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Abstract: The conformation of the ionophorenetal complex between salinomycin and sodium was determined

in solid state and in solution using X-ray single-crystal structure analysis and a combined approach of 2D-
NMR spectroscopy with restrained simulated annealing calculations. The solution structure of the saliromycin
Na complex was studied in two different solvents (DM8§£and CDC}) in order to focus on conformational
differences in various molecular environments. The X-ray structure of the complexed salinomycin is
characterized by two separate conformers found in the asymmetric unit with a similar coordination of the
central sodium ion buried in the interior, hydrophilic region of this ionophore. A quasi-macrocyclic core
structure is stabilized by numerous metakygen electrostatic interactions and by an intramolecular head-
to-tail hydrogen bond. The NMR structure in CR@ very similar to those two conformations in the solid
state, while the structure in DMSO differs significantly. It could be demonstrated that previously published
NMR data in CDC} do not define a unique conformational state with sufficient accuracy, while this was
possible using our own NMR derived datasets discussed herein. For conformer classification and comparison,
steric field descriptors based on the CoMFA methodology are used in conjunction with a principal component
analysis to uncover the most relevant structural differences between individual salinerNgcstructures.

These studies provided insight into the specific requirements of metal binding for this important polyether
ionophore, which could serve as a model system for studying ion transport across biological membranes.
Different environments tend to stabilize different conformations of the outer sphere, while the complexation
pattern and the geometry of the coordination sphere of the sodium ion remains unaffected.

1. Introduction

Salinomycint (Figure 1) is a member of the class of polyether 39
antibiotics, produced bystreptomyces albusA\TCC 21838. H,C8
Salinomycin, like other polyethers, has ionophoric properties 40
and is known to mediate the transport of various metal ions, HcC,
especially sodium and potassium across biological membfanes. |
Due to its antibacterial and anticoccidial activity, salinomycin 5
is widely applied as an effective veterinary drug.

lon channels in membrans have been the subject of intensive
studies because of their physiological and pharmacologial
signification. However, very little is known about the biologi- Figure 1. Chemical structure of salinomycin.
cally active conformation of ionophores, when binding and
transporting metal ions. Therefore, the determination of the 3D- 1993, the solution structure of the unmodified salinomycin
structure of ionophore metal complexes in different molecular complexed with sodium (salinomycirNa) has been reported
environments is a prerequisite for understanding the mechanismby means of NMR spectroscopy in CRChand molecular
of the transport through biological membranes. dynamics simulation3.

Only one solid-state structure ofpaiodophenacyl derivative In the present study we report the structure of the salinomy-
of salinomycin has been published until now. However, this cin—Na complex in various environments to complement the
derivative is not able to form the biologically relevant confor- initial attempts for a full characterization of metal ion binding.

mation due to the blocking of the distal carboxyl-grétfpin We describe the first X-ray structure of the salinomycsodium
*To whom the correspondence should be addressed, Fei#9-69- complex .obtalned from crystals prc'Jd'uced by recrystallization
305-84394. Fax:++49-69-305-84401. from a mixture of water and acetonitrile. The crystals showed

(1) Miyazaki, Y.; Shibuya, M.; Sugawara, H.; Kawaguchi, O.; Hirose, in the asymmetric unit two molecules of salinomycin with quite
C.; Nagatsu, J.; Esumi, S. Antibiot 1974 28, 814-821.
(2) Dobler, M. lonophores and Their Structures; John Wiley & Sons: (4) Kinashi, H.; Otake, N.; Yonehara, H.; Sato, S.; Saito, Atta

New York, 1981. Crystallogr. 1975 B31, 2411-2415.
(3) Kinashi, H.; Otake, N.; Yonehara, H.; Sato, S.; SaitoJ¥trahedron (5) Mronga, S.; Miler, G.; Fischer, J.; Riddell, k. Am. Chem. Soc.
Lett. 1973 4955-4958. 1993 115 8414-8420.
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different conformations but a similar way of coordination of Table 1. *H and!3C Chemical Shifts of SalinomycifNa in
the central sodium ion. However, both conformations differ PMSO-ds at 27°C

from the published structure in CD£ lespecially at the metal H 13C H C

ion coordination site. - - 1 181.50 24 87.40
Therefore, further studies were undertaken to determine the 2  2.66 4968 25 3.41 73.75

structure of the salinomycinNa complex also in solution. 3 369 75.06 26 2.13(proS) 19.31

Conformational analyses of the ionophereetal complex were 1.27(proR})

carried out in DMSGds and CDC} solution using a combination 4 176135 19.66 27 1 iﬁl(rgg?) 28.70
of NMR spectroscopy and restrained simulated annealing 5 1 79/1.38 26.29 28 Are 69.32
techniques. As salinomycin is not soluble in water DMSOwas 6 1.71 27.40 29 4.00 75.69
used to mimimic the polar environment outside of the biological 7  3.61 70.39 30 1.17 14.45
membrane. The NMR derived experimental data sets include 8  1.30 35.60 31 1.20 31.59
75 nontrivial distance constraints extracted from 2D ROESY 2 404 66.79 32 0.83 6.22
. . . 10 2.70 48.38 33 1.56 26.81

measurements in DMS@s and 51 distance constraints from 11 21533 34 0.65 15.63
CDCl; solution. 12 267 54.86 35 0.85 17.33

After comparison of 51 distance constraints measured in 13  3.56 75.69 36 1.84/1.28 15.72
CDCl; by Mronga et aP with our own data set, several 14 1.67 32.02 37 0.73 12.85
differences were uncovered. Thus, additional simulated an- *° %'ffép:g% 38.14 38 0.74 12.48
nealing calculations using these published constraints were 1g 1'.61p 3998 39 063 6.69
carried out to unveil, whether identical simulation and analysis 17 98.31 40 0.86 10.81
protocols generate identical classes of conformers and which 18  6.03 122.04 41 1.31/1.15 23.04
dataset was able to better define the low energy conformation. 19  5.73 13042 42 0.82 12.36
Based on the variety of structural data, finally a detailed gg 3.99 13558;' ;&%"H i"é?
comparison will be given to study the structural changes of 55 5 1p(p0ry 3597 28-OH 5.18
salinomycin imposed by environmental effects, such as crystal 1.82(proS)
packing or polar versus nonpolar solvents. 23 1.91(proR 31.88

1.79(proSH

2. Methods

a Stereospecific assignment is based on homonuclear coupling

. . constants and ROE distance constraints.
2.1. X-ray Structure Analysis. Crystals were obtained by ! I

recrystallization from a mixture of water and acetonitrile. A
crystal of dimensions 0.7 * 0.35 * 0.2 nfmwas sealed in a
Lindemann-glass capillary. 5501 reflections were used to
determine the cell parameters on a computer controlled three
circle diffractometer, equipped with a CCD area-detector
(SIEMENS). The intensities were measured on the same
apparatus [p-scanning with stepwidth of 0°2 Mo—Ka
radiation (X-ray generator with a rotating anode: 8.5 mn?
focus, 50 kV, 120 mA), 26 943 reflection8in = 1.47, Fmax

= 25.67; —20 < h < 20,—-17 <k < 17,-21 < | < 20)],

15 407 of which were uniquéR(;; = 0.0488,R, = 0.0913) and
were all used for the structure analysis. Direct methods were
used for solving the phase problémrefinement of the structure
parameters was done by least-squares metfimilsimization

of (Fo?2 — FA%7 weighting schemew = 1/[03(F,?) + (0.2139

* P)?, P = (max({.3,0) + 2 * F2)/3, whereo is according to

the counting statistics, 1090 parame}erdhe coordinates of
the H atoms obtained were from a difference Fourier synthesis
(S= 0.766,R = 0.1653 R = 0.0956 for |Fo| > 40, 4746
reflections),Ry = 0.3178,Amadesd= 0.002, minimum and
maximum peak in the difference map0.26 and 0.44 electrons/
A3). All calculations were done by a DEC 3000/900 AXP with
the SHELXS-90, the SHELXTL-PLUS,and SHELXL-93
programs. Further tables of the results are available from the
authors. The average estimated standard deviation (esd) of
C—C bond is 0.007, that of an-©C bond 0.006, and that of
Na—O bond 0.005 A. The average esd of bond angles i$ 0.5
and that of torsion angles 0.6

2.2. NMR Spectroscopy. All NMR spectra have been
recorded on a Bruker DRX 500 at 2€ using a solution of 20
mg of salinomycir-Na in 0.6 mL of DMSOeds or CDCl,
respectively. The data were processed on Indigo2 workstations
(Silicon Graphics) with the XWINNMR softwarg.

Homonuclear 2D-NMR experiments (D@EOSY 10 TOC-
SY M and ROESY?) were performed with a spectral width of
8 ppm. These spectra were recorded with 1024 increments in
t; and 4096 complex data points ta For the ROESY 16
transients were averaged for eaghvalue, for COSY and
TOCSY eight transients. Mixing times of 70 or 150 ms were
used for TOCSY and ROESY spectra, respectively. Quantita-
tive information on interproton distances for the structure
determination was obtained from analyzing ROESY spectra in
DMSO-ds and CDC} with 150 ms mixing time for the spinlock
period and a spin lock field of 3.00 kHz. The volume integrals
of the individually assigned cross-peaks were converted into
distance constraints using thewlated Spin Pair Approximation
the offset effect was taken into accod#t.

For HMQC! spectra 1024 increments (16 scans) with 4096
complex data points ity were collected using a sweep width
of 8 ppm in the proton and 165 ppm in the carbon dimension.
The HMBC'® spectra were acquired with a sweep width of 8

pm in the proton and 200 ppm in the carbon dimension. A
otal of 48 transients were averaged for each of 1024 increments
in t, and 4096 complex points g were recorded. A delay of
70 ms was taken for the development of long-range correlations.

(9) Bruker XWINNMR; Bruker Analytische Messtechnik GmbH: 1995.
(6) Sheldrick, G. M. SHELXS-86, Program for the Solution of Crystal (10) Derome, A.; Williamson, MJ. Magn. Resonl99Q 88, 177-185.

Structures; University of Gtingen: Germany, 1990. (11) Bax A.; Davis, D. GJ. Magn. Reson1985 65, 355-360.
(7) Sheldrick, G. M. SHELXL-93, Program for the Refinement of Crystal (12) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,
Structures; University of Gtingen: Germany, 1993. J. W.J. Am. Chem. S0d.984 106, 811-813.

(8) Sheldrick, G. M. SHELXTL-PLUS, Release 4.1., An Integrated (13) Griesinger, C.; Ernst, R. R. Magn. Reson1987, 75, 261—-271.
System for Solving, Refining and Displaying Crystal Structures from (14) Bax, A.; Subramanian, S. Magn. Reson1986 67, 565-569.
Diffraction Data; Siemens Analytical X-ray Instruments Inc.: Madison, WI, (15) Bax, A.; Summers, M. FJ. Am. Chem. Sod 986 108 2093~
1991. 2094.
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Table 2. Distance Constraints for SalinomyeitNa Obtained from 500 MHz 2D-ROESY Spectrum in DM$©in Comparison with Results
Obtained by Averaging Using All Structures from the First Plateau o@MSO_1Simulatior?

ATOM1 ATOM2 LOWER UPPER AV_DIST AV_VIOL RMS_VIOL
H2 H7 2.34 2.86 2.19 0.15 0.16
H2 QC42 2.70 4.30 3.28 0.00 0.00
H2 H6 2.70 3.30 3.95 0.65 0.66
H2 H4E 2.52 3.08 3.12 0.07 0.10
H2 H41A 2.61 3.19 2.86 0.06 0.11
H3 H9 3.78 4.62 4.03 0.00 0.00
H3 QC42 2.70 4.30 4.03 0.17 0.22
H3 QC40 3.96 5.84 4.53 0.00 0.00
H3 H41A 2.61 3.19 2.82 0.09 0.13
H7 H9 2.97 3.63 2.93 0.06 0.09
H7 H6 2.25 2.75 2.36 0.00 0.01
H7 H5A 2.52 3.08 2.54 0.04 0.06
H7 H5E 3.78 4.62 3.71 0.07 0.10
H7 H8 3.06 3.74 3.02 0.05 0.07
H7 QC40 3.33 5.07 3.85 0.00 0.00
H7 QC42 4.86 6.94 5.29 0.00 0.01
H7 QC39 2.52 4.08 3.14 0.00 0.00
H7 H200H 4.59 5.61 5.80 0.20 0.24
H7 HO9OH 3.06 3.74 2.39 0.67 0.68
H7 H19 4.59 5.61 5.73 0.15 0.20
H9 H13 2.79 3.41 3.49 0.10 0.13
H9 H8 2.34 2.86 2.43 0.01 0.03
H9 QC33 3.87 5.73 5.00 0.00 0.00
H9 QC35 3.51 5.29 5.95 0.66 0.68
H9 QC38 2.34 3.86 3.18 0.00 0.00
H9 QC39 2.61 4.19 3.76 0.00 0.00
H10 QC33 3.60 5.40 5.48 0.11 0.16
H10 QC37 2.70 4.30 3.71 0.04 0.11
H10 QC39 2.34 3.86 2.97 0.00 0.00
H10 HOOH 3.60 4.40 3.50 0.10 0.13
H12 QC33 3.60 5.40 5.38 0.05 0.10
H12 QC37 2.70 4.30 3.36 0.00 0.00
H12 QC35 2.34 3.86 2.94 0.00 0.00
H12 H14 2.88 3.52 3.09 0.01 0.03
H12 H18 3.60 4.40 4.72 0.32 0.34
H13 H18 1.98 2.42 2.32 0.01 0.02
H13 H19 3.96 4.84 4.17 0.00 0.01
H13 H36B 3.78 4.62 3.74 0.06 0.09
H13 H36A 3.06 3.74 3.97 0.23 0.27
H13 H15A 2.43 2.97 2.93 0.04 0.07
H13 QC35 2.43 3.97 2.93 0.00 0.00
H13 QC37 3.24 4.96 4.90 0.05 0.07
H13 QC39 3.60 5.40 5.66 0.26 0.29
H18 H20 3.42 4.18 3.99 0.00 0.01
H18 H15A 2.25 2.75 2.28 0.02 0.03
H18 QC34 2.70 4.30 3.57 0.00 0.00
H19 H200H 2.79 3.41 2.64 0.15 0.18
H19 H20 2.52 3.08 2.67 0.00 0.00
H19 QC34 3.24 4.96 4.58 0.00 0.00
H20 H22EX 2.52 3.08 3.10 0.08 0.15
H20 QC34 2.61 4.19 4.17 0.06 0.11
H25 H29 3.96 4.84 3.62 0.34 0.35
H25 H23EN 2.79 3.41 3.39 0.04 0.07
H25 H23EX 3.06 3.74 3.96 0.23 0.25
H25 QC33 2.34 3.86 2.72 0.00 0.00
H25 QC27 2.61 4.09 3.32 0.00 0.00
H25 H26E 2.25 2.75 2.46 0.00 0.00
H25 QC30 2.16 3.64 2.92 0.00 0.00
H25 QC32 4.86 6.94 6.02 0.00 0.00
H25 QC37 4.05 5.95 5.77 0.02 0.07
H25 QC39 4.50 6.50 7.52 1.02 1.02
H25 H200H 4.23 5.17 4.27 0.06 0.11
H29 QC33 3.60 5.40 5.57 0.17 0.20
H29 QC31 2.97 4.53 3.43 0.02 0.06
H29 QC32 2.43 3.97 3.50 0.10 0.21
H29 H280H 3.06 3.74 2.59 0.47 0.48
H200H QC37 5.22 7.38 7.77 0.41 0.46
H200H QC42 3.60 5.40 4.73 0.01 0.03
H200H QC30 4.14 6.06 5.10 0.00 0.00
H200H QC33 5.58 7.82 5.40 0.19 0.23
H200H H22EN 4.32 5.28 3.74 0.58 0.61
H200H H23EN 4.05 4.95 4.74 0.02 0.04
H200H H26A 2.79 3.41 2.87 0.06 0.09
H280H QC32 3.15 3.85 3.17 0.09 0.15
H280H H26A 4.05 4.95 3.68 0.37 0.39

aLOWER: lower boundary, UPPER: upper boundary including appropriate pseudoatom correction, AV_DIST: averaged distance obtained
from acceptable conformers from tBMSO_1simulation, AV_VIOL: average distance constraint violation from acceptable conformers from the
DMSO_1simulation, RMS_VIOL: root-mean-square distance constraints violation from acceptable conformers fidM3fe 1simulation.
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Table 3. Additional Constraints foDMSO_1 CDCI3_1 andCDCI3S 1

Paulus et al.

xrayl  xray2 DMSO_? DMSO_2 cDCI3 1 CDCI3 2 CDCI3S 1 CDCI3S_2
Na-1a0 3.053 3194  2.195(0.091)  2.115(0.018)  2.143(0.033)  2.077(0.022)  2.258(0.100)  2.087(0.042)
Na-1bO 2.495 2433  2.099(0.052)  2.059(0.009)  2.076(0.018)  2.075(0.017)  2.102(0.039)  2.079(0.052)
Na-90 3.081  3.600  3.316(0.150)  3.700(0.721)  2.821(0.180)  2.873(0.245)  2.675(0.187)  4.080(1.599)
Na-110 2436 2356  2.195(0.095)  2.203(0.025)  2.262(0.053)  2.327(0.125)  2.472(0.161)  2.573(0.472)
Na-210 2.487 2486  2.206(0.076)  2.144(0.014)  2.216(0.110)  2.190(0.063)  2.334(0.129)  3.596(0.904)
Na-250 2.415 2402  2.257(0.138)  2.331(0.177)  2.278(0.112)  2.319(0.211)  2.431(0.173)  5.064(1.934)
10-280H  2.833  3.255  2.903(0.172)  3.724(0.610)  2.514(0.068)  3.555(0.824)  2.744(0.303)  4.964(2.188)
10-9-OH  2.707  2.654  2576(0.117)  2.822(0.839)  2.548(0.070)  3.230(0.616)  2.828(0.256)  4.872(1.369)

aThe distances correspond to the average value over all structures of the first plateau for each calculation. The standard deviation is given in
parentheses.

2.3. Computational Procedure. All modeling work was of the experimental distances, for nondiastereotopically assigned
performed using the program package SYBlyersion 6.3 methylene and methyl protons, 0.9 and 1.0 A were added to
on Silicon Graphics workstations. Starting structures were the upper bound. The atomic velocities were applied following
modeled interactively, energy calculations were based on thea Boltzmann distribution about the center of mass to obtain a
TRIPOS 6.0 force fieldf including Gasteiger-Marsili chargé$.  starting temperature of 700 K. After simulating for 1.0 ps at
All calculations were done on molecules without formal charges. this high temperature, the system temperature was stepwise
Automation of analysis steps was done using thgbyl reduced using an exponential function over a 2.0 ps period to

Programming LanguageSPL). _ e reach a final temperature of 200 K. This results in 250 cycles
The first ROE restraineSimulated Annealingalculatiort of a 3.0 ps simulated annealing protocol for each simulation,

was performed using a set of 75 nontrivial constraints taken resulting conformers were minimized.
from DMSO-ds. Eight additional distance constraints including Molecular steric fields as 3D shape descriptor based on the

close contacts between salinomycin oxygen atoms and the . :
. . t 5,26
central sodium ion as well as between the distal carboxyl group COMFA method®>26were applied to classify all conforme#s.
All superimposed acceptable structures from the maximum

and 28-OH and 9-OH were added to enhance the convergenc X ; ) i
rat€? during simulated annealing, leading to the DMSO_1 RMSD analysis of the simulated annealing calculations plus both

(see Table 3). For those additional constraints lower bounderiesX-Tay conformers were used as input data set. After the
were set to 1.8 A, upper boundaries to 3.2 A. In preliminary definition of a superposition rule based on an iterative fitting
simulations these distance constraints were found to be redun-approack?*starting with all heavy-atoms of salinomycin, the
dant. To check the validity of this approach, these additional Steric interaction energies between a probe atorfr¢agoon)
constraints were disregarded in another DNSO_2. Ad- and each conformer are calculated at surrounding points of a
ditionally two simulated annealing runs were performed using predefined grid (1 A grid spacing). On the resulting steric fields
51 distance constraints from NMR measurements in GR4th principal component analys€s! (PCA) were carried out to
and without the utilization of the additional distance constraints contract the large number of collinear variables to a few
leading to runsCDCI3_1andCDCI3_2 respectively. Finally orthogonal “principal conformational properties”. The original
the set of 51 constraints from Mronga efaVas used with and  grid point matrix is approximated by the product of two smaller
without additional distance constraintsCRCI3S_1 and matrixes, namely scores and loadiffgsThe score matrix now
CDCI3S_2. gives a simplified picture of the objects (i.e., salinomycin
Atime step of 0.5 fs was used for the integration of Newton’s  conformers) represented by a few uncorrelated new variables.
equation of motiof® for a duration of 750 ps for each  The first new coordinate describes the maximum variance
simulation. Kinetic energy was included by coupling the entire among all possible direction, the second one the next largest

system to a thermal bat. The dielectric constant was setto 5riation among all directions orthogonal to the first one.
1. The ROE derived distance constraints were applied as a

biharmonic constraining function with a force constant of 10
kcal/mol*A2. Upper and lower distance limits were setit0%

(25) Cramer lll, R. D.; Patterson, D. E.; Bunce, J.EAm. Chem. Soc.
1988 110, 5959-5967.

(26) 3D-QSAR in Drug Design. Theory, Methods and Applications
Kubinyi, H., Ed.; ESCOM: Leiden (NL), 1993.

(27) Matter, H.; Szilgyi, L.; Forga P.; Marinic, Z.; Klaic, B.J. Am.
Chem. Soc1997, 119, 2212-2223.

(28) Nilges, M.; Clore, G. M.; Gronenborn, A. FEBS Lett1987, 219,
11-16.

(29) Moyna, G.; Mediwala, S.; Williams, H. J.; Scott, A.J. Chem.
Inf. Comput. Sci1996 36, 1224-1227.

(30) (a) Dillon, W. R.; Goldstein, MMultivariate Analysis: Methods

(16) SYBYL Molecular Modelling Package, Version 6.3; Tripos: St.
Louis, MO, 1996.

(17) Clark, M.; Cramer llI, R. D.; Van Opdenbosch, N.Comput. Chem.
1989 10, 982-1912.

(18) Gasteiger, J.; Marsili, Ml'etrahedrorl98Q 36, 3219-3228. Details
of the implementation are given in: Sybyl 6.2 Theory Manual: Tripos:
St. Louis, MO, 1995; p 67.

(19) Nilges, M.; Clore, G. M.; Gronenborn, A. FEBS Lett1988 229,

317-324. and ApplicationsWiley: New York, 1984. (b) Malinowski, E. R.; Howery,
(20) Bringer, A. T.; Adams, P. A.; Rice, L. Mstructurel997, 5, 325— D.G. Factor Analysis in Chemistryiley: New York, 1980. (c) Cramer
336. Ill, R. D. J. Am. Chem. S0d.98Q 102, 1837-1849. (d) Stahle, L.; Wold,

(21) A comprehensive review on various molecular dynamics techniques S. Multivariate Data Analysis and Experimental Design in Biomedical
is presented in: van Gunsteren, W. F.; Berendsen, H. AnGew. Chem., Researchin Progress in Medicinal ChemistrEllis, G. P., West, G. B.,
Int. Ed. Engl.199Q 29, 992-1023. Eds.; Elsevier: 1988; pp 29838. (e) Wold, S.; Albano, C.; Dunn, W. J.,

(22) For a useful application of this strategy using torsion constraints in Ill.; Edlund, U.; Esbensen, K.; Geladi, P.; Hellberg, S.; Johanson, E;
protein structure refinement, see:"1@ert, P. Withrich, K.J. Biomol. NMR Lindberg, W.; Sjetram, M. In Chemometrics: Mathematics and Statistics
1991 1, 447-456. in Chemistry Kowalski, B. R., Ed.; NATO, ISI Series C 138, D. Reidel

(23) (a) Ryckaert, J. P.; Cicotti, C.; Berendsen, H. JJ.&Comput. Phys. Publ. Co.: Dordrecht, Holland, 1984; pp-196.
1977, 23, 327-343. (b) van Gunsteren, W. F.; Berendsen, H. JMOl. (31) SYBYL 6.2, Ligand-Based Design Manu@RIPOS, Inc.: St.
Phys.1977 34, 1311-1327. Louis: MO, 1995; pp 226225.

(24) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Di  (32) Ranar, S.; Lindgren, F.; Geladi, P.; Wold,B.Chemometric§994
Nola, A.; Haak, J. RJ. Chem. Phys1984 81, 3684-3690. 8, 111-125.
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Figure 3. Coordination pattern of the central sodium ion in both solid-
state conformers (A: xrayl, B: xray2).

In xray2 extremely short distances are observed between the
oxygen of a water molecule and three oxygens of salinomycin
A: 20-O (2.100 A), 1a0 (2.421 A), and 16O (2.538 A).

One has to assume that this water oxygen is probably another
; disordered position of the sodium ion. Least squares refinement
< 7o oo <7/‘ A calculations show that it is possible to refine a sodium position
0 ’\’ "l/é o with a multiplicity of 16.9% and a main position with the

\ = 2 multiplicity of 83.1%. The sodium position with the lower
multiplicity would be no longer in the center of the hydrophilic
pocket resulting in a very distorted trigonal bipyramid config-
uration.

The intramolecular hydrogen bonds are similar in the two
conformers. However, the head to tail bonding (distance
between 1a0/1b—0O and 28-OH) is much stronger in xrayl
(2.833 A) than in xray2 (3.251 A). In xray1 this bonding is
3. Results and Discussion performed to the oxygen of the carboxyl group, which is
coordinated to sodium, whereas in xray2 the nearest carboxyl

firmed the relative and absolute configuration, which was found oxygen to 28-OH is that one, which is not coordinated to
by Kinashi et aB# The conformations of the two molecules of sodium. _ o
the asymmetric unit are slightly different. While the center of Al three hydroxyl groups are involved in intramolecular
the molecule, the tricyclic spiro system, is rigid, the torsion hydrogen bonds. In xrayl 9-OH is forming a bifurcated
angles at both sides of this system show differences of almosthydrogen bond to a0 (2.707 A) and 11-O (3.047 A); 28-
20°. Conformer 1 (in the following referred to as xrayl) is OH is forming a bifurcated hydrogen bond to 25-O (2.874 A)
more platelike with one hydrophilic and one hydrophobic side, and 1b-O (2.833 A). In xray2 9-OH is correlated with H©
whereas conformer 2 (xray2) is more spherical (see Figure 2).(2.654 A) and 11-O (3.221 A), while 28-OH is forming
The distances between the sodium ion and the oxygens inhydrogen bonds to &0 (3.255 A) and 25-O (2.910 A). In
the first coordination sphere vary from 2.356 to 2.631 A (see both conformers 20-OH is forming an mtrqmolecular hy_drogen
Table 3). In xrayl one water molecule is coordinated to the Pond to 21-O (2.850 and 2.768 A, respectively). The distances
sodium ion, whereas two water molecules are coordinated in Show that the bifurcated bonds are usually weaker in xray2 than
xray2. In the former case a distorted trigonal and in the latter IN Xrayl. Two water molecules are connecting the two
case a distorted tetragonal bipyramid is obtained. Without the conformers via hydrogen bonds; there are no intermolecular
water molecules the configuration of sodium in both conformers hydrogen bonds between the conformers.
can be considered as a distorted tetrahedron (Figure 3). None The fully hydrogenated pyran rings have chair conformation.
of the oxygens of the three hydroxyl groups is involved in the The six-membered ring with one double bond has envelope
coordination of the sodium ion which is in contrast to the results conformation where 21-C is 0.633 A (xrayl) and 0.557 A
of Mronga et aP They found the oxygens in position 9 and 28 (xray2) out of the plane formed by the other atoms of the ring.
to be part of the coordination sphere with a distance between The five-membered ring is twisted, atom 21-C is 0.316 (xray1)
oxygen and sodium of around 2.3 A. and 0.212 A (xray2) out of plane, respectively; atom 22-C is

¥ ‘a

Figure 2. X-ray structures of salinomycin (A: xrayl, B: xray2).

3.1. Solid-State Conformation. The X-ray analysis con-
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Figure 4. Maximum of the rms deviation between pairs of salinomydita conformers obtained from simulated annealing calculations with a rms
ROE violation smaller than a cutoff value as objective criterium for ensemble selection. The sample of structures for rms deviation gets [yrogressive
larger with increasing cutoff values for the ROE violation, as plotted orxtagis. On they-axis, the maximum rms deviation values are given.

Those plots are shown for all six different simulated annealing calculations; the abbreviations used in this figure directly refer to thosesruns in th
text.

0.225 and 0.387 A out of the plane of the other ring atoms, steps indicating that additional conformational space becomes
respectively. available when more violations are tolerated (Figure 4).

3.2. NMR Spectroscopy.Resonance assignments of salino- ~ For DMSO_1(Figure 4, left side, upper panel) where eight
mycin—Na in CDCk have already been publistteéd3*and were additional distance constraints involving close contacts between
in accordance with our results. Therefore, only the assignmentoxygen atoms and the central sodium ion have been used (see
in DMSO-dgs based on the analysis of several 2D-NMR-spectra Table 3) the first plateau corresponds to 40 conformers with
is given in Table 1. As already observed by Mronga efal., acceptable constraint violations between 0.22 and 0.26 A.
NOESY-spectra of salinomycirNa suffered from a very low  Conformers representing the second or third plateau form a close
intensity which forced them to use very long mixing times (600 structural ensemble similar to the first one. The largest RMS
ms). For molecules of this size the ROESY experiment provides Violation from all 250 conformers is only 0.67 A compared to
a very useful alternative. Using a mixing time of 150 ms and the conformer with the lowest constraint violation.

a spinlock field of 3 kHz (at 500 MHz), spectra with high The ensemble foDMSO_lis displayed in Figure 5. To

intensities were obtained both in CQ@Ind in DMSOds. The obtain visually comparable ensembles all plots in Figure 5 show
quantitative analysis resulted in 51 and 75 distance constraintsonly the best 14 conformers, while numerical analyses were
in CDClz and DMSOelg, respectively. done using the ensembles from the maximum RMSD selection.

3.2.1. Conformation in DMSO. The structure of salino- The comparison between experimental distances and the dis-
mycin—Na in DMSO4s solution was determined using 75 tances averaged over all structures of the first plateau is given
interproton distances as constraints in simulated annealingin Table 2. The largest constraint violation of 1.02 A is
calculations. Acceptable structures were selected based on thé@bserved for the constraint between H25 and the pseudoatom
maximum pairwise RMSES as objective criterium. Conformers ~QC39% The corresponding ROE effect was very small leading
were sorted in ascending order based on the constraint RMS-t0 a distance constraint between 4.50 and 6.50 A. For such a
violations. For each structure the pairwise RMSD to all small ROE the inaccuracy of the translation into Cartesian
structures with lower target function values was Computed, and distances is not Surprising. Four other restraint violations are
the maximum RMSD as a function of the constraint violation in the range of 0.580.68 A, while the remaining set is in
value was plotted. The resulting graphs are characterized byagreement with the simulations with an averaged restraint
violation of 0.120 A over 75 ROEs and 40 conformers (cf. Table

(33) Anteunis, M. J. O.; Rodios, N. ABull. Soc. Chim. Belgl981, 90, 2).

715-735.
(34) Riddell, F. G.; Tompsett S. Jetrahedronl 991, 47, 10109-10118. (36) The atom name QC indicates a pseudoatom according to the
(35) Widmer, H.; Widmer, A.; Braun, WI. Biomol. NMR1993 3, 307— nomenclature of Wihrich, K. NMR of Proteins and Nucleic AcidgYiley:

324. New York, 1986.
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DMSO1 CDCL3 1 CDCL3S_1

Figure 5. Comparison of the structural ensembles of different salinomycin simulated annealing calculations. The obtained ensembles of 14 best
conformers are displayed as superpositions based on the structures with the lowest constraint violations for the set of simulated anndalitgy calcula
with additionally constraints involving the sodium atom. Left ensemi1SO_1 middle ensembléeCDCL3_1 right ensemble:CDCL3S_1

Protons are omitted for clarity.

DMSO2 CDCL3 2 CDCL3s_2

Figure 6. Comparison of the structural ensembles of different salinomycin simulated annealing calculations. The obtained ensembles of 14 best
conformers are displayed as superpositions based on the structures with the lowest constraint violations for the simulated annealing calculations
without redundant distance constraints. Left ensemBIBSO_2 middle ensembl€€DCL3_2 right ensemble:CDCL3S_2 Protons are omitted

for clarity.

The second ruDMSO_2without additional constraints is  straints from 2D ROESY measurements. The first plateau for
leading to very similar results. Taking only the acceptable the run CDCL3 1 including redundant distance constraints
structures from the first plateau in Figure 4 (lower panel, left) (Figure 4, upper panel, middle) defines a structural ensemble
results in an ensemble of 19 structures for analysis (Figure 6, with 14 conformers shown in Figure 5 (middle). Without those
left) without remarkable deviations from the most acceptable constraints, the first observable plateau corresponds to the best
conformer except for a single conformer showing some varia- 16 structures from the ru€DCL3_2(Figure 4, lower panel,
tions of dihedral angles in the linker region connecting rings A middle); the ensemble is shown in Figure 6 (middle).
and B. Although more conformational variations in all regions are

In constrast tddMSO_1 those conformers representing higher observed, still a unique structural motif can be identified. For
level plateaus for thd©MSO_2run in Figure 4 deviate from  CDCL3_1the largest RMS violation from all 250 conformers
the well-defined structural ensemble on the first plateau. The is 1.3 A in comparison to the best conformer, while this
rate of convergence is significantly higher applying the ad- increasesda 3 A for the simulation without using redundant
ditional restraints, but structures with a low deviation from the constraints. The RMS deviation between the best conformers
experimental data are similar in both runs. The largest RMS from both runs is 0.86 A. The averaged restraint violations
violation from all 250 conformers froDMSO_2is increased are 0.127 and 0.124 A, respectively. In both cases the largest
from 0.67 to 1.35 A, while the ROE RMS violations are in the constraint violation of 1.06 A is seen for the distance constraint
same numerical range (the average restraint violation for 19 between H19 and H13, which accounts for the orientation of
structures is 0.119 A). The same constraint violations are the first spiro connected bicyclic ring system B and C. The
observed as iDMSO_1with H25-QC39 showing the highest  corresponding ROE derived distance was measured as 2.25 A
violation. to 2.75 A, while the simulations lead to an averaged distance

While both structures derived from DMSO are similar, they of 3.81 A. However, the corresponding ROE was found to
are fundamentally different from solid-state structures. The translate into a much longer distance in the DMSO data set.
RMS deviation between xrayl and the DMSO conformer with Here a distance of 3.964.84 A is found, which is in agreement
the lowest restraint violation is 1.82 HMSO_J and 1.95 A with both simulations. It is interesting to note that this ROE
(DMSO_32, respectively, while for xray2 RMS deviations of was not present in the data set given in the publication of
1.66 and 1.65 A are obtained. Mronga® Two other restraints corresponding to protons from

3.2.2. Conformation in CDCkL. The structure of salino-  the Cring (H19 to H15A and H20 to H23endo) are also violated
mycin—Na in CDCk was determined using 51 distance con- in both calculations by 0.98 and 0.82 A, while all other
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constraints are fulfilled (see Table 1 of the Supporting Informa- fields®® contracts the large number of correlated variables (i.e.,
tion). Those interactions are not observed in the DMSO data steric field energies at discrete gridpoints) to a few, orthogonal
set; only H19 to H15A is reported in the literatdfieere a longer principal conformational propertie¥. All information describ-
experimental distance is found in accord with the simulations. ing the conformational variations is contained in the matrix,
The structures with the lowest restraint violation are more but it is hidden due to the large number of columns. A PCA
similar to the solid-state structures of salinomycin than the now allows for simplification of this data matrix; an informative
structures in DMSO solution. The RMS deviation between Ppicture of the underlying structural data can be obtained. Here
xrayl and bothCDCI3_1and CDCL3_2is 1.25 and 0.75 A, a total of 13 248 grid points with steric field energies for 123
respectively, while for xray2 RMS deviations of 1.26 and 0.81 rows was investigated. Columns with a lower variance than
A are obtained, respectively. 2.0 kcal/mol were not included in the PCA model, reducing

Finally, the published constraints in CGtom Mronga et the size of the input data matrix. _
al5 were used for two simulated annealing calculations. ltwas 'he first three orthogonal PCPs in the model (i.e., PCA
an interesting question to answer, whether identical simulation SCOres) explain 83% of the overall variance in the data set. The
and analysis protocols would generate identical classes offi'st PCP can explain 54% of the variance, while the second
conformers and which dataset was able to better define the lowand third components explain 16% and 13%, respectively. The
energy conformations. The first plateau for the @DCL3S_1 ~ PCA scores can be plotted to reveal the underlying data pattern
with published distance constraints including redundant con- Of the original matrix to identify clusters of objects. Conform-
straints (cf. Figure 2, upper panel, right) corresponds to an €rs: which are clpsely relgted in a score plot have a very similar
ensemble of 16 conformers shown in Figure 3 (right). The Shape. Thus this plot gives an unambiguous measure on the
structural characteristics are similar to all other salinomycin duality of the resulting conformational ensembles from the
conformers: a macrocyclic structure closed by the head-to-talil simulated annealing cglcula‘uons, their relationship to other
hydrogen bridge and similar interactions between sodium and €nsembles and the solid-state structures. o
salinomycin are observed. The ensemble of conformers is _ The score plots for the PCA model are shown in Figure 7.
defined with a similar quality than the structures based on our The three-dimensional score matrix is displayed using projec-
own CDCk data. The largest RMS violation for all conformers ~ tions through the PC1/PC2 plane (Figure 7a) and the PC2/PC3
is 1.0 A in comparison to the conformer with the best constraint Plane (Figure 7b). Points within these plots represent salino-
violation. The averaged restraint violation is 0.085 A, because Mycin conformers; the distances between points is a direct
the constraint set includes more restraints involving pseudoatomsmeasure for conformational differences. All conformers from
with higher tolerated restraint violations. The best structure Simulations based on the DMSO data set are found in a well-
shows RMS deviations of 1.68 and 1.05 A to 6®CL3 1 defined cluster at ca—1/0 in Figure 7a. PC1 differentiates
and CDCL3_2 conformers, while the RMS deviation to the Petween the conformational ensemble from thMSO_1
solid-state structures is 1.47 A (xrayl) and 1.27 A (xray2), DMSO_2simulations (ca—1) and the solid state/CD&based
respectively. Again the largest difference is between this Structural ensembles (cé:1). The second PC2 reveals con-

2.29 and 2.20 A, respectively. the distribution of the DMSO structures is very narrow showing

that both sets of distance constraints (with or without redundant
constraints) define the same conformational state. From the
diameter of this cluster one can conclude that the data set from
all regions are detectable. Thus we selected the best 16NMR measurements in DMSQ Is appropriate to define a S'”g'.e

conformation. The second principal component reveals that it

structures based on the ROE RMS violation only. The ) ) ; .
maximum RMSD value immediately reaches the maximum is not possible to accurately define a unique conformational state

value of 2.2 A, indicating that structures with similar ROE RMS in the CDCL3_S2ensemble. Th_e corresponding S|mulat|ons_
violations are very different. This implicates that the literature Iegd to two (or more) conformatlongl states,_well-separated n
data set is not able to unambiguously define a unique confor- th's principal component, from Wh'c.h one is fundamentally
mational state with sufficient accuracy. Thus, the observed low different from all other structures qbtalneq based on Gulta
averaged restraint violation of 0.077 A alone does not count or the sohd-sFat(_e conformers. This One IS located atteaof

for the quality of a structure determination. It has to be pointed the_second pnncuc_)al component, while all other conformers from
out that only for these simulations the use of redundant distanceV2110us CDCH derived simulations are found betweef.5 and

constraints is necessary to obtain an acceptable structurae_gg thlsthz_axs. Bo(tjh splld:rsliatfh_cgnfoc;rrerst are Iotcaied_at_cal.
ensemble, while from looking at initial simulations without those -2 0N ThiS second axis. € third and least important principa

constraints, it is difficult to extract redundant information useful PTOPerty PC3 now explains differences betweenGBxCL3_1/
for later refinement CDCL3_2ensemble to theCcDCL3S_1/CDCL3SZnsemble.

33 Princinal Co.m onent Analvsis for Structural Com- This principal conformational property shows that both data sets
ari.sc.)n To gnal Ze pstructural d?lﬁerences between various in CDCl; lead to different conformers. It also shows that both
P T y o ~_solid-state structures are more similar to conformers from the

conformational ensembles, a principal component analysis

(PCA®) based on molecular shape descriptors was used. TOCDCL3_1/23|muIat|ons than to those structures obtained using

compute molecular steric fields, all acceptable conformers from published distance constraints.
Six sri)mulated annealing calculyations bgsed on the maximum 3.4. Detailed Analysis of Structural Differences. For this

. . . f 12 nformers from simul nnealin Iculation
RMSD selection (structures of the first plateau) plus two solid- set of 123 conformers from simulated annealing calculations

; . cluding the two solid-state structures an analysis of dihedral
state structures were superimposed leading to a data set of 12 L
S ~angle distributions was performed to focus on structural
conformers. The application of a PCA to the molecular steric

However, without the redundant constraints it is not possible
to identify distinct conformational states as shown in Figure 4
(lower panel, right). Much more conformational variations in

(38) van de Waterbeemd, H., Clementi, S.; Costantino, G.; Carrupt, P.

(37) (a) Joliffe, JPrincipal Component AnalysiSpringer: Berlin, 1986. A.; Testa, B. In3D-QSAR in Drug Design. Theory, Methods and
(b) Wold, S.; Esbensen, K.; Geladi, Ehemom. Intell. Lab. Syst987, 2, Applications Kubinyi, H., Ed.; ESCOM: Leiden, The Netherlands, 1993;
37-52. pp 697-707.
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are observed. The following dihedral angle -689—C10-
C11 adopts a narrow range between °L@é@dd 180 for all
conformers from th€€DCL3_1and CDCL3_2simulations. In
DMSO the averaged value for this torsion has slightly shifted
to a narrow range between 188nd —16C°. For this torsion
both X-ray conformers are very similar to the DMSO derived
ensembles (xrayt-167.3, xray2: —172.0). For the simula-
tion CDCL3S_1different conformations with values between
120 and 160 are found, even more variablility can be observed,
when analyzing the ensembleéDCL3S_2 (dihedral angles
between 18Dand —80° are found).

The torsion angle C9C10-C11-C12 varies inCDCL3_1
andCDCL3_2between—130° and—15C, which corresponds
to the values found in the two X-ray structures (xray158.7,
xray2: —138.3). In the DMSO ensembles this dihedral angle
is covering a range betweerr95° and —115°. For the
CDCL3S_1simulation values betweer13(® and —17C are
found. This torsion appears to be better defined in the
unconstrained ensemble froBDCL3S 2 (—12C° to —15C).

A similar difference between the CD{Zind the DMSO derived
ensembles is observed for the torsion angle-©C01-C12—
C13. While forCDCL3_1andCDCL3_2values between 90
and 108 are found (70—11C° for the CDCL3S_1 and
CDCL3S_2, values between 180and 178 are observed for
the DMSO ensembles. Again the CRGInsembles are in
agreement with the X-ray conformers, where values of 95.1
and 87.9 are found, respectively. Both torsions reveal a
remarkable conformational difference in this linker region
between ensembles from measurements in different environ-
ments. The final dihedral angle C3C12-C13-C14 in this
linker region is found to adopt similar values for all analyzed
ensembles: values betweerl80° to —16(0° can be observed
in agreement with the crystal conformers (xrayl:-165xBay?2:

Figure 7. Score plots obtained from the principal component analysis —-160.5).

based on molecular shape descriptors and 123 superimposed conformers Another conformationally variable linker region is defined
from various simulated annealing ensembles including solid-state

structures. Each score refers to a major principal conformational by the dihedral angle C23C24-C25-C26 connecting rings

propertiy (PCP). Different conformational ensembles are indicated by 0 @nd E. For theCDCL3_1, CDCL3_2 and CDCL3S_1
different symbol types, as given as additional legend in both figures. Simulations dihedral angles betweerf 40id 60 are observed,
(a) Plot of the first versus the second principal component score. (b) While from theCDCL3S_2simulation values between #@and
Plot of the second versus the third principal component score. 160 are found. FODMSO_ 1values between 2Gand 30 were
found for this torsion, whildDMSO_2shows a slightly higher

. . . conformational variability with values betweer? @nd 40.
d|fferences. Due to the forma_ltlon of the intramolecular head- Again the X-ray data are more similar to the CR@4ta, values
to-tail hydrogen bond the dihedral angle €12-C3-C4 of 54.2 (xrayl) and 48.7 (xray2) are found, respectively.
connecting the terminal carboxyl group to the A ring is locked Homonuclea®J coupling constants provide additional infor-

I'phz é?rt]almigﬁ sﬁt(e;gbgﬂvg\?vinaﬁtﬁ,grldgfrge%']lc S(t)rrl:f((:)trun:?a?i.onal mation about some of these torsion angles. Table 4 contains
ylgroup 9 9 experimentally determined values observed in DMSO and

variability in different ensembles. In th€DCL3_1 and : :
. S . = CDCI3. They are compared to theoretical coupling constants
CDCL3_2ensemble this torsion is fixed in-a60° orientation, computed using the Karplus equaidrfor each individual

corresponding to both X-ray conformers. This finding is structure of the first

plateau and subsequently averaged. Those
Sugfg rte%_b% tfhe obtsherveq R?tE.S betf\/\{ﬁeﬁelaézllzsnd dHr‘Ll calculated coupling constants are in good agreement with the
Q » Which Tixes the orientation of the ond. “In experimental data. However, large differences and variations

f}?ntrast, the pUb“tSh?d Ig(;/rlggalgts n tCIE)@:l\dtthe datadfrom tof those coupling constants reflected by the reported standard
€ measurements in 0 not iead 1o a predominant 4, iation in Table 4 are observed for the two runs using the

orientation; the rotameric states-a60° and +60° are equally distance constraints of Mronga et%alln summary all simula-
populated. The ROE ISQ_C42 IS mISsIng In th@DCLBSdata tions excepCDCL3S_2Zesult in sufficiently well-defined single
set, and only H2 shows dipolar Interactions with the pl rE o: tons at -4 ntormational states for the linker regions in salinomycin.
C42. In DMSO a much weaker interaction betwee 42 This is certainly not true for side-chain regions, as illustrated

is observed which is in agreement with both orientations. by the conformational properties of the terminal ethyl group at
The dihedral angle C#C8-C9-C10 is well-defined at y . Prop y! group
4166-185 in CDCL3 1 CDCL3 d the two DMSO C28. Three rotameric states 0, 180, 60) for the dihedral

aroun In 1 _2 and the two angle C27C28-C31-C32 were observed in all ensembles

ensembles. These values correspond to the X-ray conformersShOWin : :

g the inappropriateness of the NMR data to accurately
(166.0 _and 177.3). In (_:ontrastC_DC_ITSS_land CDCL3S_2 define a unique conformer. However, the solid-state structures
show higher conformational variability, and values between

—180¢° and—14C¢° (CDCL3S_} and 158 to —17¢° (CDCL3S_?

(39) Karplus, M. JJ. Chem. Phys1955 30, 11-15.



8218 J. Am. Chem. Soc., Vol. 120, No. 32, 1998 Paulus et al.
Table 4. Experimental and Backcalculated Coupling Constants
N EXpomso? Expcocid® DMSO_t DMSO_2 CDCI3_1 CDCI3_2 CDCI3s_1 CDCI3S_2

H6—H7 2.3 2.2 3.56(0.86) 3.61(0.95) 5.21(2.02) 6.72(1.57) 3.52(0.77) 2.79(0.92)
H7—-H8 10.1 10.2 10.54(0.30) 9.76(3.04) 10.84(0.05) 10.81(0.04) 10.73(5.16) 7.70(3.94)
H8—H9 1.6 1.6 2.61(0.92) 1.93(0.50) 1.29(0.33) 1.49(0.45) 5.16(2.32) 1.95(1.35)
H9—-H10 105 105 10.56(0.30) 9.47(3.12) 10.72(0.24) 10.87(0.04) 7.71(3.90) 6.97(4.82)
H12—-H13 <1.0 <1.0 2.30(0.95) 2.77(0.71) 1.85(0.40) 1.62(0.26) 2.55(0.54) 1.70(0.71)
H13-H14 10.0 10.0 10.47(0.37) 10.69(0.11) 10.89(0.01) 10.90(0.00) 10.83(0.07) 10.78(0.11)

a Experimental value in DMS@k. ? Experimental value in CDGI ¢ The theoretical coupling constants corresponds to the average value over all
structures of the first plateau for each calculation. The standard deviation is given in parentheses. A standard Karplus egiating ¢ + B
cos¢ + C (with A= 9.4,B = —1.1, andC = 0.4) was used to transform the dihedral angle of all structures into the corresponding coupling
constants.

show at least two of those three rotamers (xrayl: 174.6 respectively) were chosen to detect all oxygen atoms interacting
xray2: 63.8), as there are no structural restrictions imposed with the metal ion. The number of oxygens varies between
on this side chain. Even intermolecular contacts as observedthree (lasalocitf) and nine (monensin). In most cases the
in the solid state are not able to result in a predominant rotamer coordination is quite irregular in geometry.
at this side chain. Although there are many structural similarities among the
A graphical pairwise comparison for the best conformers from different polyether antibiotic complexes, differences in nature
the simulated annealing ensembles based on DMSO and«CDCI and number of functional groups providing the framework for
derived distance constraints and both solid-state conformers inmetal complexation are observed. In all cases tetrahydrofuran
given in Figure 8ac. rings are involved where the total number is 1 (lasalocid,
The metal complexation pattern is very similar in all salinomycin), 2 (alborixirt> CP-54,833% dianemycirf;’ grisorix-
simulations, except for theCDCL3S 2run. A distorted  in,%8 lenoromycin?® lysocellir?Y), 3 (A-204A5* carriomycin??
pentagonal pyramid of oxygen atoms is observed within each K-41,%% lonomycin>* monensin, nigericifi? septamyciff), or
conformational ensemble involving 1a-O, 1b-O, 11-O, 21-O, even 4 (ionomyciff). Tetrahydropyran rings are involved in
and 25-O. For 9-O in none of the cases a close distance tometal binding in alborixin, lasalocid, monensin, nigericin,
sodium is observed. In th@DCL3S_2Ximulation, 9-0, 21-0, salinomycin, and septamycin (one ring, respectively), in diane-
and 25-0 are not in close proximity of the central sodium ion mycin (two), and in lenoromycin (three). A carboxylate carrying
leading to an artifical complexation by only three oxygens. The one or two coordination partners is present in all polyethers
actual distances between various salinomycin oxygen atoms toexcept for lenoromycin and monensin. Other common groups
sodium are summarized in Table 3. When comparing this are primary or secondary hydroxyl groups from which mostly
pattern to the results of the X-ray analysis (values are also giventwo (alborixin, dianemycin, ionomycin, lasalocid, lysocellin,
in Table 3), it can be seen that only four oxygens are monensin, nigericin) or one (grisorixin, lenoromycin, salino-
coordinating the central sodium atom (1a-O, 11-O, 21-O, 25- mycin) are taking part in metal complexation. Other typical
0). The main difference in the complexation pattern between functional groups are noncyclic aliphatic ethers (A-204A,
solid and solution state is the possible interaction of the secondcarriomycin, CP-54,883, grisorixin, K-41, lenoromycin, lono-
pxygen {.ﬂom of the di.Stal Carboxylic.grOUp' WhiCh.iS Only (43) Agtarap, A.; Chamberlin, J. W.; Pinkerton, M.; SteinraufJLAm.
involved in the NMR derived structures in a complexation. This chem. Soc1967 89, 5737-5739.
change is due to a rotation of the plane of the CO@roup (44) Aoki, K.; Suh, I.-H.; Nagashima, H.; Uzawa, J.; Yamazaki,JH.
arOL.md th'? 1_62_.C bond. Due to the lack of experlmental!y Arrz.ﬁlg)h(ear)nhigcﬁgg.zvlaﬁl, 832)2;?/62% Strong, P. D.; Smith, G.Ab.
available information about the actual values for this torsion -

’ ’ . > ryst. Assoc., Ser. 2983 11, 24. (b) Roey, P. van; Duax, W. L.; Strong,
angle, it cannot be decided, whether this results as artifact fromp. D.; Smith, G. Dlsr. J. Chem 1984 24, 283-289.
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Figure 8. Pairwise comparison for the best conformers from the simulated annealing ensembles based on DMSO ani@r®Idistance
constraints and both solid-state conformers. For clarity, protons are omitted in all conformer representations. (a) Left: best simulatgd annealin
conformer from the rulDMSO_1(gray carbons) superimposed on the best simulated annealing conformer from @B@W3_1(white carbons);

right: first solid-state conformer (gray carbons) superimposed on the best simulated annealing conformer fror®BeLr8inl (white carbons).

(b) Left: second solid-state conformer (gray carbons) superimposed on the best simulated annealing conformer fro@DQk 3ud (white
carbons); right: second solid-state conformer (gray carbons) superimposed on first solid-state conformer (white carbons). (c) Left: stase solid-
conformer (gray carbons) superimposed on the best simulated annealing conformer from ES0n 1(white carbons); right: second solid-

state conformer (gray carbons) superimposed on the best simulated annealing conformer fronDiS@inl (white carbons).

mycin, nigericin, septamycin) and carbonyl groups from keto unknown. Different assumptions about the mechanism have
or ester functions (CP-54,883, grisorixin, ionomycin, lasalocid, been made based on a comparative conformational study of
lysocellin, monensin, salinomycin). different polyether ionophorés or on molecular dynamics
calculations, respectively. Anteunis et & proposed the
torsions C9-C10-C11-C12 and C16-C11-C12-C13 to-
gether with C23-C24—C25-C26 to be the major hinges when

3.6. Possible Hinge Regions in SalinomycinThe iono-
phore-mediated transport of metal ions through the membrane
includes complex formation, diffusion, and dissociation. While
the kinetic of this process has been studied in détdfiermo- ™ 5gyRiddell, F. G.; Tompsett, S. Biochim. Biophys. Acta99Q 1024
lecular basis of the complex formation and dissociation is still 193-197.
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Table 5. Published X-ray Structures of Polyether Antibiotics

ionophore cation no. of oxygens 3.0 (A) no. of oxygens< 3.2 (A) no. of oxygens< 3.5 (A) lit.
A-204A Na* 6 8 8 51
A-204A Ag* 6 6 7 51
alborixin Na 6 6 7 45
carriomycin TI 5 7 8 52
CP-54,883 Na 6 6 6 46
dianemycin R 3 7 8 a7
grisorixin Na" 6 6 6 48
ionomycin C&" 7 7 7 57
ionomycin TIF 4 7 7 54
K-41 Nat 6 6 6 53
lasalocid TI* 3 4,5 5,6 44
lenoromycin Ag 7 8 8 49
lonomycin TIF 5 6 8 54
lysocellin Agt 5 6 6 50
monensin Ad 6 7 7 40a, 43
monensif K+ 6 7 8,9 40a, 42
monensin Li 6 6 7 41
monensif Na* 6 7 7 40a-d
nigericin Agt 5 5 6 55a,b
nigericin Na 5 5 5 55¢
septamycin Rb 4 7 8 56
salinomycin N4 (xrayl) 4 6 6
salinomycin Na (xray?2) 4 5 5
salinomycin Na (CDCly) 6 6 6
salinomycin Nd (DMSO) 5 5 5,6

aFrom Cambridge crystallographic data bas&wo structures have been publishédwo structures have been publishédrour structures
have been published.

Table 6. Torsion Angles of Possible Hinge Regions in Salinomycin

torsion xrayl xray2 CDCI3_» CDCI3_2 DMSO_?P DMSO_2
C6—-C7—-C8-C9 —-172.1 —178.6 —175.5(6.5) —171.0(5.4) 169.6 (5.4) 160.6 (29.8)
C7-C8-C9-C10 166.0 177.4 165.9 (4.3) 168.1 (4.1) 178.5 (4.3) 172.5(7.8)
C8-C9-C10-C11 -167.3 —-172.0 171.3 (5.3) 173.4 (2.0) —170.7 (5.5) —159.2 (29.5)
C9-C10-C11-C12 —158.7 —138.3 —138.0 (5.4) —140.2 (3.6) —108.1 (6.0) —103.7 (2.4)
C10-C11-C12-C13 95.1 87.9 94.5 (10.8) 96.5 (4.3) 130.1 (7.1) 133.9 (7.6)
C11-C12-C13-C14 —165.5 —160.5 —173.5(4.2) —171.6 (2.1) —172.5(6.2) —178.4(3.8)
C23-C24-C25-C26 54.2 48.7 55.4 (5.3) 52.6 (6.9) 11.5(6.9) 0.5(18.9)

aThe torsion angles correspond to the average value over all structures of the first plateau for each calculation. The standard deviation is given
in parentheses.

salinomycin changes from a closed to an open conformation torsion angles obtained in the crystal structure of the “open”
and vice versa. Performing unconstrained MD simulations with p-iodophenacyl derivative of salinomyéit give further evi-
and without the sodium ion Mronga et%tlefined the torsions  dence for the localized hinge regions. While torsions-CG—
C10-C11-C12-C13 and C6C7—C8-C9 to be the most  C8-C9 (174.7), C7—C8-C9-C10 (173.8), C8-C9-C10—
important ones, while the torsions €€10-C11-C12 and Cll1 (=172.9), and C11C12-C13-C14 (176.9) remain
C23-C24—-C25-C26 were excluded as possible hinge regions almost uneffected, larger deviations are observed for CB—
due to their restrictions in flexibility during the calculations. C11-C12 (-167.9), C10-C11-C12-C13 (50.9), and C23-
However, none of the assumptions is based on experimentalC24—C25-C26 (—66.8).
data supporting one of both models.

For the first time, we were able to experimentally determine 4. Conclusion
conformations of salinomycin in different environments and to
examine those torsions undergoing the largest conformational ~Structure determination of the salinomyeisodium complex
changes. Table 6 summarizes the torsion angles possiblywas carried out in the solid state as well as in two different
involved in the operating mechanism including the two X-ray Solvents to analyze the impact of various environments. Sali-
structures and the results of the calculations in GD&id nomycin can be characterized as a molecule with a hydrophilic
DMSO. The torsion angles of the two X-ray structures are very binding site serving as coordination partner for the central
similar with the exception of torsion GIC10-C11-C12 where ~ sodium ion and a very hydrophobic surface region, which is
a difference of 204 is observed. Furthermore, no major €xposed to the environment (solvent or membrane). The present

differences are observed between the structures in @ study provides insights into structural aspects of metal-ion
the X-ray structures. In DMSO significantly larger differences complexation with a higher degree of confidence with respect
are observed for torsions €€10-C11-C12, C16-C11— to earlier structural analysis.

C12-C13, and C23C24-C25-C26 with respect to the A quasi-macrocyclic core structure is stabilized by numerous

structures in CDGland in the solid state. In contrast, the torsion metat-oxygen electrostatic interactions and by an intramolecular
C6—C7—C8—C9 is well conserved under all experimental head-to-tail hydrogen bond. While the structure in the coor-
conditons used in the present investigation. dination sphere is very similar in all conformers, the hydro-
Therefore, our results strongly support the model previously phobic surface region shows significant differences especially
proposed by Anteunis et &. It should be pointed out that the  in the linker (hinge) regions. Two different structural families
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can be distinguished with the DMSO structure being dissimilar  For the first time, we were able to experimentally determine
to the CDC}¥/solid-state structures. conformations of salinomycin in different environments and to
The similarity between the X-ray structures and the confor- examine those torsion angles undergoing the largest conforma-
mation in CDC} can be regarded as a consequence of the tional changes. These torsions are considered to play an
lipophilic environment in both cases: Only intermolecular important role during complex formation and dissociation. Thus
hydrophobic interactions between different salinomycin mol- a more detailed picture on metal ion transportation through
ecules are observed in the crystal form, while no intermolecular biological membranes emerges.
hydrogen bonds occur. Thus, the structure deduced from
experimental data in CDgand in the solid state are more likely
to mimic the conformation of the ionophore exposed to a  Acknowledgment. The authors thank Bernd Beck for
lipophilic membrane. purifying and crystallizing the sample of salinomycin.
The quantification and visualization of structural differences

between different conformers was possible using principal . . . ) .
component analysis on molecular steric fields. A better defined _Supportmg Info_rmatlon Available: - Tables (Tl_T5) with
distance constraints and computed averaged distances for

structural ensemble can be obtained with a higher number of i i Na. atomi dinat q valent isotroni
diastereotopically assigned protons in the experimental data set>ainomycin—iva, atomic coordinates and equivalent isotropic

The utilized sets of input distance constraints obtained during displacement parameters (T6), and anlsotrop|c. displacement
the present investigation in DMSO and CR@tre sufficient to parameters of the X-ray structures (18 pages, prlr_1t/PDF). See
precisely define the conformations of the salinomyesiodium any current ma_sthead page for ordering information and Web
complex without the use of additional distance constraints. In ¢C€SS Instructions.

contrast, this was not possible using constraint data sets given
in the literature. JA973607X



