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The stability constants for the 1 : 1 complexes of macrocyclic antibiotics (nonactin, monactin, dinactin and trinactin)
with Li*, Na*, K*, Rb*, Cs*, NH} and for the Na*complexes with the open chain compounds nigericin and monensin
in methanoi solution have been determined. The relaxation amplitude method was employed to obtain both the equilibri-
um constants and the enthalpies of reaction. The Kinetics were studied with the help of temperature-jump, electric-field
pulse and ultrasonic absorption techniques. Although complex formation of the metal {ons with the antibiotics involves
multidentate ligand chelation, the formation rates are in general very high, i.e. close to the limits imposed for diffusion con-
trolled processes. The data for the macrotetrolides indicate the existence of conformational transition prior to complexa-
tion. A sequential substitution or “redressing” mechanism is proposed which is in accord with the high rates of complex
formation. The selectivity pattemns, as expressed by the equilibrium constants, are similar to those observed for the trans-
port of metal ions across membranes in presence of the antibiotics. Selectivity results from an optimal balance between the
strength of metal ion solvation and the stability of the individual metal complex, which in turn is governed by the confor-

mational flexibility of the antibiotics.

1. Introduction

Macrocyclic carriers as well as some related open
chain compounds are capable of increasing markedly
the cation permeability of natural and artificial mem-
branes [1—-6]. Moreover, those substances usually also
exhibit a striking selectivity for the transport of cer-
tain cations. The ability of discrimninating different
ions is characteristic of many biological membranes.
Important physiological processes, among which
excitation of the nerve membrane represents the most
prominent example, are based on such a phenomenon.
Therefore, an elucidation of the mechanism of selec-
tive binding of caticns to antibiotics may provide a
clue to the carrier action irrespective of whether these
compounds actually fulfill such a function in biological
systems.

A reasonable approach to the problem is to study
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first the static — i.e. equilibrium — interactions of the
antibiotics with alkali ions in order to learn more
about the relationship between molecular structure
and conformation. Secondly, it is very important to
investigate the mechanism of complexation. This re-
quires Kinetic studies of the binding process. Forma-
tion and dissociation of the cation antibiotic-complex
are essential steps in carrier function regardless of
whether the metal ion transport is mediated by a
mobile carrier or some “single file” pore, which is an
integral part of the membrane structure. In both cases,
ligands must be provided, which are able to compete
with the solvent molecuies for binding in the inner co-
ordination sphere of the metal ion. Close contact be-
tween the solvated cation and the chelating ligand is a
fundamental requirement for selectivity. It is this
property which accounts for the high thermodynamic
stability of the complex and hence for the unique
transport properties.

Equilibrium and kinetic measurements on two
classes of antibiotics are described in this article. The
systems investigated are (1) the macrotetrolides: non-,
mon-, din-, and trinacton and (2) the open chain
compounds nigericin and monensin. Macrotetrolides
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can be isolated from microorganisms such as actino-
mycetes. Their chemical composition [7] as wall as
their spatial structure [8] (e.g. of the K-nonactin com-
plex) are well known. Data about their binding
strengths [9] have already been reported. Nigericin
[10] and monensin [12,13] can be isolated from
Streptomyces hygroscopicus and Streptomyces cinna-
monensis respectively. The crystal structure of the
silver complex of nigericin [11] and of several of
the monovalent metal cation complexes of monensin
[14,15] have been published.

2. Principles of methods

For our investigations we applied three different
relaxation methods, permitting a determination of
rate and stability constants and enthalpies of reaction
as well. Two of the procedures demand for the pres-
ence of an indicator [16]. A detailed description of
the relaxation amplitude- and substitution titration-
method is presented in ref. [17].

2.1. Relaxation amplitude method

The relaxation amplitude, associated with the per-
turbatior of the complex equilibrium, involving an
indicator (In™") and a metal ion (M¥):

In—+1 +¢InM (l)
is given by

AHBT
6E = l€ram — €1 lin 7 7 @
8E is the amplitude measured in absorbance units, /
the length of the light path, ;)¢ and €y, are the
extinction coefficients of InM and In— respectively.
The meta!l ion is assumed not to contribute to optical
absorption. K, represents the stability constant for
the metal-indicator system (1). The amplitude factor
., is defined as:
C;_ C

P[n — In "M —. (3)

°In ¥ M F Kqp

In the presence of the antibiotic ““X”’ a competitive
reaction is to be considered:

X+M" =XM". 4)
The overall relaxation amplitude — both systems being

present — then reads:
r

In

2
1T Py/ey

8E, =I(ey p — €1n)

(3)
X [Mm - (PX/CM)AHX] 5T
RT T°
where
c.C
_ X M
FX - + +K_l (6)
Cx T €y X

and Ky = cxy/cx €y is the respective (apparent) sta-
bility constant of the carrier complex (4) referring to

a defined ionic strength. 87 always refers to the same
T-jump in both experiments, i.e. in presence and absence
of the antibiotic, starting from identical initial tempera-
tures. Under the condition that the concentrations of
the unreacted indicator ¢y, - and the metal ion cyg+

are exactly the same in both solutions and furthermore
that Iy, /cyy <€ 1, the amplitude difference simply
reduces to:

I‘mrx AHX 6T
(BE, —8L,) =I(er n — €10 ey RT T (7)

The relation 'y, /cy¢ < 1 expresses the fact that the
indicator is present at a concentration c?n <€ Cg{ and
hence does not exert any buffering effect on the equi-
librium, involving the antibiotic X.

For ¢$y =%, Iy can be simplified to the form

M Cxo
Myfey =3[l -———5 |- ®)
M2 \/1+4Kxc?(

Evaluaticn of eq. (5) is based on the quantity
 TyAHy

=—, )
cMRT

which results directly from the experimental data.

Although both Affy and Ky are unknown one can
work out a suitable iteration procedure starting from

using guessed values of Affy.
Combining eqs. (8) and (9) one obtains:
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2 -2 - 0 .

P = ( ._....._..__..) -~ 1 =4k, Cy. (4
By plotting ¢ versus c?t one generates a family of
curves. A straight line with zero intercept will appear
only for the correct value of AH .

The procedure is such that the correct AHy can
be convergently approached by iteration. The slope
of the straight line yields the parameter 4Ky.

2.2. Subsrituiion titration method [17]

In the presence of an indicator with unique opti-
cal properties {as discussed above for the relaxation
amplitude method), the change in absorbance AFE at
a given wavelength upon formation of InM is:

AE = cpovil€rnn — €1l - (1)
Defining
7= Cpay/Con = AENE, —~ Ey), (12)

with (£, — Eg) being ¢ (eqy — €1,) and applying
the known equations

0

Cin =€y YO’ K = Cram/mbu

the metal ion concentration ¢y can be expressed as:

= _n 1
MTT=7 K - (13)

Combination with the conservation and mass action
relations for the X-system:

g ..
€y T Oy Cog =

-
=y

Cx Crg T Crang ¥ Cxnes

Ky = exnfox €y

leads to:
Ef} 0 4] U
7 + K (ex — ¢y T ey)
Ky UM g t Ry -

For c?( = cgl and at constant ‘:{!)n < cg{, K {;;1 (no

buffering by the indicator) one can simplify eq.(14)
to:

2 K
n nl—7n ¢ in
= — s, 3

This form suggests a plot of /(1 — 1) versus
[(1 —n)n] c?{ resulting in a straight line, vielding
both K}, and Ky from intercept and slope.

2.3. Direct UV spectrophotometric titration

The third method employed in order to obtain
equilibrium parameters is a direct spectrophotometric
titration. Ky can be determined [18] from the linear
plots of 1/(€ — ey ) versus 1/eys in accordance with

i 1 H
I S |+ ] (16)
€ €y Cym T x [ Ky oy

The average extinction coefficient € is given by

Efl c%, where E is the absorbance of the reaction
mixture. ex and ey, represent the extinction coeffi-
cients of the antibiotic and its complex respectively.
cy is the concentration of the unreacted cation (non-
absorbing) as calculated via an iteration procedure.

All kinetic data were obtained from relaxation
studies [19], using

1) the temperature jump technique,

2) the sound absorption method.

The recombination of the metal ion with the anti-
biotic can be directly detected by recording the re-
equilibration following the perturbation induced by
the 7T-jump. In the presence of an indicator, the ob-
served relaxation time 7 is related to the rate param-
eters as:

7=k = T fedey + eyl + k. (17)

where X is the rate constant for the formation of
the metal ion-antibiotic complex, and k4 that for its
dissociation. The factor (I — 'y, /eyy) describes the
buffering action of the indicator exerted on the X-
system. This effect is usually negligible, i.e. the fac-
tor is just one. Eq. (17) then reduces to:

Tl =k ey oy ) thy - (18)
With Ky, = k¢/k4 the explicit form of eq. (18) reads:

72 = g2 — Q? + 2k ey + )+ K
(19)
For an evaluation, only the overall concentrations of
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the reactants M and X are required to be known. This
expression can be further simplified if cg{ = cg‘c, in
order to provide a linear dependence of 7—2 on the
sum of the weighed-in concentrations: (cg{ + c?{). The
rate constants, k¢ and k4, and hence the equilibrium
constant Ky result from the slope (Ek%K ;{‘ =2ksky)
and intercept k?i respectively.

Sound absorption measurements yield information
on rates in the form of a frequency dependence of the
“absorption per wavelength”: u = a\ where « stands
for the sound absorption coefficient describing the
exponential decay ~e~ % of a sound amplitude with
distance x and A is the wavelength.

C:JTI-

p=A'w+ 238 (20)

I 2
J l+w27,?

w is the angular frequency w = 27y, 7; are the time
constants of (chemical) relaxation effects, while A’
and B; are characteristic constants. The term 4’w
comprises all so called classical absorption phenomena
{due to finite viscosity, heat conductivity and struc-
tural flexibility of the medium). It increases linearly
with w, as long as cbservations are made at frequen-
cies far below the critical relaxation range (107 Hz),
characteristic of these “‘classical” effects [20]. The

B terms describe amplitudes of chemical relaxation
occurring in the frequency range of observation. These
amplitude factors of which each characterizes an iso-
lated reaction step can be explicitly correlated with
the equilibrium parameters of that very step:

i ‘n'l"!. c, 2
Bi—RTKS [AV'.-EAFI'] . 21)

where T'; =(Z,n2/c; )~ (n, being the stoichiometric
numbers and ¢ the concentrations of reaction part-
ners and products involved in the particular reaction
step). AV; and AH; represent the corresponding vol-
ume and enthalpy of reaction, k¢ the adiabatic com-
pressibility, o, the thermal expansion coefficient, o
the density, and ¢, the specific heat under constant
pressure, the latter all referring to the solvent. Explicit
expressions for I'; are given in eqs. (3) and (6).

For the antibiotic systems under study, two chemi-
cal reaction steps turned cut to be of importance: a
fast conformational change of the antibiotic, and the
subsequent association with the metal ion:

X
k2 )l kpa i (22)
X, + M2 MX3 .
k
32

For such a scheme, the relaxation times — assuming
the conformation change to occur fast as compared to
metal complex formation — are given by

T =k, Ty (23)
c
M

. M

TH - ka3 {1 K, +Cx2} EZY)
(24)

k
- 23 -1

with K51 =y fr:x2 =ky1/k12 and Kx = cpyx/
ey Cex, +ex)-

If the overall equilibrium constant Ky is known,
one can easily calculate ¢yy and the sum (cy , Fex 2)
using the total concertrations for M and X, and then
deduce, from 71, a value for k39 and k£3 =Fky3/(1 +
K5¢). If, in addition, K»; can be determined separately
(e.g. from the fast relaxation effect) the true value for
the rate constant k4 is also obtainable.

3. Material and methods

Nonactin, monactin, dinactin, and trinactin were
donated by Ciba AG (Basel, Switzerland) *. The struc-
tures of the macrotetrolides are shown in fig. 1. The
open chain antibiotics nigericin, and wnonensin (cf.
fig. 2) were gifts from Eli Lilly Comp. **. Both sub-
stances were isolated as sodium salts. Tetrabutyl-
ammonium perchlozate was purchased from G.F.
Smith Chemical Cc. The chloride salts of all other
cations used were “suprapur’ grade from E. Merck.
Murexide and absolute methanol were Merck products
as well. In some cases, the equilibrium quotients had
to be determined with the help of an indicator. Murex-
ide (fig. 3) turned out to be very suitable for the indi-
cation of sodium ions, for which it forms a relatively
stable complex in methanol (K, =2.55X 103 M~ 1)

* We should like to thank especiafly Dr. Hans Bickel.
*=* We should like to thank especially Dr. J.W. Chamberlin.
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Ry =Ry =Ry =R, =CHy
Ry=Ry=R3=CH,
Ry=Ry=CH;3
Ry=CH;

Nonactin
R,= CyHg  Monactin
R,=R,;=",;Hs Dmactin
R;=R3:=R, =C,H; Trinactin
Ri= Rp=R3=R, = CoHg Tetranactin

Fig. 1. Chemical composition and structure of macrotetrolides.

[16], expressed by a pronounced spectral shift. With
this indicator it was possible to measure precisely the
relaxation amplitudes using the improved version of
the temperature-jump relaxation apparatus {21] which
has a risetime of <1 us and a high differential sensi-
tivity for the relative signal down to 5 X 10—3. The in-
vestigations were carried out at 4900 A, which refers
to the maximum absorbance of the sadium-murexide
complex. Affy and Ky were evaluated according to
the procedure outlined in 2.1, i.e. by guessing values
for AHy and plotting ¢ versus c?( (cf. eq. (10)).

A PDP 8 camputer was programmed to perform this
iteration process *. All the spectra were recorded with

* We wish to thank Dr. R. Mikulak for his Kind assistance.

Nigericin

R: OH ([Nigencn]
R- CH,0CH; 1Grisonxin]

Fig. 2. Chemical composition and structure of open chain anti-
biotics.

b
1-7
G -
5 b
4
31k
z b
' L
o
il ! 3 ) -
110t s wut 1107} 15 107 PRI R f
'Y
xle ,—
=
12}
10 b=
e - -
L
6
L
2 —
.
) [] L] ] 1 ¥ 1 1 ] ) -
1] 2 - L 8 8 x10*

[Sna* Cpu* K]
Fig. 3. 2) The indicator murexide (anion of purpuric acid).
b) Titration curve of Na-murexide: Extinction ratio n/(1 —n)
as a function of the weighed-in concentration of Na* (cor-
rected by the product of activity coefficients). c) Concentra-
tion dependence of the reciprocal relaxation time for complex
equilibration between Na¥© and murexide.

the help of a Cary 14 spectrophotometer equipped
with thermostated cell holders. A 0—1.0 absorbance
unit slide wire was used for the experiiments with mu-
rexide as indicator. In this case eq. (15) was applied
for an evaluation of Ky -
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All spectrophotometric. electric field pulse and
sound absorption measurements were carried out at
25°C. In the T-jump experiments § T amounted to
6°C vielding a final temperature of 25°C.

Unfortunately, in methanol solutions alkali ions
with a size equal to or larger than potassium precipi-
tate as murexide complexes. Spectral changes due tc
the formation of ammonium-murexide complexes are
very small. Therefore the macrotetrolides were direct-
Iy titrated following the small absorbance changes
upon complexation at 2200 A (¢ =~ 400) with the help
of a 0—0.5 absorbance unit expansion scale slide wire.
Ky was determined from the linear plot of 1/(e —ex)
versus 1/cy; represented by eq. (16).

Kinetic investigations of complex formation be-
tween metal ions with the antibiotics using murexide
as an indicator were carried out at 4900 A. The tem-
perature-jump technique mentioned above, and an
electric field pulse method [22] were applied. Some
conformational studies of antibiotics by means of the
ultrasonic absorption method required the application
of two different instruments: a resonance and a pulse
technique. They are particularly adapted to this kind
of study [23.24] demanding only 0.9 ml of solution
(for the resonance method) or 2.3 ml (for the pulse
method). The frequencies covered by these instru-
ments range from about 0.4 to 100 MHz.

4. Results

Methanol was the solvent used throughout because
the antibiotics studied are only slightly soluble i
water. It has been shown that the solvation of a cation
in methanol [25] is of a similar strength as in wa‘er.

The equilibrium parameters for complex formation
between sodium and the various antibiotics were ob-
tained by an indirect titration procedure, involving a
detection of the absorbance changes of the sodium-
murexide complex at 4900 A. For the relaxation am-
plitude method, the spectrum of each murexide con-
taining sample was recorded before carrying out the
T-jump experiments (see fig. 4). It was ensured —
starting from identical initial murexide concentrations

that in each pair of samples, one containing the anti-
biotic and the other not, the concentrations of uncom-
plexed murexide and sodium were exactly the same.
In fig. § the amplitudes observed for the nigericin sys-

Absarbonte

Waovelength inmi

Fig. 4. Absorption curve of 3.4 X 1075 M murexide solu-
tion in mathanol. = = - Ahsorption curve of a solution con-
taining — in addition to 3.4 X 1075 M murexide — 6.0 X 10™9
M nigericin and 6.0 X 107% M Na®*. This spectrum is identical
with the absorbance of a 3.4 X 1075 M murexide solution in
presence of 1.7 X 10~* M Na™*. =+ - - Absorption curve of

3.4 X 1075 M murexide containing in addition 2,0 X 1073 M
nigericin and 2.0 X 103 M Na*. This curve is identical with
the spectrum of a 3.4 X 10™% M murexide solution in the pres-
ence of 3.6 X 107 M Na*.

tem are shown as examples. In fig. 6 the ¢ values ob-
tained from eq. (10) are plotted versus ¢$ . In this par-
ticular plot the abscissa ¢} is muitiplied by IT; (the
product of activity coefficients) because a net change
of charge results from complexation. The value of

the mean activity coefficient of the sodium ions in
methanol was calculated from literature data [25].
The amplitude method is so sensitive that a devia-
tion of 0.1 keal/mol in a total AHy of 2 keal/mol
can easily be detected. In the studies of the neutral
macrotetrolides variation of ionic strength using tetra-
butyl ammonium perchlorate did not yield any signifi-
cant change of Ky and AHy . The data obtained by
the relaxation amplitude method for all systems treated
in this paper are given in table 1.

The method of substitution titration was applied to
several of the systems under study. A typical plot of
/(1 —n) versus c‘g[ (1 —n)/n for dinactin with Na¥ is
shown in fig. 7. The equilibrium parameters determined
are in agreement with those obtained by relaxation
studies.

As was already mentioned, murexide complexes of
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R SRR SRR i-++-;—1]:+ EEELS +H--} A
| | | 3 B | |

Fig. 5. Oscillograms of T-jump experiments with a Na-murexide (curve ) and a Na-murexide-nigericin system (curve b), respective-
ly. The sensitivity is 0.00068 absorbance units/division and the time scale 10 ms/division, 6T is 6.6°. Sample and reference solution

refer to one of the absorption curves (dashed line) in fic, 4.

K*, Rb*, and Cs*, precipitate in methanol. The spec-
tral shift of murexide upon complexation with NHZ
is not significantly large. Therefore the stability con-
stants of the corresponding macrotetrolide complexes
were determined by direct observation of the small
absorbance changes at 2200 A which are due to their
association with the cation. The data were plotted as
1/(€ — ex) versus 1/cyy and the results are listed in
table 2. The values for Ky determined by the three

b &
asz 2.3 kcal fmol

Ky =92-10°Mm~¢

5 10 15 2636%
0
CNig *Te
Fig. 6. Evaluation of the reaction enthalpy, AHx and the sta-
bility constant, Kx, for Na*-pigericin complex formation in
methanol from relaxation amplitudes. ¢ was calculated accord-
ing to0 eq. (10).

Table 1
Equilibrivm constants (K‘_{) and reaction enthalpies obtained

by temperature jump method for sodium ion in methanol solu-
tion at 25°C

K% M1 AHy [kcal]
Nonactin (1.7 £ 0.3) X 102 3) ~--5
Monactin 5% 102

(5.8 + 0.7) X 102 a) -6
Dinactin (1.1 £ 0.2) % 103

(1.0 £02)X 163 ) -6.6 £ 0.2
Trinactin (1.9 £ 0.2) x 1¢3

(1.7 =0.2) X 103 2) ~7.3 202
Monensin >1 % 10% —
Nigericin (9.2+0.3) X 103 +2.3

2} Values obtained by method deseribed in eq. (14).

different titration procedures resemble each other very
well, as can be seen from a comparison of the corre-
sponding numbers in table I and table 2.

The temperature-jump apparatus was employed for
a measurement of the rates of complex formation. In
most cases, however, it turned out that the reactions
were too fast to be resolved by the standard device.
However, by using a 1 X 10~8 farad capacitor for
the discharge in the presence of a high ionic strength
of the medium (0.1 M tetrabutylammonium perchlor-
ate) a single relaxation time of about 10 us for the
sodium-dinactin and sodium-trinactin system could
be observed. The corresponding rate constants are re-
ported in table 3.
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Fig. 7. Spectrophotometric substitution titration according to
eq. {15). Sample: sadium-dinactin, indicator: murexide.

The electric field pulse technique was also tried.
However, a finite field effect is to be expected only if
the reaction under study is associated with a neutral-
ization of charges. This does not hold for the combina-
tion of alkali ions with the neutral macrotetrolides,
although it is true for their reactions with murexide

and nigericin. While the rate constants for formation
of alkali ion murexide complexes couid be determined
from the relaxation of the dissociation field effect,
this method was not successful with nigericin where
only lower bounds of rates could be deduced. The
high rates found for murexide, indeed, suggest that the
rate constants for nigericin are above 2X 1010 M—15-1,
closely resembling the limiting values to be expected
for diffusion controlled processes.

Since dinactin is sufficiently (up to 0.05 M) soluble
in methanol its sound absorption could also be de-
tected. With the help of both the resonance and pulse
techniques it was possible to determine finite absorp-
tion values in the frequency range of 4 X 105 to 108
Hz. The results are given in a log (c\) versus log ()
plot according to eq. (20).

The measured absorption for a dinactin solution of
0.048 M is represented by curve I in fig. 8. The remain-
ing chemical effect after subtraction of the “classical”
tarm is shown in curve L. This additional absomption
can be attributed to a relaxation caused by a conforma-
tional transition of the dinactin molecule. The frequen-
cy term w7/(1 ++2¢:2) of I, indicates a single relaxa-
tion effect appearing at 2.8 X 107 Hz, which corre-
sponds to a relaxation time of 5.7 ns (v = (27v)~1).
This relaxation time is independent of the dinactin
concentration, as is demonstrated by curve L or I1,
respectively, which refer to a lower concentration of
dinactin. As to be expected, the amplitude of the
absorption curve decreases with decreasing dinactin
concentration. Curve II also indicates that in the pres-
ence of Cs* a second relaxation effect with an ampli-

Table 2
Equilibrium quotients 3}obtained by spectrophotometric titration in methano! solution at 25°C
Li* Na* K* Rb* Cs* NH

Nomsetin KeMTT <2 @3:03)X 107 (14202)X 107 (14:02)X 10°  (1.5:0.2)X 10°  (2420.4)X 10°
Ky /K% 0.016 1.0 1.0 0.11 1.7

Monactin K% M-l <2 (4.0+£0.7)X 102 (24%04) X 10% (24:=03)X10° (2.0:03)Xx10® (4.8+0.7) % 10%
KL /KK 0.017 1.0 1.0 0.08 2.0

Dinactin XX M-l <2 (11:0.1)X 103 (3205 X 16*  (4.2:05)X 10 @2:1.23x10°  (9.1209)x 10¢
K /¥ 0.025 1.0 0.98 0.1 2.1
K M-t <2 @(1.7202)x 103 (9.1:0.9) X 10 (7.7:14) X 10°  (1.020.1) x 10*%  (2.120.3) X 1G°
KL /K% 0.019 1.0 0.85 0.11 2.3

2} The index i refers to the particular cation, while all ratios arc normalized with respect to the equilibrium constant of the potas-

stum complex.
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Table 3
Rate constants obtained in methanol solution at 25°C
&ke[M™1s™1} kofs™] Ky1  krz2ls7Y k21{s™1] kaa[M™ s Kaafs™%] Methad 3)
Monactin + Na* 3x 108 6 x 105 U.s.
i . 5 X 107 46 x 10% 65%x 107 1.1x 10% 1.3x 108 43x108 UsS
b Na‘t * ol
inactin + Na 6.3 X 107 s.ex 10 7 1.6 % 108 54x 104 T..
Dinactin + Cs* 3.4 % 108 B.2X 105 1.7 65X 107 1.1xX10%8 7.8%x 108 51 %X 10%  U.sS.
Trinactin + Na* 7.2 X 107 42x10% 1.2 1.6 X 108 42x 10° T.L.
Nigericin + Na* »1xX 100 1.1 x105 E.F.

a) U.S. = ultrasonic absorption method; T.J. = temperature jump method; E.F. = electric field pulse technique.

tude of pyy 2y = 0.22 X 103 occurs at a frequency of
8.2 X 10% Hz, yielding a relaxation time of approxi-
mately 0.19 us. In this case the relaxation time also
shows concentration dependence. When the Cs*-din-
actin solution was diluted to half of its original con-
centration, the relaxation time increased to 0.36 us
while the amplitude changed slightly to up,,, = 0-20
X 10—3. When Cs* is replaced by Na¥, the relaxation
time becomes 0.35 us and the amplitude: 0.26 X 103
(referring to a solution containing 0.11 M Na* and
0.045 M dinactin). After dilution of this solution to
half <f its original concentration, a relaxation time of
Q.61 us with g, = 0.24 X 10~3 could be evaluated.
From these data, values for k¢ and k3 were calculated.
The magnitude of &¢ for dinactin is lower than for
dibenzo-30-crown-10. For comparison k¢ for the
Cs*-dibenzo-30-crown-10 complex amounts to 8 X
108 M—1s~! [27].

If the relaxation time observed at 28 MHz is due to
a conformational change of the dinactin itseif, and if
aone of the conformational states is likely to form the
metal complex, then the simplified reaction scheme
(22) as presented in section 2 may hold. Applying
eq. (24) and estimating K»; to be 1.7, a k53 value for
the complex formation of Cs* with dinactin is ob-
tained, which is comparable to the rate constant of
Cs* complexing with dibenzo-30-crown-10. Based on
this procedure, all rate constants, i.e. Ky, K51, k23
and k35 could be evaluated. The resulting data are
given in table 3.

Furthermore, referring to eq. (21) and using the
known thermodynamic data for methanol {28,29] at
25°C, @, = 1.1 X 1073 deg~1,p =0.79 gfem3, ¢,
= 0.608 cal/g deg, ¥, = 1.05 10~% atm—}, R =82.05
cm? atm mol—! deg—t the value of AV can be deter-

i
‘ e
[ ]
o
-
~
o
[ b—
is)] 1 1 A
ok 10% w07 10%

FREQUENCY (H2z}

Fig. 8. Log-log plot of absorption per wavelength versus fre-
quency for the dinactin system in methanol at 23°C. O: din-
actin (0.048 M), @: dinactin (0.048 M) and CsCl (0.031 M).

v : dinactin (0.024 M) + CsCl1 (0.0155 M), A: dinactin (0.043
M) + NaCt (0.11 M), m: dinactin (0.02235 M) + NaCl (0055 M).

mined as well. For the sodium-dinactin complex AV
araounts to —16.5 em>/mol.

5. Discussion

The equilibrium data in general fitvery wella 1 : 1
complex formation scheme. The values are in agree-
ment with those determined by Pioda et al. {9] from
vapor phase osmometric measurements of nonactin
and monactin. The conclusions are also consistent with
the results of the X-ray studies of K™ -nonactin [8],
Ag-nigericin [11], and Ag-monensin [15]. The stabil-
ity constants of the macrotetrolide series show a selec-
tivity pattern which is remarkably similar to that ob-
served for the transport of alkali metal ions across
membranes in presence of the macrotetrolides [3],
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Fig. 9. Correlation between the logarithm of stability constant
for complex formation (log Kx), free energy of solvation
(—AGq1y) and reciprocal ionic radius for Li*, Na*, K*, Rb™,
Cs™ and NH]. The solid line (O) refers to —AGgqly. The
broken lines represent 1) (— — —) log Kx for the cation-
monactin systems in methanol (®) (including the vaiue for
NH}), 2) (-—-—) and 3) (- » *) log Kx for the cation-nonactin
system in dry acetone (c} [33] and in acetone-DaO(4), re-
spectively.

which indicates that the selectivity exhibited in the
transport is essentially caused by the binding proper-
ties of the carrier.

Fig. 9 shows the correlation between the stability
constants of the cation-macrotetrolide complexes and
the reciprocal crystal radii [30] as well as the hydra-
tion energies {31] of the alkali metal ions. Beginning
with cesium the stability constants increase with de-
creasing radii and the concomitantly increasing hydra-
tion energies. For potassium, however, the stability
reaches a maximum, then foilowed by a sharp drop
for sodium and lithium. This particular behaviour can
be rationalized as the superposition of the following
effects:

(i} Removal of solvent molecules from the inner
coordination sphere of the alkali metal ion: This
means “paying” for the free energy of solvation. The

formation of complexes with the antibiotics involves
the replacement of all solvent molecules from the inner
coordination sphere of the metal ion. The fact of com-
plete inner sphere substitution is supported by at least
two kinds of evidence. (a) No solvent molecule — coor-
dinated to the metal ion — was found by the X-ray
studies of KSCN-nonactin, Ag-nigericin, and Ag-mon-
ensin. (b) Proton magnetic resonance spectra of the
K*-nonactin complexes [32] in dry acetone and ace-
tone-D» O mixtures lead to the same conclusion. The
vicinal coupling constants also indicate that only an
unhydrated ion is present in the cavity foomed by the
nonactin molecule. All this evidence is further su-
ported by the finding that Na®, K*, and Cs* passess
{33] nearly equal affinities for nonactin in dry ace-
tone, but the situation changes drastically when a

055 mole fraction of D, 0 is added. In the latter case,
the stability constants were markedly reduced, namely
in such a way that the binding of K* to nonactin be-
comes highly favorable compared to that of Na* and
Cs™ (see fig. 9). These results demonstrate the impor-
tant role of the free energy of solvation of the alkali
metal ions with respect to their selectivity pattern for
a given chelating ligand.

(ii) Desolvation of the antibiotic associated with a
supply of energy required to change iis conformation
from the “free’” to the “complexed’ state. The data in
table 2 show that for a given metal ion there is a clear
trend in the complex stability in the order trinactin >
dinactin > monactin >> nonactin. This trend is caused
by the successive substitution of a hydrogen atom by
a methyl group at the R position in the homologue
series as demonstrated in fig. 1. The most hydrophobic
macrotetrolide, trinactin, is likely to possess the lowest
solvation energy in a relatively polar solvent like
methanol (diclectric constant of 31.5). Binding of a
cation makes it less hydrophobic due to a finite net
charge.

The disappearance of the relaxation effect attrib-
uted to the conformational transition as a consequence
of complex formation between the macrotetrolide
and the metal ion (as observed by ultrasonic absorp-
tion, cf. fig. 8), suggests a strong stabilization of one
conformational state due to the binding of the metal
ion. The conformational transition was also detected

[33] by proton magnetic resonance presuming that
the nonactin ring undergaoes a sizable conformational
change upon incorporation of an alkali metal ion. The
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- X-ray data by Kilbourn et al. [8] indicate a quite di?"
“ferent configuration of uncomplexed nonactin as
compared to that of KSCN _ nonactin. The importa i1
role of conformational energy with respect to the
selectivity for alkali metal ions has also been reported
for valinomycin [34].

(iti) Optimal binding of the antibiotic — using its
bolar groups as ligands — to the metal ion. The size
of the cavity relative to that of the metal ion governs
the optimal compensation of all energy termsin-
volved. The antibiotics resemble multidentate ligands.
The cation is located in the cavity formed by these
ligands which it turn envelope the metal ion com-
pletely. Steric hindrance and ligand-ligand repulsion
limit the conformational flexibility. Therefore it is
conceivable that a particular size of the metal ion could
achieve an “optimal fit” for a given cavity. The “best
fit” condition would provide a closest distance of the
metal ion to the hydrophilic groups, but it is ultimate-
ly defined by the superposition of the different energy
terts. Metal ions smailer than the optimal size of the
cavity — supposed they are located in the center -
would yield no smaller energy increment for binding
as those with a space filling fit. However, they require
a quite larger energy for complete desolvation, with
the effect that complex stability decreases. For ions
larger than the optimal size both increments decrease,
but the larger increment for ligand binding prevails,
otherwise the complex would not be stable. It depends
on the particular structure of the antibiotic, for which
metal ion size the compensation of energy terms yields
maximum stability constants. For example, the relative-
ly rigid cyclodecapeptide, antamanide [35], forms a
considerably more stable complex with Na* than with
K*, while the dodecadepsipeptide, valinomyecin {36],
forms the most stable complex with Rb*, the Na*
complex being quite weak. [n addition, the stabitity
of the complex is related to the exact local distribution
of ligands and their ¢coincidence with the coordination
properties of the metal ion, This is demonstrated by
the fact that the NH} ion, which has a radius of
1.43 A, forms a very stable macrotetrolide complex,
while showing only weak interaction with dibenzo-
30-crown-10 {27] although both compounds are selec-
tive for K*. In the alkali metal ions the charge is dis-
tributed more uniformly than in NHy, where the four
hydrogens at which the positive charge is concen-
trated, form a tetrahedral configuration. The four

furan and the four keto oxygens of the macrotetro-
lides, when coordinated with a cation, assume an ap-
proximately cubic octadentate symmetry. With the

. help of CPK maodels one can show that the tetrahedral

charge distribution of the NHj fits very well this cubic
arrangements of ligands, On the other hand, the oxy-
gen ligands in dibenzo-30-crown-10 cannot provide a
similarty favorable canfiguration for NH;. Faor
[NH3(CH4)]™ the complex stability with trinactin
{37} reduces by at least a factor of 100. Studics of
nuclear magnetic resonance [38] using 23Na* further
indicate the importance of the relative position of the
metal ion with respect to the coordinated ligands.

In conclusion, the selectivity can be expressed only
by a superposition of several frec energy terms:

~RTIn Ky = AGy,y — AGy, (M)

(25)
(X),

where AGBiI‘I.d' AGH}’d (M), &GHyd{X)’ AGCan(X)
are the free energy increments for metal-ligand bond
formation, metal ion solvation, ligand solvation, and
ligand conformational change. respectively. Any dif-
ference of 1.36 kcal/mol at 25°C is equivalent to a
factor of 10 in the stability constants. This picture of
alkali ion carrier specificity and dynamics has been
developed several years ago [39,40]. It is strongly
supported by the experimental data collected so
far.

The dynamic studies indicate that dinactin by itself
exhibits a very fast conformational transition with a
concentration independent relaxation time of 5.7 ns.
This suggests that tite macrotetrotide molecules are very
flexible and exist in at least two configurations. The
rate constants of this interconversion were calculated
for the simple reaction scheme (cf. expression {22)).
The estimated value for K accounts for such a flexi-
bility.

The high value of k53 implies that the substitution
mechanism [39,40} must occur stepwise. Since the
solvation energies involved are quite large (60100
kcal/mol) appreciable activation energics were to be
expected, if energy balance would not apply 1o every
single step of substitution. In other words: the metal
ion cannot strip off all its solvent molecules at once
before entering the cavity. On the other hand, the
stepwise substitution mechanism — a kind of redress-
ing — provides an immediate compensation of the

Conf
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energy “paid™ for desolvation in a 1 : 1 exchange [39,
40]. It is known that replacement of a single solvent
mclecule from the inner coordination shell of an alkali
metal jon can be accomplished within about 109 s
[41,42]. The enormous flexibility of the macrotetro-
lide molecule favours strongly its fast complexation
with the cation. If it were less flexible, as is the case
for valinomycin and antamanide, a slower rate of
complex formation would consequently result {43 —
45]. The fact that only a single relaxation time for the
whole pracess is observed, emphasizes that the
initial and final states are the predominant ones and
that intermediates occur only transiently.

An efficient carrier should be selective, which de-
mands a high Ky-value, for the particular substrate:

K ___kzs( K12 )
X kyp \kyy vy

On the other hand, it should also have a high tum-over
rate in the transport of ions, which requires k3, to be
as high as possible, otherwise it would block the un-
loading of ions. The fact that indeed high &k 3-values
have been found is of significance with respect to opti-
mal performance in selective transport.

The open-chain antibiotics studied contain a car-
boxylic group which is negatively charged at neutral
pH. X-ray diffraction data show that in the Ag-com-
plexes of both monensin {14] and nigericin [11] the
carhoxylate groups are not directly involved in form-
ing the metal oxygen bonds. Instead they are used in
order to stabilize the annular conformation via strong
hydrogen bonds with the two hydroxyl groups at the
opposite end of the chain. The metal ion then is en-
closed in this conformation in a similar fashion as in
the case of macrotetrolides. The ether and hydroxyl!
oxygen atoms point inward coordinating the metal
ion whereas the exterior of the complex consists al-
most completely of the hydrocarbon-sections of the
antibiotic. The crystal form [15] of K-monensin is
isomorphous with that of the silver complex; also
the Na complex, although not isomorphous, is very
similar.

The two hydrogen bonds seem to play an impor-
tant role in alkali metal ion binding. This is especially
obvious from studies with grisorixin, an antibiotic iso-
lated [46] from Streptomyces griseus. The structure
of grisorixin is similar to that of nigericin except for

a —CH,OCHj3 group, which replaces the —CH,O0H
group at the cyclic ether ring opposite to the carbox-
ylic group. Therefore, it cannot form two hydrogen
bonds like nigericin. In studies [47)} of grisorixin

in the presence of Na* and murexide no spectral shifts
of the indicator could be detected, indicating that

the Na*-grisorixin complex, if present at all, is at

least 500 times less stable than the corresponding
nigericin complex.

All evidence obtained by X-ray crystallography
cleasrly shows that the antibiotic molecule is wrapped
around the metal ion in a special manner: the paolar
groups point to the center of the molecule while the
non-polar groups are arranged at the surface providing
a lipophilic coat, which is essential for the function
of these compounds as membrane carriers.

It is believed that coordination principles similar to
those which determine the ion selectivity of antibiotics
are also valid for the binding of monovalent cations to
enzymes. The effectiveness of a given monovalent
cation in modifying enzymatic activity, is likely to be
governed by a change in conformation of the protein
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Fig. 10. Correlations between relative enzymatic activity in
terms of the maximum velocity Vi, assuming 100% for K*
(solid line), Michaelis constant K, (broken line) and ionic ra-
dius of alkali metal ions for the systent rat liver pvVmvate car-
boxylase. The values were obtained from ref. [48].
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induced by the formation of a metal-protein complex.
In fig. 10, this behavior is exemplified with rat liver
pyruvate carboxylase. The relative maximum velocity
(V) and the Michaelis constant K, (i.e. the concen-
tration of a given cation required to obtain half of
V) are ploited as function of the radii of those alkali
metal ions which activate the enzyme [48}. The rela-
tive apparent binding affinities decrease according to
the series Rb* > Cs™ > K* » Na* ~ Li*, while effects
on the maximum velocity follow the order Rb* > K*
> Cs* » Na* > Li*. These two series exhibit certain
similarities. Rb¥ enhances the maximum velacity most
effectively and also forms the most stable complex
with the enzyme. The data suggest that the alkali cati-
oS activate the enzyme by forming complexes and
triggering off conformational changes. The degree of
activation thus is dependent on the specific conforma-
tional change induced.
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