lowTyy values of C38, C39, and C40 methyl
T? protons, which are located at one end of the molecule, reveal
their vicinity to the micelle surface. They values of the sugar
where T:% and Typ are spin—Ilattice relaxation times in the moiety also suggest that H- in close vicinity to the water-
absence and presence of Mnrespectively’! Paramagnetic micelle interface, while methyl protons at Ge rather distant
relaxation timeTyy has explicitr8-distance dependency, which ~ from the surface. As described above, the amino group of AmB
makes it possible to measure semiquantitatively the depth of ais ionized under these conditions, suggesting its electrostatic
micelle-bound entity; th@;y values of the hydrogen atoms at interaction with the sulfate group of SDS in the water-accessible
C1, C2, C3—Cl11, and C12 of non-deuterated SDS were 152, region.
390, 1128, and 1101 ms, respectively, demonstrating that C1 The largerTyy values observed for the heptaene protons (H-
20—H-33) suggest their deeper immersion into the micelle

1 1

TlM B TlP

(20)h(a) Palian, M. M.; Boguslavsky, \(/b-)l-: ﬁ’?rien, D. F.; Polt, Bll. interior. Among those, hydrogen atoms on odd-numbered

Am. Chem. So2003,125, 5823—5831. (b) Whaley, W. L.; Rummel, J. ; ; ;

D.; Kastrapeli, NLangmuir2006 22, 7175-7184. (c) Lindberg, M.; Jarvet, carbons have lower freque.ncy .Chemlcal shifts while thos.e on

J.; Langel, U; Graslund, ABiochemistry2001,40, 3141—3149. even-numbered carbons give rise to higher frequency signals
(21) Villalain, J.Eur. J. Biochem1996,241, 583—593. by around 0.5 ppm (Table 1). The difference in chemical shift
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FIGURE 4. CD spectrum of 0.5 mM AmB in 8 mM SDS solution.
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FIGURE 5. Schematic illustration of AmB placed in an SDS micelle

with 30 A hydrodynamic and 20 A hydrophobic radii according to the
self-diffusion coefficients as described in the text. The conformation

and location of AmB are based on the current data.
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reported values (~0.92 1071° m? s71).24 Upon introduction

of 4.5 mM AmB to the micelle, the diffusion coefficient was
substantially reduced to 0.7% 101° m? s71, indicating an
increase in micelle size. The hydrodynamic radius of diffusing
species,Ry,, is inversely proportional to the self-diffusion
coefficientD according to the Stokes—Einstein equation:

R,=kT/6zyD (7: solution viscosity)

The reported hydrodynamic radius of an SDS micelle is 22.8
A,25 and therefore, the apparent hydrodynamics radius for the
SDS micelle containing AmB is estimated to be around 30 A,
assuming that the viscosity of micelle suspensions is not affected
by AmB and the micelles remain spherical. It is reported that
the addition of salts or cationic surfactant to SDS dispersions
induces the morphological changes of the micelles such as the
transition from spherical to ellipsoidal or rod-like micelfs.
However, these transitions result in a significant reduction in
the diffusion coefficient by an order of magnitude. Therefore,
the observed diffusion coefficient of SDS micelles in the
presence of AmB is thought to fall in the range of globular
micelles. Alternatively, even if the transition in micelle shape
occurs, the extent of the transition should be relatively small,
and the shape of the micelle can largely be regarded as the
sphere.

The number of SDS molecules in a micelle is reported to be
about 6(2% and the AmB/SDS molar ratio in the present study
is 1/15. Therefore, if the number of SDS molecules per micelle
is unchanged, about 4 AmB molecules are incorporated in a
micelle. As mentioned above, the addition of AmB resulted in
the enlargement of micelle radius by more than 30%, which
corresponded to the swelling of volume more than twice.
Assuming that the micelle volume is approximately proportional
to the total of molecular weights in a micelle, the incorporation
of 4 molecules of AmB in a micelle would result in an increase
in volume just by 20%, which cannot explain the doubling of
micelle volume. Therefore, it might be more plausible that AmB
reduces electrostatic repulsion and tightens the packing of head
groups of SDS, hence resulting in a decrease in the micelle
curvature and thus an increase in the number of aggregated SDS
molecules per micelle.

Orientation of Monomeric Amphotericin B in Micelles
Implying Its Binding to the Membrane. We next recorded
the CD spectrum of AmB in SDS micelles to know whether

can be accounted for by the transannular deshielding effects ofAMB forms aggregates in the micelles. AmB is known to give
oxygen atoms that come close to the even-numbered hydrogendise to a strong excitonic dichroic doublet centered at 340 nm

on the heptaene as depicted in Figures 3 aAtilanger Tyy

values for the odd protons (Table 3) reveal that this side of the
polyene chain faces to the micelle interior, and relatively shorter
Tim values for the even protons indicate that the other side of

the polyene is closer to the miceftevater interface (Figure 5).

Size of SDS Micelles in the Presence and Absence of

Amphotericin B. We examined the size of SDS micelles in

the presence and absence of AmB on the basis of diffusion

coefficients determined by PFG-STE NMR experiméifthe

observed diffusion coefficient for 72 mM SDS in the absence

of AmB was 1.05x 1071°m? s~1, which agreed well with the

(22) Abraham, R. J.; Byrne, J. J.; Griffiths, L.; Koniotou,NRag. Reson.
Chem.2005,43, 611—-624.
(23) Tanner, J. EJ. Chem. Phys1970,52, 2523—2526.
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upon aggregatio®’. As depicted in Figure 4, however, AmB

did not show any dichroic splitting under the condition of 0.5
mM AmB and 8 mM of SDS (almost equal to the critical micelle
concentration of SDS 8 mi), indicating that AmB is mostly
present as a monomeric form in SDS micelles. Since the critical
micelle concentration of SDS is close to the concentration of
the CD measurements, we also measured CD spectra at higher

(24) Orfi, L.; Lin, M.; Larive, C. K.Anal. Chem1998,70, 1339—1345.
hen, W.-J.; Chen, S.-F.; Chang, D.-Knal. Biochem1998,264, 211—
215.

(25) Gao, X.; Wong, T. CBiophys. J.1998,74, 1871—1888.

(26) (a) Hassan, P. A.; Raghavan, S. R.; Kaler, E.\Ahgmuir2002,
18, 2543—2548. (b) Hassan, P. A.; Sawant, S. N.; Bagkar, N. C.; Yakhmi,
J. V. Langmuir 2004, 20, 4874—4880.

(27) Bolard, J.; Legrand, P.; Heitz, F.; Cybulska,HBochemistryl991,
30, 5707—5715. Fuijii, G.; Chan, J.-E.; Coley, T.; SteereBBchemistry
1997,36, 4959—4968.

(28) Johnson, C. S., Ji. Magn. Reson. A993,102, 214—-218.
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AmB and SDS concentrations to ensure the micelle formation; Conclusion
1 mM AmB and 16 mM SDS; 2 mM AmB and 32 mM SDS;
and 0.5 mM AmB and 16 mM SDS in4®. Although the CD
spectra for 1 mM and 2 mM AmB solutions were in higher
noise level due to the high UV absorption, the split cotton at
340 nm was not observed at any concentrations (data not

shown), further supporting that AmB is presentin a MONOMEriC giapijity of AmB in the micelle suggests that the orientation of

form under the conditions of the CD experiments. the sugar moiety and the macrolide conformation closely mimic
Figure 5 illustrates the positioning of AmB relative to an SDS  the active 3D structure of membrane-bound AmB. The para-
micelle. The figure also shows the approximate hydrodynamic magnetic relaxation experiments using Mrion revealed that
radius (30 A) of an AmB-bound SDS micelle and that of the AmB is shallowly immersed in the micelle, with the polyhy-
hydrophobic core, the latter of which is generally smaller by droxyl chain close to the water interface and the polyene directed
10 A2° The size of the micelle is large enough to incorporate to the micelle interior. The monomeric nature of AmB in the
an AmB molecule. As described above, the polyhydroxyl chain micelle was shown by the CD spectrum. These results clearly
of AmB resides at the water/micelle interface with the even- demonstrate that monomeric AmB has a rigid conformation for
carbon side of the polyene portion facing to the surface. The the macrolide ring and possesses a particular aminosugar
cartoon in Figure 5 raises the question of how the three- orientation with respect to the macrolide under amphiphilic
dimensional structure in an SDS micelle may correlate with that conditions. These findings provide significant information as a
in real biomembranes. Both micelles and bi|ayer membranes guide for future investigations on the initial membrane blndlng
are composed of amphiphilic constituents, although their mor- 0f AmB leading to its antibiotic activity.
phologies are quite different. Since it is repeatedly suggested
that micelles do not always mimic bilayer membranes due to Experimental Section
their high curvaturé? extrapolation of the current results toward NMR Measurements. For a DMSO solution, AmB was dis-

the AmB-bilayer interaction may not be straightforward. Indeed, solved under dry argon in DMSQsct 10 mM concentration. In

we have shown that AmB can penetrate DMPC bilayer SDS micelles, 5 mM AmB and 75 mM SD&s were suspended
membrane with a single molecular length possibly upon ion in D,O and shaken vigorously. This solution was quite stable for
channel formatiod! which seems inconsistent with the present more than a week at room temperature and gave rise to reproducible
results. The estimated micelle diameter of ca. 60 A is substan- I\N/ll\IjZRSSppeeCc';}’zJarﬁét”ell’\lI\'I{IEESggcg?s\lgzzirLi:%gidOﬁ;fggg :S 5aor(1)1atrix
tially Ia_rger than thlckness_ of b|olog|cal memk?ranes, thus of 256 (F1) x 1024 (F2) complex data points. The DQF-COSY
preventing AmB from spanning the mlceIIe_Wlth single molec- and NOESY spectra were recorded with a 1.5 s recovery delay in
ular length. Moreover, the surface negative charge of SDS ihe phase-sensitive mode using the States méthote number
micelles may also hamper aggregation of AmB. AmB is reported of data points was 1024 in tHe2 dimension and 128 in thEl

to be predominantly monomeric and horizontally embedded in dimension for NOESY and 4K (F2) by 256 (F1) for DQF-COSY.

a phospholipid membrane at low AmB/lipid ratios below 1 mol The spectral width in both dimensions was typically 3300 Hz. The
9%.32 In this respect, the structure of AmB in SDS micelles may data were processed using Alice2 version 4.1 (JEOL DATUM) and
represent an initial stage of membrane association of AmB from apodized with 40-shifted square sine-bell window functions in both

an aqueous phase toward the ion-channel formation in biological Eéllafzi';tzi O(ri]lryvzr;s;%nps“;cér fEngE)CsOYSYrr?;?qggsE? ibggguiwswae;
membranes. :

recorded with a mixing time of 300 ms. In all the two-dimensional
In the recent decade, solid-state NMR techniques have greatlyspectra for SDS micelles, DANTE water presaturation was used to
advanced and have been applied to membrane-boundeliminate the residual water signal. Chemical shifts were referenced
AmB,15:31.3334yhich have provided invaluable information on  to the solvent chemical shift (DMS@s (*H) 2.49 ppm or HOD
mobility and intermolecular distances. However, this approach 4-65 PPM). _ . . .
demands not only specialized instruments but also extensive Conformation Analysis. All the interproton-distance restraints

. T . . ) . between non-J-coupled protons are derived from the NOESY
efforts in sample preparation involving specific isotopic labeling. experiment. Seven interproton restraints shown in Figure 2 were

In this respect, the use of micelles is an option for structure cjassified into two categories. Upper bounds were fixed at 3.3 and
studies of membrane-bound AmB and other membrane-associ-4.5 A for strong and weak NOESY correlations, respectively, and
ated drugs, which would provide complementary information a lower bound was fixed at 1.8 A. Conformations were calculated
that is difficult to obtain only from solid-state NMR. using the MacroModel software version & éstalled on RedHat
Linux 8 OS. Initial atomic coordinates and structure files were
298 DS i S Borkowiz M. L. P L Forb generated from the crystal data of-iodoacetyl AmBY The
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Monte Carlo Multiple Minimum metho” The MMFF force field® tively, andD is the self-diffusion coefficient. A series of 1%
implemented in MacroModel was used, and 1000 random conform- spectra were collected with the PFG-STE pulse sequence as a
ers were generated and minimized by the conjugate gradient methodfunction of gradient amplitude. The gradient duration tidewas
A continuum solvation model using a generalized Born-surface areal ms, the gradient amplitude was varied from 3.4 to 16.8 Gl¢m
(GB/SA) method® was applied for water through the calculation. and the diffusion delay timeA, was 5 s. All of the diffusion
Measurement of Relaxation Induced by Mi#+. A D,O solution measurements were performed at°’Z5to compare the reported
of MnCl, was added to the micelle suspension so as to set the final diffusion coefficient of SDS micellé* After data acquisition, each
concentration of MnGlat 30uM. Spin—lattice relaxation times  free-induction decay was apodized with 1 Hz line broadening.
T, were determined using a standard +86-90 inversion recovery Methyl protons at C12 of SDS were integrated and the peak
pulse sequence with 10values between 0.1 and 12 s. Measure- integrals were plotted against the gradient pulse ampligyded
ments were performed at 3 in the presence and absence of the resultant plots were fitted to the above equation by using Origin
Mn2+, 6.1 software to give the diffusion coefficiemd, (see Figure S11 in
Measurements of Self-Diffusion CoefficientsFor diffusion the Supporting Information for the fitting curves). The methyl
measurements, 4.5 mM AmB and 72 mM SDS (nondeuterated) protons of SDS have a resonance at 0.8 ppm, where no AmB signal
were suspended inJD. Diffusion coefficients were measured using  exists. In addition, since we used nondeuterated SDS at the molar
a stimulated spin echo (STE) sequeAt@he PFG-STE spectra  ratio 15 times higher than AmB, we could almost ignore the
were measured using a 500 MHz spectrometer equipped with ainfluence of AmB signals on the diffusion experiments.
pulsed-field gradient unitA 5 mm Nalorac inverse probe with an CD Spectroscopy.CD spectra were recorded with a 10-mm
actively shieldedz-gradient coil was used. The coil constant was cuvette. A repetitive scanning of five cycles was used. Since the
calibrated withj3-cyclodextrin, which has a diffusion coefficient  critical micelle concentration of SDS is approximately 8 i,
of 3.23 x 1071° m? s7140 |In the PFG-STE experimeft, the concentrations of AmB and SDS were set to 0.5 mM and 8 mM,
attenuation of the NMR resonance depends on gradient area asespectively.
shown in the following equation
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