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Conformational rearrangements of membrane-active peptide and depsipeptide 
antibiotics such as enniatin B, valinomycin, and valine-gramicidin A have been 
studied as a function of solvent polarity employing ultrasonic absorption methods. 
The results provide information about the number of occupied conformational 
states and their respective rates of interconversion. The interpretation of the results 
from kinetic measurements was confirmed by spectroscopic studies. 

The remarkable differences in the stabilities of the various cation complexes of  
depsipeptide antibiotics bound to  lecithin vesicles as well as in homogeneous 
solution were related t o  different conformations of the ligands in these complexes 
as characterized by spectroscopic techniques. Kinetic studies by relaxation methods 
led t o  the elucidation of the mechanism of complex formation. Complexation of 
cations follows a multistep reaction. For  valinomycin the rate-limiting step of  cation 
complexation is a ligand conformational change which occurs during the stepwise 
substitution of solvent molecules from the cation. 

INTRODUCTION 

Membrane-active antibiotics such as the cyclodepsipeptides enniatin B (1,2) and 
valinomycin (3,4) (Fig. 1) as well as the linear peptide valine-gamicidin A (5) (Fig. 1) in- 
duce a specific transport o f  alkali ions through biological membranes ( 6 , 7 )  and model 
membrane systems (8-10). Many essential functions o f  biological membranes such as 
the excitation o f  the nerve membrane are coupled t o  a fast and specific exchange o f  Na' 
and Kt ions. Therefore an investigation o f  the molecular mechanisms involved in such 
antibiotic-mediated transport processes is of interest. 

The transport o f  cations can be characterized by complex formation between the mem- 
brane-bound antibiotic in a suitable conformation and the cations a t  the membrane sur- 
face. The antibiotic can undergo a conformational rearrangement subsequent t o  complex 
formation resulting in a lipid soluble cation complex. Complexation is followed by  a 
diffusion of  the antibiotic cation complex across the membrane where the cation is released 
The carrier action is completed by  a back diffusion of the uncomplexed antibiotic mole- 

List of Abbreviations: CD, Circular Dichroism; UV, Ultraviolet; NMR, Nuclear Magnetic Resonance; 
IR, Infrared; TMS, Tetramethylsilane; Val, V, Valinomycin; E., Enniatin: B. G, Gramicidin A; 
Hylv, a-Hydroxy isovaleric acid; Lac, Lactic acid. 

The cyclodepsipeptide antibiotics act as cation carriers in membranes (9-1 1) (Fig. 2). 
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Fig. 1. Structure of valinomycin, enniatin B, and valine-gramicidin A. 

cule. The rate constants for both diffusion steps are 2 X lo4 sec-' for valinomycin and 
its potassium complex (12). It is evident that the rates of these diffusion processes are 
limited by the fluidity properties of the membrane. Indeed, it has been demonstrated that 
the carrier action of valinomycin nearly disappears below the temperature of the 
crystalline-liquid crystalline phase transition (1 1). 

On the other hand, the membrane-bound gramicidin A can act as a conductance 
channel for cations (13-16). It has been suggested that the channel 1 may conist of two 
antibiotic molecules which are present i n  a helical conformation (13-16) (Fig. 2). The 
life time of the conducting state of the dimer is sensitive to the membrane thickness 
and ranges from about 0.05 sec to greater than one minute (13, 16). The cation may be 
weakly coordinated by the gramicidin in its conducting state at the membrane surface. 
Upon this weak complex formation a diffusion of the cation through the pore can occur. 
During this diffusion step some slight conformational rearrangements of the antibiotic 
molecules might be expected. This is indicated schematically in Fig. 2. The rate constants 
for the diffusion of the cations through the gramicidin channel are at least l o7  sec-' . 
The time required for the transport of a single cation (<0.1 psec) is consistent with that 
observed for cation transport in biological membrane systems. Therefore the mechanism of 
cation transport via a conducting channel can be expected to be more relevant toward 
biological membrane systems than the carrier mechanism. In addition the cation transport 
through a channel is almost insensitive to the fluidity of the membrane (1 I ) ,  thus strongly 
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Fig. 2. Schematic diagram of the mechanisms involved in cation transport through membranes 
mediated by antibiotics. 

supporting the classification of these antibiotics with respect to their ability to facilitate 
the transport of cations through membranes. 

The outstanding ability of the membrane-bound antibiotics, which act as cation carriers, 
t o  differentiate between various alkali ions could also be observed in nonaqueous sol- 
vents in the absence of any membrane component (17-19) and was related to specific com- 
plex formation with the cations. Therefore these antibiotics have to  be considered as 
relevant model systems for specific recognition of, or binding sites for, alkali ions in bio- 
logical membrane systems. In contrast to the results obtained for the carrier molecule 
valinomycin, the cation selectivity of gramicidin A channels is rather poor. 

EXP E R IMENTAL METHODS 

Circular dichroism experiments were performed on a Roussel-Jouan Dichrographe 

High resolution 'H-NMR spectra were obtained using a lOOMHz Varian HA-100 in- 
(Modkle CD 185). ([O] : molar ellipiticity). 

strument. Signal shifts ( 6 )  are given in p.p.m. relative to the reference signal of TMS. The 
sample temperatures were about 30°C during the measurements. 

The natural abundance 13C-NMR spectra were recorded at 25.2 MHz on a Varian 
XL- 100 spectrometer in the Fourier-transform mode with proton noise decoupling. The 
spectrometer was field/frequency locked using the deuterium in the corresponding 
deuterated solvent. For reference purposes, the solutions contained small amounts of 
TMS and CS,. All chemical shifts (6 ) are given in p.p.m. relative to the TMS internal 
reference standard. The sample temperatures were about 45°C during the measurements. 

0.1 and 0.2 mm) with NaCl windows. The solutions were transferred to the cells under a 
dry N2 atmosphere. In order to exclude the possible influence of NaCl dissolved from the 
window material the spectra of the uncomplexed valinomycin were also investigated in 
cells made with Irtran-5 windows. No differences could be observed. The wave numbers 

IR spectra were obtained using a Perkin-Elmer 521 spectrometer and cells (pathlengths 
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were calibrated with a polystyrene foil. 

kinetic studies in chemical systems with relaxation times shorter than 1 psec. The measure- 
ments were carried out in collaboration with Dr. F. Eggers (17, 18,22). The excess 
absorption of the system is expressed as orh (ultrasonic excess absorption per wavelength) 
in the frequency range of approximately 0.5 to 35 MHz. It is determined from the 
difference in quality values (Q-factor) of a cylindrical resonator system consisting of a 1 ml 
sample compartment between two quartz transducers filled first with the sample solution 
and subsequently with a suitable reference liquid. Above 20 MHz a special pulse technique 
has been developed which also requires 1 ml of solution. Sample cells for both methods 
were made from inert materials such as stainless steel and teflon. The details of these 
techniques are discussed elsewhere (18-20). 

The ultrasonic absorption per wavelength aX due to  the chemical system can be 
described as the sum of the absorption terms of the individual relaxation processes and 
the residual absorption (19): 

Ultrasonic absorption was measured by a resonator method specially developed for 

where ~i and 4 are the relaxation times and amplitude factors respectively of the individual 
processes involved; w ,  equal t o  2nf, is the angular frequency and B the amplitude of the 
background absorption. The amplitude A of an absorption process depends on the 
relative population of the corresponding equilibrium states as well as on the difference 
in reaction volume and enthalpy of these states. The measured ultrasonic absorption 
spectrum is plotted as log (oh) as a function of log f. In the case of a single relaxation 
process one characteristic absorption curve is obtained exhibiting a maximum absorption 
at f = 1/27r~. If the experimental data must be considered as a superposition of several 
absorption curves due to various relaxation processes, then the sound absorption 
spectrum must be resolved into its individual components by curve fitting. The number 
of single absorption curves i is equal to the minimum number of reaction steps. Further- 
more, in the case of unimolecular rearrangements it can be concluded that at least i + 1 
equilibrium states are polulated (excluding certain cyclic reaction schemes). 

A high-intensity UV light source, specially selected photomultipliers, and inert gas 
flushing were used to carry out relaxation measurements by the temperature-jump 
technique in the UV range (195-250 mp) even under conditions of considerable solvent 
absorption. The details of this technique are described elsewhere (17, 19). 

DISCUSSION 

Conformational Flexibility of Ion Specific Antibiotics 

The rates of cation transport through membranes mediated by a carrier or a con- 
ductance channel are high. Therefore the conformational adaptation of the antibiotics to 
cations of varying size as well as t o  media of different polarities as during the diffusion 
of the uncomplexed antibiotic through the membrane, must occur rapidly. We have under- 
taken kinetic investigations employing ultrasonic absorption techniques in order t o  obtain 
some information about the dynamics of conformational rearrangements of enniatin B, 
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Fig. 3. (a) Circular dichroism of enniatin Bin n-hexane (-); 30% ethanol in n-hexane (v/v) (. . . . . .); 
ethanol (- - -); 38% water in ethanol (v/v) (-.-.). (T = 25°C). (b) Plot of the circular dichroism 
of enniatin B at 230 mp against solvent compos~t~on [expressed as % ethanol in n-hexane (v/v)] in the 
system n-hexane/ethanol. (T = 25°C) 

valinomycin, and valine-gramicidin as a function of a solvent polarity (1 7, 18, 22). 

Enniatin B. The different spectroscopic properties of enniatin B observed in various sol- 
vent systems indicate that the antibiotic can exist in several conformational states (21,22). 
In a nonpolar solvent such as n-hexane an intense negative Cotton effect due to the n-n* transi- 
tions is found at 232 mp (Fig. 3a). The intensity of this Cotton effect is reduced with in- 
creasing ethanol content in n-hexane indicating that a conformational transition occurs. 
The dependence of the molar ellipticity at 230 mp as a function of the ethanol content in 
n-hexane is shown in Fig. 3b. From this dependence it is concluded that at  least one 
conformational equilibrium between two different conformational states is involved. The 
relative populations of the two conformational states are about equal in n-hexane contain- 
ing 25% of ethanol. A different type of CD spectrum is found in solvent systems of 
considerably higher polarity than ethanol, e.g., 38% water in ethanol (Fig. 3a). Thls in- 
dicates that enniatin B can undergo further conformational rearrangements. 

enniatin Bin the same solvents. The dependence of chemical shifts of &H protons of the 
amino acid (6aCH and a-hydroxy acid (601CH residues on solvent composition are 
shown in Fig: 4. In the system dl2-cyc1ohexane/d, -ethanol the measured dependence 
for the chemical shift of the aCH proton of the a-hydroxy acid residues is consistent 
with analogous experiments employing circular dichroism (Fig. 3b) and W absorption 
spectrometry (18). This clearly indicates that the same conformational rearrangement 
can be observed employing any of these techniques. 

The values of the coupling constants in the aCH-PCH fragments of enniatin B are 
nearly independent of the medium polarity, thus indicating that the trans orientation of 
protons in this structural element predominates in all conformational states present. The 
chemical shift of an aCH proton in an amino acid or hydroxy acid depends on the 
orientation of the neighboring carbonyl group relative to its own orientation in the mole- 
cule. This is due to differences in the magnetic anisotropy effect of the carbonyl group on the 
screening constant of the aCH proton. Therefore reorientations of ester and amide carbonyl 

Additional details of these processes can be concluded from the 'H-NMR spectra of 

L-V) D-H, . 
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Fig. 4. Top: 'H-NMR spectrum of aCH protons of enniatin B in 8% d,-ethanol in d,,-cyclohexane 
(v/v) at 100 MHz. Bottom: The dependence of chemical shifts (6) on solvent composition [expressed 
as % d, -ethanol in d,, -cyclohexane (vlv)] in the system d,,-cyclohexane/d,-ethanol. 

groups in a cyclic molecule such as enniatin B should influence the chemical shift of the 
neighboring aCH protons. In the solvent system dlZ -cyclohexane/d, -ethanol only the 
chemical shift of the aCH proton of the N-methylvaline residue is markedly sensitive to  
the composition of  the solvent, probably indicating a preferential reorientation of the 
neighboring ester carbonyl groups induced by a specific interaction (e.g., hydrogen bonds) 
with ethanol. On the other hand, in the more polar solvent systems additional changes in 
the 'H-NMR spectrum of enniatin B were found (22) .  For an interpretation of these re- 
sults on the basis of conformationhl rearrangements one must consider that in general 
NMR parameters can only be related to an averaged conformation rather than to 
individual conformational states. 

Ultrasonic absorption measurements have been carried out in order to acquire some in- 
formation about the dynamic aspects as well as to test the above conclusions with respect 
to the number of occupied conformational states deduced from the results of the 
equilibrium measurements. 

In the case of enniatin B the sound absorption spectrum varies with the composition 
of the solvent in the system n-hexane/ethanol, as shown in Fig. 5. In pure n-hexane the 
ultrasonic absorption pattern can be described by a single absorption curve with a maximum 
amplitude around 100 MHz. It is therefore concluded that even in this nonpolar sol- 
vent there is at  least one rather fast conformational transition between two major con- 
formational states (cf. Table I )  with a relaxation time of about sec. Upon the addi- 
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Fig. 5 .  Conformational transitions of enniatin B (5.2 X lo-' M) in the solvent system n-hexane/ 

ethanol. Frequency dependence of the ultrasonic excess absorption (ah)  in n-hexane (0); 31% ethanol 
in n-hexane (v/v) (0 ) ;  ethanol 

1 10 100 

(T = 25°C) 

tion of ethanol the ultrasonic absorption was decreased in the frequency range of this 
relaxation and is furthermore characterized by a shift to higher frequencies. On 
the other hand, at lower frequencies (around 1 .S MHz) the ultrasonic absorption is in- 
creased as long as the ethanol content does not exceed 25%. An additional relaxation 
process can therefore be detected which was not observable in pure n-hexane. The re- 
laxation time of the corresponding process in n-hexane containing 30% ethanol is 9 X 
sec. The measured relaxation times are independent of the enniatin B concentration as 
expected for a unimolecular reaction. We can therefore conclude that upon the addition 
of ethanol at least three significantly populated conformational states are present 
(Table I). For an interpretation of this data one has to consider that more than one re- 
laxation process could contribute to a single ultrasonic absorption curve under circum- 
stances where the corresponding relaxation times would be very similar. On the other 
hand, conformational transitions between states which are characterized by only small 
differences in both reaction volume and enthalpy could not be detected employing 
this technique. 

In Fig. 6 the dependence of the ultrasonic absorption at  1.7 MHz and 49 MHz is shown 
as a function of the solvent composition in the system n-hexane/ethanol. The dependence 
observed at  1.7 MHz exhibits a maximum for 25% ethanol in n-hexane. Making reasonable 
assumptions, this suggests that the equilibrium constant for the conformational states in- 
volved in the low frequency process is 1 under these experimental conditions. The sound 
absorption at 49 MHz is characterized by a different dependence on solvent composition. 
Such a dependence would be expected if the population of the conformational states 
involved in the 100 MHz process gradually decreases in favor of a third conformational 
state upon the addition of ethanol. The dependence of spectroscopic properties (circular 
dichroism, absorption, and ' H-NMR spectrum (Fig. 3b, 4) (22) on solvent composition 
is only consistent with the amplitude dependence of the 1.7 MHz relaxation. This indi- 
cates that the differences in the spectroscopic properties mainly reflect changes in the 
conformational states which are involved in the slower relaxation process. A straight- 
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Table I. 
Minimal Equilibrium Systems and Relaxation Times as Revealed by Ultrasonic 
Absorption Measurements. 

Conformational Transitions of Valinomycin and Enniation B in Different Solvents: 

Enniatin B 

71 

n-Hexane . . .  El Ez 

7 ,  2 X  sec 

71 72 
. . .  El E2 E3 n-Hexane/ethanol 5: 1 

Methanol 

71 lo-' sec; rZ 1 0 - ~  sec 

Valinomycin 

71 72 

n-Hexane . . .  __f t- vl  ~ v 2 ~ v 3  

71 2 x 1 0 - ~  sec; 72 2 x sec 
71 72 7 3  

. . .  __f t-- v, z v 2 z  v3 .v4 
n-Hexane/ethanol 1 : 1 

71 3 X 1 0 - ~  sec; 7 2  lop8 sec; 73 1 0 - ~  sec 
v/v 

Methanol 
Spectrum of relaxation times 7 

n 

forward interpretation of the amplitude data as well as of the relaxation times is not 
possible without the availability of additional equilibrium parameters. 

which is the simplest that is consistent with the experimental results, can be obtained: 
Nevertheless, some plausible estimates based on the following kinetic reaction scheme, 

kl, k23 

kz 1 32 
E l  Ez -' E3 

The corresponding equilibrium constants are 
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Fig. 6. Plot of ultransonic excess absorption of enniatin B (5.2 X M) a t  1.7 MHz (0) and 49 
MHz (0 )  against solvent composition [expressed as '36 ethanol in n-hexane (v/v)] in the system n - h e x a d  
ethanol. (T = 25°C) 

If the step on the left-hand side of the above reaction scheme proceeds much faster than 
the right one, the two inverse relations times are given by 

k23 1 
1 / 7 2  = 1 + K12 + k32 = k23 (K23 + 

T~ is assigned to the 100 MHz and r2 to the 1.7 MHz process. In the system 25% ethanol 
in n-hexane, a value of K,, of - 1 has been obtained from the amplitude dependence 
(Fig. 6). Under these experimentals conditions, therefore, k23 is equal t o  k32 and 

1 / 7 1  = k,, + k,, = lo9 sec-' (6) 

(7 ) 

Assuming certain values for K12 and substituting into eq. (7) it follows that 

K12 9 1 1/72 = k23 (8 ) 

K12 < 1 1 / 7 2  x 2 k23 (10) 
It is evident that only the order of magnitude of k23 and k32 can be determined if K12 is 
not known. Nevertheless, it might be expected that the fast step can only be observed by ultra- 
sonic absorption when K12 is of the order of 1. According to  these plausible assumptions 
the rate constants k12 and kzl  are of the order of 5 X 10' sec 
are of the order of 7 X lo6 sec-I . 

whereas k23 and k32 

These rate constants characterize the dynamic properties of the conformational re- 
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Fig. 7. (a) Circular dichroism of valinomycin in n-hexane (-), 1% ethanol in n-hexane (v/v) (- ' 9  - -); 
6% ethanol in n-hexane (v/v) (- - -);ethanol (- . - .); trifluoroethanol (. . . . . .). (b) Plot of the circular 
dichroism of valinomycin at 220 mp against solvent composition [expressed as % ethanol in n-hexane 
(v/v)] in the system n-hexane/ethanol. (T = 25°C). 

arrangements which are to a certain extent induced by specific solvent effects. The values 
of the rate constants are however too low for the direct recombination process to  be due 
to  the antibiotic and polar solvent molecules. On the other hand the faster relaxation 
process could be assigned to  a rotation of the isopropyl side chains of the amino acid and 
hydroxy acid residues though such a process cannot be accompanied by a large volume 
change. However this interpretation is not expected to be a probable one since, according 
to  the 'H-NMR results, the preferential orientation of the side chains does not depend 
on the solvent composition. Thus, the amplitude of such a process should be independent 
of the ethanol content which is not consistent with the experimental results (Fig. 6). 
Since no intramolecular hydrogen bonds are possible within the enniatin B molecule 
it is concluded that the conformational changes in this solvent system are mainly due 
to  a rearrangement of the ester carbonyl groups. This molecular interpretation is con- 
sistent with the results from 'H-NMR studies. The dynamic properties of these re- 
arrangement processes can be of significance during the coordination of a cation. 

Vatinomycin. Conformational rearrangements have also been suggested for valinomycin 
according to the spectral changes in solvents of varying polarity by employing spectroscopic 
techniques (21,22). 

The CD spectrum of valinomycin in nonpolar solvents such as n-hexane is mainly 
characterized by a positive Cotton effect at 218 my (Fig. 7a) which is sensitive to changes 
of solvent polarity. Upon addition of ethanol, this Cotton effect diminishes, while in 
trifluoroethanol it changes to a weak negative Cotton effect (Fig. 7a). The dependence 
of molar ellipticity at 220 my on solvent composition for the system n-hexane/ethanol 
is shown in Fig. 7b and indicates shifts in conformational equilibria. The dependence can 
be characterized by a two-step transition. The first is observed between pure n-hexane 
and around 30% ethanol in n-hexane, whereas the second occurs between the 30% 
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Fig. 8. Main bands of the I R  absorption spectra of valinomycin in n-hexane (-); dioxane (- - -); 
ethanol (. . . . . .). The spectrum of crystalline valinomycin (- . - .)was obtained in the presence of 
Voltalef. 

ethanol in n-hexane and pure ethanol. These results suggest a contribution of at least two 
conformational equilibria in the solvent system n-hexane/ethanol. 

Remarkable differences are also found in the IR spectra of valinomycin in various sol- 
vents (Fig. 8). The spectrum observed in n-hexane is characterized by a much narrower 
ester and amide I band at 1750 cm-' and 1651 cm-' , respectively, compared to the absorp 
in ethanol (Fig. 8) or methanol (Fig. 18). In addition, the amide I band exhibits a pronounced 
inflection at 1675 cm-' in n-hexane. The NH stretching frequencies could only be measured in 
n-hexane (Fig. 8). In addition to the strong band at 3285 cm-' a weaker one is found at 
3372 cm-' . Similar results have been reported for valinomycin in other solvents such as 
chloroform and carbon tetrachloride (23). The main IR absorption due to the carbonyl 
groups of valinomycin in n-hexane (Fig. 8) for example, is comparable to the absorption 
for the K+ complex (Fig. 18). This similarity supports the existence of similar but not 
necessarily identical conformations. The rather narrow band of the NH stretching made in 
the typical range of hydrogen bonded NH frequencies as well as the remarkably narrow 
amide I band observed at comparably low frequency in n-hexane, indicate the presence of a 
conformation with strong intramolecular hydrogen bonds between the amide groups. The 
additional NH band of low intensity observed at  a frequency characteristic for free NH and 
the inflection on the high frequency side of the amide I band (Fig. 8) are assigned to an 
additional conformational state of valinomycin in n-hexane where the intramolecular 
hydrogen bonds between the amide groups are partially broken. The interpretation of this 
IR study is consistent with earlier suggestions (23) that in nonpolar solvents such as n-hexane 
and carbon tetrachloride a closed structure with six intramolecular hydrogen bonds between 
the amide groups is predominantly formed (Fig. 9). According to the IR spectrum in n-hexane 
there is no direct evidence that a conformation characteristic of the crystalline state (24) 
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Fig. 9. Closed conformation of valinomycin (left) with six intramolecular hydrogen bonds and half- 
open conformation (right) with three intramolecular hydrogen bonds demonstrated with CPK 
molecular models. 

exists in this solvent to any measureable extent. On the other hand, in more polar solvents 
such as dioxane, ethanol, and methanol, borad IR absorption bands of the ester and amide 
carbonyl groups are found (Fig. 18). These are expected for unfolded conformations of this 
molecule due to the intermolecular interaction of the carbonyl groups with solvent 
molecules. In addition, the position of the amide I band in methanol (Fig. 18) supports 
the existence of conformations characterized by a reduced number of intramolecular 
hydrogen bonds as compared to the case in n-hexane. No experimental evidence was 
found in these solvents t o  support the existence of the published conformation of the 
antibiotic in the crystalline state (24). 

Additional details concerning the structural rearrangements in the solvent system n- 
hexane/ethanol (or dlZ -cyclohexane/dn -ethanol) can be derived from the ' H-NMR spectra 
(Fig. 10). The NH and aCH signals of the same residues were identified by double 
resonance experiments. The assignment of signals for D and L-valine residues was made 
according to  (21). On this basis the signals of protons a, m, and x (cf. Fig. 10) are related 
to the D-valine fragments whereas those of protons A, M,  and X are related to the L-valine 
fragments. A conformational change leading to the dissociation of intramolecular hydrogen 
bonds in a solvent system such as dlz -cyclohexane/dn-ethanol is expected to be accompanied by 
an upfield shift of the NH signal. On the other hand, interaction of the free NH group with 
polar ethanol molecules should only cause a downfield shift of its NH signal due to  inter- 
molecular hydrogen bond formation. A reorientation of amide carbonyl groups induced 
by dissociation of intramolecular hydrogen bonds as well as of ester carbonyl groups of 
valinomycin is expected to influence the chemical shifts of corresponding aCH protons. 
However, a change of the magnetic anisotropy effect of the carbonyl group independent of 
differences in stereochemical relations can occur as a consequence of hydrogen bond 
formation with polar solvent molecules such as ethanol. Consequently, this effect can also 
lead to a change of the chemical shift of the neighboring aCH proton though it is expected 
that the latter effect contributes little to the chemical shift differences shown in Fig. 4 and 
Fig. 10. The observed dependence of the coupling constants on  the solvent composition 
is mainly attributed to  changes in dihedral angle of the structural elements. In order to dis- 
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Fig. 10. Top: H-NMR spectrum of NH and aCH protons due to valine residues of valinomycin in 
d,,-cyclohexane at  100 MHz. Bottom: The dependence of the chemical shifts (6 )and coupling 
constants (J) on solvent compostion [expressed as % dn-ethanol in d,,-cyclohexane (v/v)] in the system 
d,, -cyclohexane/dnethanol (n=5,6). Details concerning the other symsbols used are discussed in the text. 

CUSS the experimental results on the basis of these effects it has further to be realized that 
Dvaline and L-lactic acid and in contrast L-valine and Da-hydroxy isovaleric acid residues 
are located in two different planes (Lac plane and Hyval plane) of the valinomycin molecule 
when a conformation stabilized by intramolecular hydrogen bonds is formed. 

Between pure d12 -cyclohexane and 30% dn-ethanol in dI2 -cyclohexane only the signals 
of protons (Ha, H,, H,) of the D-valine residues showed significant changes (Fig. 10). The 
remarkable upfield shift of the NH, signals (tiNHa) indicated that dissociation of intramole- 
cular hydrogen bonds occurred predominantly in the Lac plane. Additional changes of other 
parameters ( t j aCHrn ,  JNHaorCHm, JoCHmpCHx) attributed to protons of D - d i n e  fragments 
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only, e.g., changes of coupling constants indicating changes of the corresponding dihedral 
angles, were observed which exhibited the same dependence on solvent composition as was 
found for the shift of the NHa signal. We conclude that those changes showing the same de- 
pendence on solvent composition are coupled together. Therefore, dissociation of intra- 
molecular hydrogen bonds in the Lac plane is followed by an unfolding of those residues 
whch  are located in the same plane. The remarkably large value of the coupling constant 
JaCHmPCHx suggests the presence of a rigid conformation with preferential trans orienta- 
tion of the corresponding protons. An increase of the dn-ethanol content was accompanied 
by a transition toward a less compact structure with predominant gauche orientation of the 
&H and PCH protons which indicated an increase of rotational freedom for the sidechains 
of the D-valine residues. 

The conformation of residues in the Hyval plane appeared to remain unchanged until the 
dn-ethanol content exceeds about 30%. Further addition of dn-ethanol induces a conforma- 
tional change of those components located in the Hyval plane while no additional structural 
rearrangements were found under these conditions for those residues located in the Lac 
plane. Even in solutions of higher dn-ethanol content (30% to 100% d,, -cyclohexane) 
the position of the NH, signals remained unaffected, thus indicating that this conforma- 
tional change cannot be induced by dissociation of intramolecular hydrogen bonds in the 
Hyval plane. Therefore it is concluded that this conformational rearrangement is pre- 
dominantly caused by a reorientation of the ester groups in the Hyval plane. The latter 
reorientation is probably due to an interaction of ester carbonyl groups with ethanol mole- 
cules. These results indicate clearly that in the solvent system di2 -cyclohexane/dn-ethanol 
at least three different conformational states are present. It is concluded that the previously 
suggested one-step conformational equilibrium (2 1) between a closed valinomycin conforma- 
tion with six intramolecular hydrogen bonds and a half-open conformation with three 
intramolecular hydrogen bonds (Fig. 9) is too simple to explain these results. 

According to the results obtained by 'H-NMR the lifetimes of the individual con- 
formational states are expected to  be shorter than lop2  to  lop3 sec. For a more detailed 
characterization of these various states relaxation techniques have been applied. 

The ultrasonic absorption spectrum of valinomycin in n-hexane is characterized by a 
minimum of two relaxation processes around 10 MHz and 100 MHz (Fig. 11) with two 
corresponding relaxation times of 2 X 10F9 sec and 2 X lo-' sec. Since the relaxation 
times are not sensitive to the valinomycin concentration these processes must be attributed 
to  conformational rearrangements. Even in a solvent of pronounced nonpolar character 
such as n-hexane at least three predominant conformational states must be present 
(Table I). Small additions of ethanol distinctly change the ultrasonic absorption and cause 
a third relaxation process with a pronounced amplitude in the frequency range below 
I MHz (Fig. 11). This indicates the existence of a rather slow conformational transition. The 
frequency at the maximum amplitude could not be measured in n-hexane containing 17% 
ethanol. The corresponding relaxation time must be about 5 X lo-' sec. Under the ex- 
perimental conditions at least four main conformational states must be populated a t  
equilibrium (cf. Table I). In solutions of higher ethanol content the low frequency relaxa- 
tion process decreases (Fig. 1 1 ) .  Finally in pure methanol a nearly continuous ultrasonic 
absorption is observed (Fig. 20). This must be attributed to  a spectrum of relaxation 
processes, for such an absorption profile would require description by at least four different 
relaxation times. 

These ultransonic absorption studies of valinomycin are summarized in Table I ,  and 
clearly demonstrate the complexity of such a conformational analysis. The results also 
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1 10 

f (MHz) 
100 

Fig. 11. Conformational transitions of valinomycin (lo-* M) in the solvent system n-hexane/ 
ethanol. Frequency of ultrasonic excess absorption ( a h )  in n-hexane (0); 17% ethanol in n-hexane 
(v/v) (A); 50% ethanol in n-hexane (v/v) (*) T = 25°C). Analysis for single relaxation processes shown 
by dashed lines for the solvent 17% ethanol in n-hexane (v/v). 

imply that a determination of all the predominant conformational states based on the avail- 
able spectroscopic data is not possible at the present time. Summarizing, it is important t o  
note that even in nonpolar solvents fast configurational rearrangements occur between 
conformers, and in more polar media a considerable number of conformations has to be 
considered. The rate constants of the slowest conformational transitions are of the order 
of magnitude of lo7 sec-'. 

These conformational properties postulated on the basis of our spectroscopic and re- 
laxation studies are in agreement with a model of conformational behavior for the 
valinomycin molecule shown schematically in Fig. 12. The closed form of the molecule (I), 
which is stabilized by six intramolecular hydrogen bonds, is opened stepwise with a re- 
orientation of certain groups in solvents of increasing polarity to  a conformational state 
with three hydrogen bonds (11). This structure is opened further by interaction with more 
polar solvent molecules such as methanol. 

Gramicidin A. In nonpolar solvents gramicidin A is expected to exist as a dimer whereas 
in alcohols the monomer can also be detected at equilibrium (15, 2 5 ) .  According to these 
investigations conformational rearrangements occur which depend on solvent properties. 

are shown in Fig. 13. In pure dibutyl ether no relaxation process can be detected. This in- 
dicates that a single predominant conformational state exists (1 8), most probably the 
dimer under our experimental conditions. This result would be consistent with the helical 
structures proposed for gramicidin A (15). On addition of ethanol the ultrasonic absorption 
increases remarkably and at least two relaxation processes can be detected in the frequency 
range 2 to  20 MHz (Fig. 13). Since the relaxation times are essentially independent of the 

Ultrasonic absorption spectra of gramicidin A in the solvent system dibutyl ether/ethanol 
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I 

Fig. 12. Schematic diagram of conformational equilibria of valinomycin. Only the backbone of the 
molecule is shown with theoxygen atoms of the ester carbonyls (sidechains omitted). Intramolecular 
hydrogen bonds are drawn as connecting rods. 

1 .o 

ah 

0.1 

Fig. 13. Conformational transitions of gramicidin A in the solvent system dibutyl ether/ethanol. 

M gramicidin A in 10% ethanol in dibutyl ether (vlv) (0); 7 X lo-’ M 
Frequency dependence of the ultrasonic excess absorption (ah) for 2 X lo-’ M gramicidin A in 
dibutyl ether (0); 5 X 
gramicidin A in 30% ethanol in dibutyl ether (v/v) (A); 8 X lo-’ M gramicidin A in ethanol 
(T= 25°C). T h e  plotted absorption values are related to a normalized gramicidin A concentration of 
8 X lo-’ M. 
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gramicidin A concentration, neither of these processes can be due to the direct dimerization 
reaction. They are therefore assigned to solvent induced conformational rearrangements of 
the monomer or dimer. As the amplitudes of these absorption processes are not linearly 
dependent on the gramicidin A concentration, a change in population between monomer 
and dimer is indicated. 

The following simple kinetic reaction scheme would be consistent with the experi- 
mental results: 

The two fast rearrangement steps characterized by the relaxation times r1 and 73 would 
contribute to the observed ultrasonic absorption processes. The dimerization step 
characterized by r2 is expected t o  be much slower. Additional evidence is of course required 
to exclude other mechanisms. In summary it is important t o  note that gramicidin A shows 
fast conformational rearrangements in solvents of intermediate polarity with rate constants 
around lo7 sec-' to 10' sec-I. Similar rate constants are expected for the transport of 
cations through the gramicidin A channel in membranes. 

Structure and Cation Specificity of Antibiotics 

The outstanding property of membrane-bound antibiotics t o  differentiate between Na+ 
and K+ was related to specific complex formation with alkali ions. Crystals of antibiotic 
cation complexes (1 : 1) could be prepared which were suitable for X-ray diffraction 
analysis (26, 27). According to the crystal structure of the valinomycin K+ 
complex (28) all six ester carbonyl groups are coordinated to the cation which is located in 
the central cavity of the ligand, as illustrated in Fig. 14. The conformation of the ligand in 
the complexed state is furthermore stabilized by the formation of six intramolecular hydrogen 

Fig. 14. Schematic illustration of the structure of the valinomycin K+ complex. Only the backbone 
of the ligand is depicted with oxygen atoms of the ester carbonyl groups shown as open circles. The 
three intramolecular hydrogen bonds which are located in the upper plane are indicated by thick dotted 
lines and the three in the lower plane by thick solid lines. 
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Fig. 15. Cation specificity of membranebound valinomycin and enniatin B. Apparent stability 
constants (K') of complexes of alkali ions as a function of the ionic radius. (Spectral titrations were 
carried out in a sonicated aqueous dispersion of 10K3M to 5 X l O P 3 M  dimyristoyl L-lecithin; T = 25°C ) 

bonds between amide carbonyl and NH groups (Fig. 14). The antibiotic behaves similarly 
to  a multidentate complexing agent. 

Complex formation of membrane-bound antibiotics with cations occurs at the surface 
of phospholipid membranes. Spectral titrations of membrane-bound enniatin B and valino- 
mycin with alkali ions employing UV- and CD-spectrometry were possible. The cation 
specificity of both membrane-bound cyclodepsipeptides is shown in Fig. 15, in which the 
apparent stability constants of the 1 : 1 complexes (activity coefficients neglected) are 
plotted as a function of the ionic radius. Valinomycin exhibits a distinct selectivity for 
potassium and rubidium. A similar selectivity is obtained for the membrane-bound enniatin 
B although the stabilities of its alkali ion complexes are much higher. Figure 16 shows the 
dependence of the stability constants for the 1 :1 cation complexes of the same antibiotics 
with alkali ions in methanol as a function of ionic radius. In addition to this data, con- 
stants for NH,', Tl', and Ag' complexes are also presented. The alkali ion specificity of 
valinomycin in methanol is similar to that of the membrane-bound valinomycin. A clear 
maximum is found for the stability of the Rb' complex. The values of the stability con- 
stants are much larger than those obtained in the phospholipid system. Among other 
reasons this may be due to the different dielectric constants. The data for the enniatin B 
alkali ion complexes in methanol indicate much lower specificity compared with the 
properties of the membrane-bound cyclodepsipeptide. The observed cation selectivities 
in methanol are consistent with the results of other studies (21,29). Complex formation of 
gramicidin A with K+ could not be detected in the polar solvents ethanol and methanol, indi- 
cating that gramicidin can only form very weak complexes. Our results clearly show that the 
essential molecular and mechanistic aspects of this cation specificity can be studied not only 
on the membrane-bound antibiotics but also in homogeneous solution. 
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Rb 

5 

Enniatin B I 

I I I I I I I I I I ,  
1.5 r (8) 1.5 r (8) 

Fig. 16. Cation specificity of valinomycin and enniatin B in methanol. Apparent stability constants 
(K') of complexes of monovalent cations as a function of the ionic radius (T = 25°C) 

The specific binding capability between two alkali ions is limited by the difference in 
their solvation energies. In order to reach a high specificity a complete replacement of the 
solvent molecules from the cations by the ligand is required. The maximum stability for a 
particular alkali ion is obtained when the difference between the free energies of hypothe- 
tical ligand binding in the absence of a solvent and the free energy of cation solvation 
passes through a maximum for the cation. This expected dependence of the ligand binding 
energy on the cation radius is essential for the cation specificity and is considered to be a 
consequence of the special conformational properties of the antibiotic (22,30).  

The remarkable difference in the stabilities of the valinomycin K' and Na' complexes 
can be correlated with the spectroscopic properties of these complexes. The CD spectra of 
the K', Rb', and Cs' complexes of valinomycin in methanol are characterized by a positive 
Cotton effect at about 210 my (Fig. 17). However, a negative Cotton effect is found for the 
Na' complex as shown in Fig. 17. This result indicates that the ligand conformation is con- 
siderably different depending on the nature of the bound cation. The ester carbonyl band 
of the IR spectrum of the valinomycin K' complex (Fig. 18) at 1745 cm-' is symmetric 
and remarkably narrow compared to the corresponding band of the uncomplexed anti- 
biotic in the same solvent where a considerable number of different conformational states 
are present. It is therefore concluded that the ester carbonyl groups of the K' complex 
exist in a single state in solution. The rather narrow and also symmetric amide I band 
at 1658 cm-' of this group is consistent with an  equivalent state of all the amide groups. 
The low frequency position of the amide I band is typical of those observed for strong intra- 
molecular hydrogen bonds. The same interpretations are valid for the spectra of the Rb' 
and Cs' complexes. The IR absorption spectrum of the carbonyl stretching region of 
valinomycin in the presence of 1.7 M NaC10, (Fig. 18) reveals two broad bands due to 
the ester and amide carbonyl groups. The bandwidth observed indicates that no uniform 
state for all ester carbonyl groups exists in the Na' complex. 

The dependence of the I3C chemical shifts of valinomycin on the concentration of Na' 
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Fig. 17. Circular dichroism of valinomycin in methanol (. . . . . . )and in methanol containing 1.5 M 
NaC10, (- - -); lo-' M KC1 (--); 1.2 X lo-' M CsCl (- . - .). (T = 25°C) 

"c=o 
Val Val+Na+ Val-K+ Val-Rb+ Val-Cs+ 

Fig. 18. Main bands of the IR absorption spectra of valinomycin and its alkali ion complexes [band 
positions are given in wave numbers (cm-' ), optical pathlengths were 0.1 mm unless otherwise specified] : 
3.2 X lo-' M valinomycin in methanol; 1.5 X lo-' M valinomycin in methanol containing 1.7 M 
NaClO,, pathlength 0.2 mm; 3.2 X lo-' M valinomycin in methanol containing 6 X lo-' M KCl ; 
3.2 X lo-' M valinomycin in methanol containing 6.7 X lo-' M CsCl. 

and K' was measured in d,-methanol (31) and is illustrated for the &-carbons in 
Fig. 19. Titration with KC1 indicates that two of the four carbonyl signals are shifted 
much more strongly than the other two. In addition, the dependence of the chemical shift 
on the ratio[KCI] /[Val] is more pronounced forp-carbons of the amino acid than of both 
hydroxy acid residues. As a consequence of cation complexation the electron density of 
those carbons belonging to  the coordinated ester carbonyl groups must decrease and a down- 
field shift of these signals is therefore expected. Thus the two low-field carbonyl signals in 
the spectrum of the K' complex as well as of the Rb' and Cs' complexes are assigned to 
the ester carbonyl carbons, which is consistent with earlier results (32 ,33)  obtained for the 
valinomycin K+ complex. In contrast to the results obtained for the complexes of valino- 
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Fig. 19. Plot of the 13C chemical shifts (6) of carbonyl carbons and &-carbons of valinomycin dis- 
solved in d,-methanol against [NaClO,] / [Val ]  (left) and [KCl]/[Val] (right). (The open circles repre- 
sent the I3C chemical shifts of ester carbonyl carbons and are connected by broken lines.) 

mycin with the large alkali ions K+, Rb', and Cs', the shift differences observed upon 
complexation of Na' (Fig. 19) are much less pronounced. The 13C-NMR spectrum of 
the Na' complex is considerably different and more closely resembles that of the un- 
complexed antibiotic in polar solvents (31). This result leads also to the conclusion that 
in methanol the structure of the weak Na+ complex must be considerably different from 
those of the larger alkali ions. 

of the K+, Rb', and Cs' complexes in methanol are similar. They can be characterized by 
a coordination of the six ester carbonyl groups to the cations, thus leading to a rigid 
structure which is furthermore stabilized by the formation of six intramolecular hydrogen 
bonds between the amide groups. In contrast to these results the obviously different ligand 
conformation of the Na' complex in methanol is characterized by a reduced number of 
coordinated ester groups and intramolecular hydrogen bonds. Therefore the structure of 
this complex must be less compact and closed than those of the complexes with larger 
cations. As a consequence of the reduced number of coordinated ester carbonyl groups it 
may be possible that the bound Na' ion remains partially solvated. It is evident that the 
remarkable conformational differences of the ligand in the complexes with cations of 
different size contribute to the outstanding selectivity of this antibiotic. 

According to  these IR absorption and I3C-NMR investigations the ligand conformations 
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Fig. 20. Kinetics of complex formation of valinomycin with Na+ions in methanol. Frequency de- 
pendence of the ultrasonic excess absorption (ah) of 0.02 M valinomycin in methanol (O), 0.05 M NaC10, 
in methanol (A), 0.4 M NaC10, in methanol (0). (T = 2 5 ° C )  

Dynamics and Cation Specificity of Antibiotics 

A more detailed idea about the molecular mechanism of complex formation and cation 
selectivity can be derived from kinetic experiments. Recently kinetic measurements have 
been carried out which have contributed to  the elucidation of the mechanism of specific 
ion complex formation in nonaqueous solvents (30, 34-37). In addition it has been suggested 
that a stepwise mechanism is involved in the solvent substitution of the cation by the ligand 
in order to account for the rather fast rate of complex formation of  actins with alkali 
cations (22,34,35). 

Since valinomycin exhibits the highest K+/Na+ selectivity of all the known ion. specific 
antibiotics a detailed investigation of its mechanism of complex formation and alkali ion 
specificity is of interest in relation t o  the biological importance of these aspects in membrane 
processes. Therefore, relaxation experiments were carried out employing ultrasonic absorp- 
tion and temperature-jump techniques. The complexation kinetics of the weak Na' and 
NH$ complex could be studied only by ultrasonic absorption measurements (17,22). At 
high NaC104 concentrations in methanol as the solvent, valinomycin shows an ultrasonic 
absorption spectrum having two relaxation processes around 1 MHz and 10 MHz (Fig. 20), 
respectively, which can be asigned to complex formation and are characterized by two 
relaxation times T~ and T ~ .  

On the other hand the spectral changes observed in the UV upon complex formation 
(22) allowed kinetic studies on the more stable alkali cation complexes by temperature- 
jump relaxation spectrometry (19). Two relaxation processes have been observed for each 
of the K+, Rb', and Cs' complexes in methanol containing 0.1 M tetra-n-butyl-ammonium 
perchlorate and they are attributed to the complexation reaction. A very fast relaxation 
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process (r1<5 psec), which cannot be resolved by this technique, is followed by a slower 
process with a relaxation time ( T ~ )  of the order of 200 psec. The results of these kinetic 
investigations are consistent with the following simple kinetic reaction scheme, which is 
based on a two-step model for the complex formation: 

I I1 

/+ In the first step a fast recombination between the solvated cation ( h e  
\ 

opened conformations of valinomycin present in the polar medium ieads to an intermediate 
complex (I). In the second step the formation of the stable cation complex (11) occurs by 
a first-order rearrangement. 

This reaction scheme is characterized by two relaxation times. If the equilibration of the 
binding step is much faster than the subsequent reaction step (k12 3 k23, kzl > k23) the de- 
pendence of  the two relaxation times 71 and r2 on the free concentrations of the reaction 
partners (19) can be given as 

) and one of the 

1/71 = k21 + k12 (cV + chile+) (1 1)  

According to  eq. (1 l) ,  a linear concentration dependence is expected for 1 / ~ ~ .  The concen- 
tration dependence of according to eq. (12) is somewhat more complex and leads to  a 
linear relationship for small free concentrations (cv + cMe +),where kzl > k12(cv + cMe+) 

At higher concentrations eq. (12) predicts saturation behavior: 
since k12 (cv + cMe +)> kal 

reaches a limiting value 

l/72 = k32 ' k23 (1 4) 

One of the relaxation times observed for complex formation with Na+ and NH; ions 
follows eq. (1 1) as measured by ultrasonic absorption. However, the second relaxation 
time shows the more complex concentration dependence expected for 72 (12). This is 
shown in Fig. 21a for the Na+ complex. The kinetic parameters for Na+ and NH; complex 
formation are given in Table 11. 

Temperature-jump relaxation studies performed on the K+, Rb', and Cs+ complexes 
show a concentration dependent relaxation process in the 200 psec range (17,22). The 
latter relaxation times are characteristic of the linear, low concentration behavior of 
as given by eq. (13). The corresponding plot of 
in Fig. 21b. 

as a function of (cv + c,+) is shown 

The kinetics of complex formation can be discussed in terms of rate constants for the 
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Fig. 21. Kinetics of the formation of the valinomycin Na+ and K+ (b) complexes in 
methanol: Concentration dependence of the inverse of the relaxation times L. (T = 25°C) 

72 

overall forward reaction km and reverse reaction ko, 

Under the reasonable assumption of a fast preequilibration process (kzl 3 k23) eq. (1 5 )  
and (16) simplify to  (17) and (18), respectively, 

K21 

These overall rate constants are directly measured for the K', Rb', and Cs' complexes and 
are given in Table 11. Further details of the cation specificity of valinomycin can be dis- 
cussed by comparing the kinetic parameters included in Table 11. 

The rate constants of the initial bimolecular reaction step for NH; complexation is 
slightly lower than the rate constant for a diffusion controlled ligand exchange reaction, 
whereas for Na' complexation kI2 is substantially lower than diffusion controlled. How- 
ever, they are both indicative of a rapid replacement of the inner solvation sphere around 
the cation as discussed for the formation of the monactin Na' complex ( 3 5 ) .  The initial 
reaction step already contributes to the specificity of the NHf complex as concluded from 
the higher K12 value of the NH; complex compared with the Na' complex. This may be 
due to the fact that the direct substitution mechanism is only involved in complex forma- 
tion with metal ions. However, the stabilities of the Na' and K' precomplexes (I) with 
valinomycin are of the same order of magnitude (38). This indicates that the alkali ion 
specificity of the precomplexes (I) is rather poor. The main contribution t o  the specificity 
must therefore be due to the reaction steps which are involved in the conversion of the 
intermediate precomplex (I) to  the final complex (11). Obviously these steps are very de- 
pendent on the conformational properties of the antibiotic. 

The rate constants for the overall complex formation (ko,) for the K', Rb', and Csf 
complexes are substantilly lower than the rate constants of diffusion controlled ligand 
exchange reactions (Table 11). They are, however, in good agreement with the rate con- 
stants of the slowest con formational interconversions observed for the uncomplexed 
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Fig. 22. Characteristic kinetic parameters for the formation ([k,,/k,, 1 kz3)  and dissociation (k3, ) 
of  valinomycin alkali ion complexes as a function of the ionic radius. 

Fig. 23. Schematic diagram of the stepwise mechanism involved in complex formation of valinornycin 
with K'. Only the backbone of the different ligand conformations is shown with the oxygen atoms of 
the ester carbonyl groups (side chains omitted). Intramolecular hydrogen bonds are drawn as connecting 
rods. 

valinomycin in polar solvents. Consequently the rate determining step in the complexation 
reaction is taken to be the monomolecular structural change of the intermediate (I) due 
to a conformational rearrangement of the depsipeptide ligand after the initial binding of 
the cation has occurred. 

The dependence of the overall rate constants kon and ko, on the size of the cations is 
shown in Fig. 22. Both overall rate constants contribute to an optimal stability of the Rb' 
complex, since kon reaches a maximum whereas koff shows a minimum for this cation. 
Obviously valinomycin is adapted to  cations of this size range not only in a thermodynamic 
sense but also with regard to  the dynamic properties. The relative stabilities of complexes 
with cations of different size are largely the consequence of the varying rate constants of 
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complex dissociation as seen from the relative strong dependence of ko, on the ionic radius 
(Fig. 22). These dynamic characteristics are not only the result of differences in cation 
solvation energies. They must also be due to  differences in the ligand conformations 
between the various cation complexes as indicated for example by the different spectro- 
scopic properties of the Na' and K+ complexes. 

A molecular interpretation of the formal mechanism mentioned above in terms of 
plausible elementary steps is shown in Fig. 23. The recombination step between one of 
the opened conformations of valinomycin in methanol and the solvated K+ ion can for 
example lead to the replacement of the first methanol molecule from the cation by one of 
the ester carbonyl groups of the antibiotic. Further stepwise solvent replacements are ex- 
pected to  occur until the intermediate complex (I) is reached. Although its structure has 
not been established, some of the possible intermediate states are indicated schematically 
in Fig. 23. The formation of the final complex (11) is initiated by the rate limiting con- 
formational change of the ligand. This process is accompanied by a rapid replacement of 
the remaining solvent molecules until all six ester carbonyl groups are coordinated to the 
cation. A similar mechanism of action may obtain in the specific binding of alkali ions to 
their respective recognition sites in biological membrane systems. 

CONCLUSIONS 

Some conclusions can be reached which are based on the results of these kinetic in- 
vestigations. In the case of the K+ transport through phospholipid bilayer membranes 
mediated by valinomycin the rate constant of complex dissociation at the membrane sur- 
face is comparable to  that of the cation transport through the interior of the membrane 
(12). In addition the stability of the membrane-bound valinomycin Na+ complex is much 
lower than that of the corresponding K+ complex (Fig. 15). It is therefore to  be expected 
that the dissociation rate of the membrane-bound Na+ complex would be much higher 
than the K' complex. This would be consistent with the kinetic data obtained in methanol 
(Table 11). It can be assumed that the rate constants for the carrier transport of Na' and K+ 
by valinomycin are of the same order of magnitude due to the fact that the diffusion 
process will be limited by the fluidity properties of the membrane. It must therefore be 
concluded that a preferential or specific transport of K' is observed since the rate of dis- 
sociation of the Na+ complex is much faster than the rather slow rate of transport 
through the membrane. 

With respect to gramicidin A we must assume that complex formation in methanol as 
well as of the membrane-bound antibiotic is very weak. Among other reasons the rather 
poor cation selectivity might be due to the fact that only a few solvent molecules can be 
substituted from the cation by this particular antibiotic. In this respect the properties of 
gramicidin A closely resemble those of the intermediate precomplexes of valinomycin 
which are also characterized by a small number of coordinated ester carbonyl groups and 
high dissociation rates (Table 11). If it is assumed that the stability constants of gramicidin 
A cation complexes are smaller than 1 M-' and that the formation rate constant is of the 
order of magnitude of 10' M-' sec-' , then the dissociation rate must be higher than 10' 
see ' .  The latter value would be consistent with the dissociation rates (kZl ) measured for 
the intermediate precomplexes of valinomycin with cations (Table 11) as well as with the 
expected rate constant for cation transport through the gramicidin A channel. 

- 
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