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'H and "*C Nuclear Magnetic Resonance Studies on X-537A (Lasalocid-A)-
Calcium Complexes: Observation of a Sandwich Complex
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Studies on the conformational and binding characteristics of the ionophoric antibiotic X-537A
(lasalocid-A)—calcium ion complexes have been carried out in deuteriated acetonitrile (CD,CN) using
proton and carbon-13 nuclear magnetic resonance (*H and '2C n.m.r.) spectroscopy. Detaifed analysis
of the salt-induced chemical shifts at various X-537A to calcium concentration ratios indicated that X-
537A forms charged complexes with calcium with 2:1 and 1:1 stoicheiometries. The conformational
model for the complex based on the n.m.r. data showed that the calcium ion is preferentially bound to
one end of the molecule, which is binding to three oxygen atoms, the other end (the salicylic acid part)
being relatively free. In the 2:1 (sandwich) complex, the calcium ion is sandwiched between two X-

537A molecules with three oxygen atoms binding to it from each molecuie.

X-537A (lasalocid-A) (Figure 1), first reported by Berger ez al.,!
is a carboxylic ionophore and has been employed extensively in
the study of biological systems by virtue of its effective
interaction with them, basically through its ion-transporting
capability. Because of its wide range of biological applications
(particularly in the understanding of the role of calcium ion in
physiological systems) and of its complexing ability with
various cations, this molecule has been the subject of extensive
biological and physico-chemical studies.2!* However, studies
on the conformational aspects of the X-537A—calcium complex
have been very limited. Recently, we have shown, using circular
dichroism (c.d.), that X-537A forms stable complexes with
calcium with different stoicheiometries, depending on the salt
concentration.!? In this paper, we report the studies on 'H and
13C nm.r. of X-537A-calcium complexes in acetonitrile. We
obtained very different conformations for these complexes as
compared with free X-537A. Our results also indicated that X-
537A predominantly forms charged complexes with stoicheio-
metries of 2:1 and 1:1, suggesting that transmembrane calcium
transport by this ionophore could be co-mediated by both types
of complexes.

Experimental

Salt free X-537A was extracted from the sodium salt of X-537A
(Sigma Chemical Co., USA) by the previously described
procedure.’? CD;CN was obtained from Stohler Isotopes. A
calculated amount of vacuum-dried (P,0O;) calcium perchlorate
(from Alpha Inorganics, USA) was added to a CD;CN solution
of X-537A (of known concentration) for the preparation of a
stock solution containing the ionophores and Ca2* in a ratio of
R = 1:15. For titration experiments, solutions of intermediate
stoicheiometries were obtained by gradually mixing the stock
solution with appropriate quantities of free X-537A solution of
exactly equal ionophoric concentrations. Spectra of the samples
were recorded at 270 MHz (*H n.m.r.) and 67.89 MHz (*3C
n.m.r.) on a Bruker WH-270 FT n.m.r. spectrometer at the
Sophisticated Instruments Facility, Bangalore.

Results

The 270 MHz 'H n.m.r. spectra of free X-537A and its calcium
complex in CD,CN are shown in Figure 2. Using spin-
decoupling techniques extensively, and comparing with the
assignments reported in other solvents,!%:11:13:14 the signals of
free X-537A in CD,CN were assigned. For assignments in the
calcium complex, along with the spin decouplings, changes in

Figure 1. Structure and numbering scheme of X-537A

the signals of free X-537A on the gradual addition of calcium
perchlorate were monitored. The final assignments for the free
and the complexed X-537A are shown in Figure 2. The two low-
field doublet signals belonging to H(4) and H(5) at ca. 7.2 and
6.7 p.p.m. remained virtually unshifted during the salt addition
(not shown in the figure). The 'H n.m.r. chemical shifts for the
free and the calcium complex of X-537A are given in Table 1.
Coupling constants of most of the coupled protons did not
change during complexation.

The '3C chemical shifts for various signals of the free and the
calcium complex are listed in Table 2. The signal assignments
for free X-537A in CD,CN were based on the reported
assignments for the ionophore in CDCl,.'#!* Chemical shift
changes on salt addition were followed to give the final
assignments for the calcium complex.

Discussion

Stoicheiometry of the Complex—The salt-induced changes in
the 'H and "3C nmr. chemical shifts show stabilizing
tendencies beyond R ca. 1:0.5 (X-537A:Ca®*). A trial
Scatchard plot'® of the A8 changes with the change in
concentration ratio range (up to R =1:2.5) for the H(21)
proton and C(12) carbon signals (the signals that showed
maximum A8 changes in 'H and '3C titration experiments)
were non-linear suggesting that the complex is not of a simple R
= 2:1 stoicheiometry. A four-parameter, K,, K,, A3,, and Ad,,
computer fit'’ was tried [XH + Ca®® =— XH.Ca";
2XH + Ca?* = (XH),«Ca?*, k, “4nd k, are

dissociation constants; A3, and A, are limiting A values of the
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Figure 2.270 MHz 'H n.m.r. spectra of: (a) free X-537A and (b) its calcium complex (1:2.5) in CD;CN at 25 °C; [X-537A] ca. 15mM. (i) High-field

region and (ii) low-field region

Table 1. 'H N.m.r. chemical shifts (p.p.m.) for free X-537A and its calcium complex in CD;CN (25 °C). [X-537A] = 15mm; [X-537A]):[Ca%*] =

1:2.5

H@4) H(5)
Free 724 673 395 387 373 346 311 294
X-537A
Calcium 726 676 376 380 4.16 404 278 3.3
complex

2.80 3.08

H(10) H(14) H(21) H(19) H(7a) H(11) H(7b) H(10) H(29) H(i8) H(39) H(38) H(32) H(35) H(37) H(42)
278 271

216 212 115 1.00 089 085 078 0.71

217 237 127 101 100 093 0.79 0.76

Table 2. !3C N.m.r. chemical shifts (p.p.m.) for free X-537A and its calcium complex in CD,CN (30 °C). [X-537A] = 53mm; [X-537A]:[Ca®**] =

1:25

C(12) C(25) C(2) C@6) C4 C3) C65 cm
Free 2155 1741 1620 145.1 1360 1247 1225 1121
X-537A
Calcium 2307 173.1 1607 1440 1358 1245 1223 111.6
complex

C(16) C(14) C(21) C(19) C(10) C(22) C(11) C(13) C(23)
868 852 778 750 724 722 559 491 399

913 858 787 766 69.6 762 553 514 364

two individual species of complex]. This gave a best-fit for 1:1
and 2:1 coexisting complex species with k, = 1.820 mMm and k,
=0.053 mM; AS;, = 0.30 p.p.m. and A§, = 0.39 p.p.m. with
Adpys = 0.02 p.p.m. for the H(21) proton signal and almost
comparable values for the C(12) carbon signal. These values are
in good agreement with the corresponding values reported from
c.d. studies.'? Figure 3 shows the two component curves for the
two species (1:1 and 2:1) for the H(21) proton signal. It is clear
that the 2:1 complex is preferred at lower salt concentrations,
while at higher concentrations the 1:1 complex also forms in
comparable amounts.

Conformation of the Complex—A comparison of the
chemical shifts of H(4) and H(5) (sensmve to the state of
deprotonation of carboxylate group®!%) in CDCl,® and
methanol ! with those in CD,;CN (Table 1) suggests that X-
537A is more likely to exist as the XH form rather than as the
dissociated charged (X ™) species in CD,CN. In fact, addition of
a few drops of DCI (0.1N) to X-537A in CD,;CN had little effect
on the chemical shifts of H(4) and H(5). This is consistent with
the w.v. and c.d. results.'? Further, a comparison of chemical
shift differences between H(7a) and H(7b) signals, which reflect
the flexibility of the salicylic head with respect to the rest of the
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Figure 3. Analysis of the observed A3H(21) signal in terms of
contributions of component species: A, 4-parameter fit curve and
experimental points (Q); B, computed contributions from the
individual species of the 2:1 complex; and (C) 1:1 computer
contributions from the complex

molecule,'® in CDCl,,° methanol,'® and CD4CN (A8H, 4, ca.
0.93, 0.0, and 0.33 p.p.m., respectively) suggests that the salicylic
head part of the molecule is more rigid in CD,CN than in
methanol and more flexible than in CDCl,.

The gradual changes in chemical shift with increasing salt
concentration and stabilization beyond the X537A:Ca?* ratio
of ca. 1:0.5 shows that the chemical shift changes are indeed due
to the proximity of the metal rather than steric effects. The large
downfield shifts in the proton signals of H(19), H(21), H(13),
and H(18) (Ad ca. 0.58, 0.43, 0.37, and 0.25 p.p.m. respectively,
Table 1) and in the !3C signals of C(12) (carbonyl), C(16), C(22),
and C(19) (A8 ca. 152, 4.4, 4.0, and 1.6 p.p.m., respectively,
Table 2) for the X-537A-calcium complex compared with free
X-537A suggest that the binding site is nearer to the ‘tail’
portion than to the ‘head’ (salicylic acid) part of the ionophore.
It can be concluded that H(19), H(21), H(13), and H(18) protons
are near the binding site and/or directed towards the ion in the
calcium complex while H(7a), H(10), and H(14) are either away
from the binding site or are directed away from the ion. A large
A8H,, 5, =0.93 p.p.m. for X-537A in non-polar solvents was
interpreted to be indicative of the rigidity brought about by
the ‘head carboxy-tail hydroxy’ hydrogen bond.® On these
grounds, the possibility of any ‘head to tail’ hydrogen bond in
the calcium complex in CD,CN (where A8, 5, is ca. 0.33
p-p.m.) can be ruled out and it is reasonable to expect sufficient
flexibility in the ‘head region’ of the molecule. However, with
the network of strongly liganding oxygens, i.e. O(33), O(15), and
0O(20) (strong metal-oxygen interaction established by the fact
that AJ are large for the signals of the carbons near to them) the
tail portion is expected to be more rigid in comparison with the
head portion of the molecule. Further, the fact that practically
no changes in the chemical shifts were observed for H(4) and
H(5) (sensitive to the deprotonation in the salicylic hydroxy
group) and C(4), C(5), and C(1) carbons upon complexation
indicates that the salicylic acid part is likely to be away from the
site of ion-binding. It also indicates an undissociated form for
the ionophore, and hence to a charged complex species for the
calcium complex.

Using the Karplus relation '® some of the dihedral angles
were estimated from the available coupling constants for the
complex. With the available X-ray data,'® few other dihedral
angles were assumed (in the region where changes are expected
to be minimal in different metal complexes). Using these
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Figure 4. Proposed model for the 2: 1 complex of X-537A with Ca%* in
CD,CN

dihedral angles a model for the complex consistent with the
observed salt-induced chemical shift changes and information
regarding the intramolecular hydrogen bonding will have the
Ca?* ion co-ordinated to the three oxygen atoms in the tail
part with the salicylic acid part relatively free. The overall
conformation and pattern of co-ordination is likely to be the
same in the 2:1 complex as in the 1:1 complex, as the titration
data showed very little change in the calcium-induced chemical
shifts beyond R = 1:0.5 (the data from Figure 2 and Tables 1
and 2 are at an X-537A to Ca?* ratio of 1:2.5, and these data
are nearly the same as those observed at a ratio of ca. 1:0.5). In
the 2:1 complex, the two ionophore molecules are presumably
orientated and located identically with respect to Ca?*. The ion
is surrounded by a ring of co-ordinating ligands, mainly the
oxygens of the carboxy group, the substituted tetrahydrofuran
ring, and the substituted tetrahydropyran ring [O(33), O(15),
and O(22), respectively] from each of the ionophore molecules.
The 2:1 complex as a whole may have two main conformations
differing in the orientation of the salicylic heads with respect to
each other. In one of these, the two salicylic heads (of the two
molecules) are farthest away from each other and in the other
the two groups are one above the other, the co-ordination zones
of both the molecules overlapping in both the proposed con-
formations. The choice of a particular conformation between
these two is difficult. However, in view of the fact that there are
no observable ring current effects on any of the protons, the
head over head (or heads nearest) appears to be least
reasonable; the relatively more flexible ‘salicylic heads’ suggest
that the conformation from the 2: 1 complex is closer to the one
with the heads farthest apart. Figure 4 is the suggested model
for such a complex.

In conclusion, from the analysis of the n.m.r. data for the
calcium complex of the carboxylic ionophore X-537A in the
lipophilic solvent, CD;CN, we have shown the presence of a
dimeric charged complex with a conformation in which the ion
is bound to one end of the molecule co-ordinating to the
carbonyl, tetrahydrofuran, and tetrahydropyran ring oxygens.
The transmembrane calcium transport by X-537A is likely to be
co-mediated by both equimolar (1:1)- and the sandwich (2:1)-
type complexes.
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