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Internal and External Alkali Ion Complexes of Enniatin B: An Empirical

Force Field Analysis'

Shneior Lifson,* Clifford E. Felder, and Abraham Shanzer

ABSTRACT: The empirical force field method is used to cal-
culate conformations and energies of the natural ion carrier
enniatin B (EnB) and its alkali ion complexes. Solvent effects
are circumvented by focusing the study on conformational
characteristics and trends in ionophoric behavior, which do
not require an evaluation of solvent interactions. A few
calculated, low-energy conformations of the EnB ring are
presented. The C,-symmetric conformation of EnB is analyzed
in detail. Its rotational isomeric states of the isopropyl side
chains are found to interact strongly with its carbonyl and
N-methyl groups, thus restricting significantly the flexibility
of EnB’s skeletal ring. Two kinds of 1:1 EnB—ion complexes
are obtained: internal and external. In internal complexes,
the ion is located at or near the center of an octahedral cavity
formed by the six carbonyls of EnB and binds to all these
carbonyls. The large strain energy imposed on the ligand by
bending the carbonyls inward destabilizes the internal binding.

Enniatins are natural ion carriers whose biological functions
are determined by their ability to transport cations across lipid
bilayer membranes. Enniatins, and particularly enniatin B,!

t From the Departments of Chemical Physics (S.L. and C.E.F.) and
Organic Chemistry (A.S.), Weizmann Institute of Science, 76100 Re-
hovot, Israel. Received October 11, 1983. This research was partly
supported by the Minerva Foundation, Munich, West Germany, and by
the U.S.-Israel Binational Science Foundation, Jerusalem, Israel.

In external complexes, the ion binds only to the three carbonyls
of the hydroxyisovaleryl residues, but its binding energy can
be the same or even stronger, due to the better dipole—ion
alignment and lower strain energy. Li% is a poor binder, in
that it binds only internally and is too small to bind simulta-
neously to all six carbonyls. Na™ fits the molecular cavity well
and is the best internal binder. It can also form stable external
complexes and is expected to prefer such complexes in polar
solvents, where it is partly solvated. K™ is too big for the EnB
cavity, but it squeezes in asymmetrically by distorting the
molecule. Rb* can hardly fit internally and Cs* not at all.
Howeéver, these three ions do bind quite well externally. Ex-
ternal 1:1 EnB—ion complexes can bind a second EnB ligand
to form sandwich 2:1 dimer complexes. The calculated energy
of the second ligand binding is stronger than the 1:1 external
complex energy for K*, Rb*, and Cs* but not for Na*, im-
plying that the 2:1 complex is more favored by the larger ions.

have been studied extensively and reviewed comprehensively
(Ovchinnikov et al., 1974; Burgermeister & Winkler-Oswa-
titsch, 1977; Ovchinnikov & Ivanov, 1982). They are cyclic
depsipeptides, composed of alternating D-hydroxyisovaleric acid

! Abbreviations: EnB, enniatin B; (LacAla);, EnB methyl side chain
analogue [(-D-lactyl-L-N-methylalanyl),]; Lace, EnB hexalactyl analogue
[(-D-lactyl-L-lactyl),].

0006-2960/84/0423-2577801.50/0 © 1984 American Chemical Society
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(D-HyIV) and N-methyl L-amino acid residues, linked by
amide and ester bonds, according to the general formula:

o L
Lol o L 0
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|x 8 ] x 6.
c? CHs R

/N

HiC H CH3

where D and L denote the chirality of C?, ¢, ¥, w, and x denote
the torsion angles of the corresponding bonds, and 6 and 6y
denote out-of-plane torsional angles. In enniatin B (EnB), the
amino acid component is L-N-methylvaline (L-NMVal), so that
both HyIV and NMVal have the same isopropyl side chain,
while in other enniatins the amino acid component is another
N-methylated hydrophobic amino acid such as isoleucine,
leucine, or phenylalanine.

EnB binds alkali ions, generally in a 1:1 ratio, with stability
constants that vary with ion species and solvent, as well as with
the concentrations of both the ligand and the ion. In alcohols
(EtOH and MeOH), the stability constants are highest for
K*, followed by slightly lower values for Rb*, Cs*, and Na*
and much lower for Li* [see Table 7 of Burgermeister &
Winkler-Oswatitsch (1977)]. At sufficiently high ligand
concentrations, high ligand to ion ratios, and appropriately
chosen solvents, there is evidence from nuclear magnetic
resonance (NMR) and circular dichroism (CD) titrations for
2:1 EnB:cation binding ratios (Ivanov et al., 1973), with sta-
bility constants in the order K* > Cs* > Na™ (Gurevich,
1980). Studies of conductance through lipid bilayer mem-
branes indicate a complexation stoichiometry of 3:2 for Cs™,
2:1 for K*, and 1:1 for Na* at an enniatin B concentration
range of 107~107 mol/L.

The 1:1 stoichiometry has been attributed (Ovchinnikov et
al., 1974) to the binding of the cation inside the ring cavity
by the six carbonyls, while higher stoichiometries were at-
tributed to sandwiching the cation between adjacent rings. It
has been suggested (Ovchinnikov et al., 1974) that enniatin
possesses a symmetric cagelike conformation when it forms
ion complexes or when it is dissolved in polar solvents, where
the mutual repulsions between the carbonyls are screened by
the solvent, while in nonpolar solvents of low dielectric con-
stants enniatin B attains a more stable asymmetric confor-
mation. It has been further suggested (Ovchinnikov et al.,
1974) that the low binding selectivity of the enniatins for
different alkali ions is due to the flexibility of the ring in its
symmetric cagelike conformation.

The search for allowed conformations of enniatin led to a
theoretical prediction of a number of such conformations
(Popov et al., 1970), on the basis of an examination of the
allowed energy minima of the residues forming the ring.
Subsequent publications, in part resting on 'H NMR of EnB
in polar and nonpolar solvents, contain a modified set of
conformations (Ovchinnikov et al., 1974). The molecular
conformation in the crystalline state was determined by single
crystal diffraction of free EnB (Tischenko et al., 1976) and
of its K* cavity-bound complex (Dobler et al., 1969).

This short and incomplete review of the available literature
on EnB may be summarized by viewing this molecule as being
asymmetric in nonpolar solvents and C; symmetric in polar
media or when complexed. It is sufficiently flexible to ac-
commodate the alkali ions Na* to Cs™ in its internal cavity
as 1:1 complexes and is also capable of forming 2:1 sandwich
complexes under favorable conditions. The results of our
calculations are in reasonable agreement with the findings of
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the extensive experimental studies of enniatin B and its ion
complexes. They indicate, however, that nontrivial modifi-
cations and extensions of the interpretation of the observed
facts are necessary. These modifications improve, we believe,
the general view of EnB and its mode of functioning as an ion
carrier.

We find that the flexibility of the enniatin molecule is rather
limited, in spite of the almost free rotation of the ¢ and ¥
torsional angles. Not only are the bonds and bond angles quite
rigid but also so are the out-of-plane angles 6~ and 8y, as well
as the torsional angles w around amide and ester bonds, due
to their partial double bond character. The rotational freedom
is also limited by the condition of ring closure. Therefore, the
ring exhibits flexibility only for some selected directions of
motion, and even these are hindered by the interaction of the
isopropyl side chains with the carbonyls and N-methyls of the
EnB ring. These limitations in the conformational space of
enniatin also limit the number of equilibrium conformations.
The C,-symmetric conformation is calculated to be one of the
most stable conformations even in vacuum (or in nonpolar
solvents), in spite of the repulsions between the carbonyls, since
pushing two carbonyls apart moves them nearer to other
carbonyls. As a consequence of the limited flexibility of EnB
and the fit of its cavity to the size of Na*, only this ion binds
comfortably in the cavity. The 1:1 EnB complexes of K*, Rb*,
and Cs* are most likely external, and so is probably that of
Nat in protic solvents like alcohols. The same considerations
of limited flexibility and cavity size also explain why Na™* forms
1:1 complexes, while K* forms 2:1 complexes in transport
through purely nonpolar lipid membranes.

Theory

Theoretical Considerations. The present theoretical analysis
of the energies and conformations of EnB and its alkali cation
complexes is based on the application of a carefully chosen
empirical force field. The empirical force field method has
been advanced during the last decade to yield consistently
accurate predictions of many molecular properties such as
intramolecular strain energies, crystalline structures and
packing energies, molecular conformations, vibrational spectra,
dipole moments, etc. [see Lifson (1983)]. Recently, we applied
the method to design the synthesis of new ion carrier molecules,
on the basis of predicting their ionophoric characteristics
(Shanzer et al., 1983; Lifson et al., 1983; Felder et al., 1983).
Some of the considerations and results included in these papers
are relevant to our present study and will be reviewed briefly.

The most striking property of ionophoric behavior is the
delicate balance between several factors, some of them ori-
ginating from very strong interactions. On the one hand, the
selectivity of K* vs. Na* binding, or the balance between
monomer (1:1) binding vs. dimer (2:1) binding, depends on
small free-energy differences, AG, according to the Boltzmann
distribution exp[-AG/(RT)]. (At room temperature RT is
0.6 kcal/mol; thus free-energy differences of 2-3 kcal/mol
yield binding ratios of 28-150). On the other hand, the en-
thalpies of hydration of Li*, Na*, K*, Rb*, and Cs* are very
large: —130, -104, —83, —78, and —70 kcal/mol, respectively
(Noyes 1962). Thus, the interaction between the ionophore
and the complexed ion must be of the same order, for binding
to take place.

The main interactions comprise, first and foremost, the
Coulomb interaction between the ion and the atomic partial
charges of the ionophore, particularly the carbonyls, accom-
panied by the polariztion interaction between the ion and the
ionophore, which also amounts to several tens of kilocalories
per mol (Lifson et al., 1983); then there is the strain energy
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Table I: Symmetric Conformations of Enniatin B and Its Methy! Side Chain Analogues (deg)

hydroxy residue

amino residue

compd ¢ v b ON é 4 b¢’ w
EnB (cryst)? 108 +3 -126+1 13z1 176 £+ 4 ~-14 =2 -109+4 128 + 4 19+ 5 1799
EnB (calcd) 112 -98 0 -178 1 —-127 112 3 178
(LacAla), (calcd 1) 116 —89 0 180 0 -137 109 -1 -178
(LacAla), (calcd 2)b 74 -136 (180) -103 171 (180)

@ Tishchenko et al. (1976). The + indicates the range of variation due to deviations from C, symmetry. b Ovchinnikov et al. (1974).

accompanying the conformational changes imposed by the ion
on the ionophore upon complexation; and finally, there is the
free—energy difference between the solvation of the complexed
and the free ionophore. A detailed evaluation of all these
interactions in the degree of accuracy necessary to obtain the
free-energy balance of the complexation reaction within ex-
perimental accuracy would be next to an impossible task.
However, it is possible to single out some of the major factors
and consider them in some detail, such that relevant questions
can be asked and definite answers may be obtained with the
help of a reliable force field.

The questions we ask are all related to the equilibrium
conformations of the ligand and the complex and the elec-
trostatic and strain energies involved. Thus, the strength of
the Coulomb interaction between the ion and its ligand, the
degree of conformational deformation following ligation and
the accompanying strain energy, the symmetry of the iono-
phoric cavity and its distortion when the ion is either too large
or too small for the cavity, and the comparison between al-
ternative modes of binding all vary from ion to ion in a way
that yields a detailed picture of the ionophoric phenomenon.

As is to be expected, such theoretical analysis is by its very
nature approximate, and not always will it represent reality
with sufficient reliability. Nevertheless, it gives a better insight
into the behavior of the ion carrier and its ion complexes than
that available at present and offers new alternatives for the
interpretation of available experimental data. At the same
time, it puts to test the power and limitations of the empirical
force field method and may perhaps lead the way to its im-
provement as a theoretical tool in chemistry and molecular
biology.

Computations. The empirical force field is the same as in
our preceding paper (Lifson et al., 1983), except that it con-
tains in addition the appropriate energy functions for the amide
group and for the heavier ions Rb* and Cs*. It represents the
energy of the molecule and its ion complexes as a function of
all internal coordinates and interatomic distances of nonbonded
atoms. Equilibrium conformations are obtained by minimizing
the total energy.

The amide intramolecular parameters were taken from the
same source as the ester group parameters (Hagler et al.,
1979), where they had been optimized to fit both conforma-
tional and vibrational data on N-methylacetamide, and the
amide nonbonded parameters were taken from Lifson et al.
(1979). The CH, group was replaced by an “extended atom”
(M. Levitt and S. Lifson, unpublished results). The Len-
nard-Jones potential parameters r* and ¢ for Rb* and Cs*
were derived in the same way as previously for Li*, Na*, and
K* and from the same sources (Ketelaar, 1953; Buckingham,
1937). The values of 7* and ¢ for all alkali ions and the CH,
extended atom are, in angstroms and kilocalories per mol e,
as follows: Li*, 2.58, 0.00156; Na*, 3.20, 0.0165; K*, 3.84,
0.0498; Rb*, 3.96, 0.0877; Cs*, 4.36, 0.1083; CHj, 4.17, 0.092.

Stereoviews of the calculated conformations of EnB and its
ion complexes [produced by the computer code PLUTO of
Motherwell (1979)] are introduced in order to visualize the

results and facilitate the discussion. The atoms in the stere-
oviews are scaled at 25% of the atomic contact radii, to leave
the view of the molecule open. The coordinate system is always
fixed along the three axes of inertia, with the Z axis as the
axis of symmetry (or more generally as the largest inertial
axis). The stereoviews are mostly accompanied by two per-
pendicular projections of the asymmetric repeating unit of the
molecule along the Z and the Y axes, scaled in half-angstrom
units. Atomic contact radii are scaled down further, so that
the Cartesian coordinates of all atoms can be read off from
these projections to a reasonable accuracy. Such a presentation
encompasses in a nutshell the computer output of molecular
conformations and may serve to calculate easily any geometric
property not included in the tables, e.g., interatomic contact
distances.

Results and Discussion

The following notation is used throughout this section. The
distance between an ion and a carbonyl oxygen is denoted by
ro. The distance between carbonyl oxygens belonging to
nearest-neighbor residues and residing on opposite sides of the
ring plane is denoted by ;. The distance betwen carbonyl
oxygens belonging to next nearest neighbors and residing on
the same side of the ring plane is denoted by r,. The angle
between the ion—oxygen “bond” vector (Z*-Q’) and the oxy-
gen—carbon bond vector (O’=C") is defined as « (zero when
they are collinear).

(I) Equilibrium Conformations of EnB and Their Relative
Strain Energies. (a) Symmetric Ring Conformation. EnB
possesses a number of equilibrium conformations. Among
them, the one with a 3-fold (C;) symmetry is of particular
interest, since it is closely related to the conformations of the
ion-EnB complexes. In Table I, the conformation in the
crystalline state, as derived from X-ray diffraction (Tishchenko
et al., 1976), and several calculated symmetric conformations
of EnB and (LacAla), are presented and compared.

In the crystal, the C; molecular symmetry is imperfect, and
the first row of Table I gives the average torsional angles of
the ring and their span of variation. It contains also the
out-of-plane angles 8~ and 8y around the ring atoms C’ and
N, respectively. (An out-of-plane angle 6, for a structure

B—A
~p

is the angle between the plane through the atoms ABC and
the plane through the atoms ADB; it is zero when all four
atoms are coplanar). The isopropyl side chains are all in the
equatorial trans rotoisomeric state (see Figure 1), whose
calculated energy is the lowest among all rotoisomeric states
(see below).

The second row in Table I contains the corresponding
calculated conformational variables for the same equatorial
state of the side chains. Since it was derived by a search
technique (Lifson et al., 1983) with no prior information, it
is gratifying to observe that it generally agrees well with the
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FIGURE 1: Symmetric conformation of EnB, rotamer 1,2: (a) stereoview; (b) Y-X plane projection; (c¢) Z-X plane projection.

experimentally determined conformation in the crystalline
state. However, there are also noteworthy differences. The
differences between the experimental and calculated ¢ and
¥ values may be attributed to several sources.

First, the force field is approximate, so discrepancies are
expected. In particular, the torsional potentials of the angles
¢ and  are known to be rather low. They were set equal to
zero in our force field, in view of the lack of a reliable estimate
for the intrinsic hindrances to their rotations. Therefore, some
coordinated variations in these angles exist, which perhaps
violate other constraints only midly, and therefore cost little
energy. However, these constraints involve interactions of the
EnB ring with the isopropyl side chains, which reduce con-
siderably the flexibility of the ring, as we shall see below.
Second, such coordinated variations may indeed be caused by
the crystal packing forces, introducing the observed deviations
from perfect C; symmetry; therefore, the calculated confor-
mation of a single molecule is expected to be different to some
extent from that of the molecule in a crystal. Third, the
diffraction results are also of limited accuracy, as indicated
by an R factor of 0.12 and the absence of temperature factors.

Whatever the reasons may be, the calculated ¢ and  values
disagree with the experimental ones by up to 28°, but still,
they represent quite faithfully the main features of the mol-
ecule. The torsion angle w and the out-of-plane angles 8~ and
Oy pose a more difficult question. By X-ray diffraction, they
are exceptionally large, up to ~24°, while in our results
(uncomplexed) they are 3° at most. The energy parameters
for out-of-plane distortions in our force field were obtained
from spectroscopic data and are in reasonable agreement with
other experimental data. It seems difficult to suggest a
modification of the force field that would produce the reported
diffraction results, without conflicting with other experimental
data. Either improvements in the X-ray structure determi-
nation will reduce the discrepancies, or we are facing an in-
teresting puzzle.

The third row in Table I contains the calculated confor-
mation of the enniatin analogue (LacAla); with methyl side
groups replacing the isopropyls of EnB. The differences
betwen the second and third rows, both derived by the same
force field, single out the effect of the isopropyl side chains
in their lowest energy state on the ring conformation. Dif-
ferences in ¢’s and y’s amount up to ~10°, while the out-
of-plane angle f~ changed from 4 to —1°. These differences
are caused by the interactions of the isopropyls with the amide
and ester groups. Indeed, examination of Figure 1 shows that
the carbonyls are at contact distances of 3.2~3.9 A from their
nearest side-chain methyls and that the N-methyl is at a
distance of 3.8 A to its nearest side-chain methyl. These

distances are within the repulsive range of the Lennard-Jones
potential and reduce significantly the flexibity of EnB ac-
cording to our force field, and very probably also in reality.
(The values of r* for O, N, and CHj; as an “extended atom”
in our force field are 3.65, 4.01, and 4.17 A, respectively).

The fourth row gives the conformation of the same enniatin
analogue with the methyl side chains, as calculated by Popov
et al. (1970), in the corrected version presented by Ovchinnikov
et al. (1974). The differences between our and Ovchinnikov’s
results are solely due to the differences in the two force fields.
First, Popov’s calculations involved only 17 variables, while
we minimized with respect to all conformational degrees of
freedom. Second, there are differences in the details of the
energy parameters that comprise the two force fields. We tend
to believe that our force field represents a better approximation
to reality, reflecting the advances in the empirical force field
method in recent years.

(b) Rotameric States of the Side Chains. Each isopropyl
in EnB has three rotoisomeric (rotameric) states, commonly
denoted by ¢, g, and g, in which the hydrogens of C* and C?
are trans, gauche, and antigauche to each other, respectively.
The asymmetric unit of the molecule, having one isopropy! on
the hydroxy residue and one on the amino residue, can attain
nine states. Table II represents the torsional angles and energy
differences of the equilibrium C; conformations of enniatin
B in seven out of the nine possible symmetric rotamers. The
C; conformations of the two other rotamers, g~,g and g,g", are
unstable, and their closest equilibrium conformations are
unfavorable energetically. It might be deduced from Table
IT that all the metastable rotamers are so strained as to be
insignificant. However, as we shall see below, complex for-
mation may modify the order of stability very significantly.
The three rotamers t,¢, t,g, and g7, with lowest energy, as well
as rotamers #,g~ and g~,g", which have the lowest energy in
internal cavity ion complexes, are presented in detail in Figures
1-5. The differences between these rotamers are relatively
small, as viewed in the stereoviews, yet they are accompanied
by quite large energy differences, which give us some measure
of the limited flexibility of the EnB molecule.

A closer examination of Table II reveals that the HyIV and
NMVal residues retain some of their intrinsic character in the
various rotamers. Thus, the energies of all nine rotamers can
be obtained to a reasonable approximation additively from
those of the individual rotamers, if we atribute 8 and 7
kcal/mol to g and g~ of the D-HylV residues and, similarly,
1 and 9 kcal/mol to the corresponding L-NMVal residues,
respectively. Furthermore, we find that g rotamers tend to
bend the carbonyls outward relative to ¢, while in g7, the
carbonyls bend inward. This trend makes the g~ rotamer better
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Table II: Symmetric Conformations and Energies of the Isopropyl Rotamers of Enniatin B (deg)

rota- AFE (kcal/mol) hydroxyisovaleryl residue N-methylvalyl residue

mer? tot elec strain 1) Y fc w N 1) Y bc’ w
tt 112 -98 0 -178 1 -127 112 3 178
t.g 0.8 -3.1 3.8 118 -91 2 179 0 —144 114 -3 -177
gt 7.1 1.6 5.4 112 -95 0 -178 1 -128 111 4 178
8.8 8.2 -0.4 8.6 122 —81 -4 -179 1 -147 103 -4 180
8.t 8.7 2.7 6.0 117 -89 -4 -176 1 -131 102 0 177
tg” 8.9 2.3 6.6 107 -100 2 180 1 -129 121 4 179
£.8" 15.2 6.9 8.3 71 -132 0 179 10 -87 150 12 180
g8 6.6 0.4 6.2 symmetry is lost by minimization

88 16.9 7.1 9.2 symmetry is lost by minimization

@ The pair of rotamers represents the hydroxy (HyIV) and amino (HMVal) residues, in this order.

FIGURE 4: Symmetric conformation of EnB, rotamer ¢,g~: (a—) as in Figure 1.
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FIGURE 5; Symmetric conformation of EnB, rotamer g7,g": (a—c) as in Figure 1.

Table [II: Asymmetric Conformations of the Enniatin Ring (deg) and AF Values?
angle sym asym 1 asym 2 asym 3 asym 4
Hydroxy Residue

o 116 146, 138, 62 96, 65,128 77,73,-38 58,157,126

v -89 55,-81,-130 ~105, ~ 144, -83 —116,53,-63 51,62,-88

o¢r 0 1,-2.1 -3,-2,3 2,3,-7 0,-1,-1

w 180 177,178,173 -174,179,-177 172,176, 180 -175,-177,-177

Amino Residue

N 0 0,811 10,7,2 11,-2,3 -5,4,9

o] -137 —45,-105,-92 -83,-97,-149 -65,68, 141 61,49,-95

v 109 66,117,107 144,124,101 140,-90, 94 83,57,129

f¢’ -1 14,4,0 10, 3,-1 3,-9,0 8,16,6

w -178 177,-176,-176 179, 180,-173 -177,-178,-172 -174,176,177

AE (kcal/mol)®
syn asym 1 asym 2 asym 3 asym 4

total -0.9 -0.5 -0.2 0.1
elec 0.3 1.7 -0.1 0.1
strain -1.2 -2.2 -0.1 0.0
dipole moment 3.95 3.10 445 4.85 4.84
dipole moment in CCL,* 3.35(3)

@ The calculations pertain to the enniatin methyl analogue (LacAla),, with the isopropyl side chains replaced by methyl “extended atoms”.
Relative to the corresponding energies of the symmetric formation. € Ovchinnikov (1974).

suited than g for ion binding, as may be seen in the next
section.

(¢) Asymmetric Conformations and Their Relative Ener-
gies. A number of asymmetric conformations were calculated
for the methyl analogue of enniatin. Table III lists the four
lowest energy conformations, all within a range of 1 kcal/mol
or less, together with the symmetric conformation discussed
in the preceding section. Four other metastable conformations
of higher energy were also derived. The symmetric confor-
mation was taken as the reference. The electrostatic energy
component of the asymmetric conformations in Table IIT varies
within about 1 kcal/mol. This low variability is due to the
limited flexibility of the molecule and the restriction of ring
closure on the one hand and the long-range nature of Coulomb
interactions on the other hand. Thus, if a conformational
change pulls two carbonyls apart, it must, in general, bring
them nearer to other carbonyls. The conformations listed in
Table I11I do not resemble the five conformations derived by
the Russian group [N, to N5 of Table 6 in Ovchinnikov et al.
(1974)]. The similarity of energies of the symmetric and the
asymmetric conformations may be related to the finding of
Grell et al. (1972, 1975) that EnB maintains an equilibrium
between different structures in the nonpolar solvent hexane.
The values of the dipole moments in these conformations,
ranging from 3.1 to 4.8 D, resemble the experimental dipole
moment of EnB, 3.35 D in CCl, (Ovchinnikov, 1974). One

should bear in mind, however, that these calculations pertain
to the enniatin analogue, while the expts. pertain to EnB itself.
The behavior in polar solvents is complicated by the solvation
of the carbonyl and other groups. Such effects cannot be
treated by assuming that the electrostatic intramolecular in-
teraction is inversely proportional to the bulk dielectric constant
of the solvent. The theory of electrostatic interactions in
solvated systems (Warshel, 1981) may be suitable for this
problem.

(IT) Enniatin B-Alkali Ion 1.1 Complexes. Na* and K*
complexes were calculated for all rotamers of EnB possessing
C; symmetry. The most stable complexes were selected for
performing calculations with the remaining ions, and the results
are presented in Table IV, In addition, the alkali ion com-
plexes of the Cy-symmetric conformers of the methyl analogue
(LacAla), and the polylactone analogue Lac, (Lifson et al.,
1983) are given.

The detailed tables in this section make it possible to draw
a great number of comparisons and follow various trends of
change in similar systems, by varying one parameter at a time.
Because of the complexity of the subject and the many pa-
rameters involved, we shall first introduce it by an overview
of the main results and conclusions. Consequently, we shall
show how these were drawn from the detailed computational
data included in Tables IV (1-4) and the accompanying stereo
drawings and scaled projections in Figures 6—13. These
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FIGURE 8: EnB-Na* 1:1 internal complex, rotamer g",g™: (a—c) as in Figure 1.

observations are conveniently grouped as follows.

(1) The complexed EnB is found to be highly strained, as
compared with the free, unligated molecule. This strain
modifies the relative stability of the different rotamers. The
complexed EnB is also significantly more strained than the
corresponding complexed enniatin analogues studied.

(2) Two distinct kinds of EnB—ion 1:1 complexes, internal
and external, are shown to be possible for the medium alkali
ions Na*, K*, and Rb*. The smallest alkali ion, Li*, binds
only internally, while the largest, Cs*, binds only externally.
In the internal complex, all six carbonyls interact with the ion,
while in the external complex only the three carbonyls on one
side of the ring, preferentially those of the hydroxyisovaleryl
(HylIV) residues, are bound to the ion. Thus, the internal
complex possesses a stronger binding (more negative) elec-

trostatic energy. However, this is countbalanced by a higher
nonelectrostatic strain energy, since EnB’s conformation is
highly distorted by inserting a cation in its center, as indicated,
inter alia, by large values of the torsion w and out-of-plane
0 angles. As a consequence of (1) and (2), the energetically
preferred rotamers of internal complexes mostly differ from
those of external complexes.

(3) The different binding characteristics of particular ions
are found to correlate well with the different ionic radii, as
expressed in their Lennard—Jones potentials. The Li* ion
prefers internal binding but is confirmed to be a poor binder
altogether. The Na* ion fits the cavity better than all other
alkali ions and is therefore the best internal binder, but it is
also susceptible to external binding. In protic solvents, the
externally bound ion remains partially solvated, thus rendering
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FIGURE 9: EnB-Na® 1:1 external complex, rotamer g,z (a—c) as in Figure 1.
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FIGURE 10: EnB-K* 1:1 internal complex, rotamer g~,g™: (a—c) as in Figure 1.
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FIGURE 11: EnB-K* 1:1 external complex, rotamer g~,t: (a—c) as in Figure 1.

external binding more probable. In purely apolar solvents, the
internal binding might be preferred. Among the larger ions,
K* and even Rb" can squeeze into the cavity by some “elbow
pushing”, while Cs* is totally excluded. All the larger ions
fit about equally well for external binding, since the variations
in binding energy with increasing ionic radius are similar to
those in the ionic solvation energy.

As we proceed now to discuss the ion complexes one by one,
two guiding remarks might be appropriate. First, the many
parameters presented in each table are intimately correlated.
It would be tedious and superfluous to discuss everything in
detail, and the reader can deduce much information by simply
inspecting the tables and figures and comparing them. For
example, trends in torsional angles of different rotamers,

different complexes, and different modes of binding and how
much they deviate from the torsional angle of the free EnB
are better appreciated by scanning the tables than by several
pages of discussion.

Second, it should be recognized that items in the tables vary
widely as to their level of precision. Important factors in the
energy of the complex formation have been omitted, such as
solvent effects or the polarization of the ligand by the ion.
Thus, for example, the value of the total energy of the complex
is useless for direct comparison with experimental enthalpy.
However, trends in the variation of the total energies from one
complex to another may correspond faithfully to the observable
trends. Generally, the trends indicated by comparison of
different items within and among tables are more instructive



INTERNAL AND EXTERNAL ION COMPLEXES OF ENNIATIN B VOL. 23, NO. 12, 1984 2585

FIGURE 13: EnB-Cs* 1:1 external complex, rotamer g",t: (a—c) as in Figure 1.

and more relevant than the items themselves.

(a) EnB-Li* Complex. Table IV (1), together with figures
6 and 7, presents all pertinent calculated results for the
EnB-Li* complex. It was observed already in our recent study
of polylactone ionophores (Lifson et al., 1983) that the Li*
ion binds asymmetrically to Lac,, the hexalactyl analogue of
enniatin, because the cavity is too large and too rigid to let
Li* contact all carbonyls simultaneously. This is indicated
by the distances r, between Li* and the carbonyl oxygens and
by the alignment angles a: ry is shorter and « is smaller for
one side of the ring than for the other side [1.89 A and 47°
vs. 2.48 A and 70° in the last entry of Table IV (1)]. This
trend is even more pronounced in EnB and its methyl analogue
(LacAla);. Here the two sides of the ring are distinguishable;
the ion makes closer contact either with the amino residues
(entries 1 and 2) as, for example, in Figure 6 or with the
hydroxy residue (entries 3 and 4) as in Figure 7. This kind
of poor fitting of the Li* in the cavity puts the solvation of
the Li* by the ionophore at a disadvantage relative to its
solvation by the solvent.

(b) EnB-Na* Complex. Table IV (2) and figures 8 and
9 summarize the results for the Na* complexes. Here, the
most striking observation is the existence of two modes of
binding, internal and external. In so far as the solvent is
ignored, the internal mode is by ~6 kcal/mol more stable,
within the accuracy of our force field. They differ also in other
respects. The electrostatic energy is much larger (more
negative) for the internal complex, since the Na* jon binds
equally well to all six carbonyls, while the external binding
involves only three carbonyls, preferably those of the b-HyIV
residues. However, the Na™—oxygen distance r, of the external

binding is shorter by ~0.1 A and the alignment angle smaller
by ~30°, thus making the specific binding per carbonyl
stronger. Furthermore, the internal complex is more strained
than the external one: its nonelectrostatic energy is larger by
~12 kcal/mol, and its molecular conformation is more dis-
torted, compared to that of free EnB or to the external com-
plex.

The internal binding parameters for Na* show that this ion
fits the EnB cavity better than any other alkali ion. It sits right
at the center of the cavity (Figure 8). It Na*t—oxygen distances
ro and « angles are almost equal for the amino and the hydroxy
carbonyls. Remembering that solvent effects are not included
and that our force field ignores the polarization energy, which,
like the Coulomb interaction, might be larger for the internal
binding, one should expect the internal complex of EnB-Na®*
to be more stable in apolar or aprotic solvents. On the other
hand, in polar solvents, and protic solvents like alcohols in
particular, since the external binding leaves one side of the
ion exposed to the solvent, partial solvation is expected to be
sufficiently large to tip the balance over in favor of external
binding. Note that the methyl side chain analogue of EnB
is more stable by ~6 kcal/mol than EnB itself for internal
binding and does not show a stable external complex according
to our calculation. This indicates the important contribution
of the isopropyl side chains to the nonelectrostatic strain en-
ergy, which is so much larger in the case of the internal
complex than that of the external one. Note also that the
rotamers that yield the best internal binding are different from
those that are preferred for external binding.

(¢) EnB-K* Complex. The results for this complex are
summarized in Table IV (3) and in Figures 10 and 11. Po-
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Table IV: Alkali Ion 1:1 Complexes with Enniatin B and Methyl Analogues:

Energies, Geometric Parameters, and Conformations

ligand

AFE (kcal/mol) b

geometric parameters (A)

conformation (deg)

(rotamer) @ tot elec  strain r,e o 2x\? r,d e of X oN 15} v e’ w
(1) Lithium Ion 1:1 Complex
EnB (t,g7)% -67 -93 26 HyIlvV 2.96 4.18 3.88 3.05 85 -171 41 -126 9 180
NMVal 1.81 2.56 3.09 298 40 -57 -3 -65 155 -8 -179
EnB (g7,g7)¢ -67 -95 28 HyIV 2.71 3.83 3.75 2.94 77 -62 42 -132 11 179
NMVal 1.86 2.63 3.10 2.89 44 -57 -3 -63 157  -10 -177
EnB (g~,g)" —-66 -93 27 HylV 1.85 2.61 3.14 3.00 41 —64 54  —146 3 -170
NMVal 2.88 4.08 3.83 2.98 83 -60 -2 —-58 137 -17 -173
(LacAla)jh -81 -99 18 Lac 1.82 2.58 3.08 2.89 39 58 —155 S 179
NMAla 2.76 3.90 3.86 2.94 82 -8 -38 127 -11 -178
Lac, -175 -95 20 D-Lac 2.48 3.51 3.41 2.86 70 S0 -1358 22 -173
L-Lac 1.89 2.67 3.06 2.88 47 -58 147 17 170
(2) Sodium Ion 1:1 Complex
Internal Cavity Binding

EnB (,g) -57 —-80 23 HylV 2.35 3.32 3.51 3.07 67 -170 56 —136 7 -176
NMVal 2.33 3.30 3.56 3.05 67 69 -5 -59 136 -16 180
EnB (g7.¢7) -52 ~79 27 HyIV 2.34 3.31 3.64 3.10 64 -64 5§  -141 10 -178
NMVal 2.36 3.33 3.52 2.99 65 -55 0 -72 154 -19 -172
EnB (t,g7) -51 -76 25 HylV 2.37 3.35 3.67 3.13 66 -170 56 -139 8 -177
NMVal 2.35 3.32 3.49 3.01 65 -355 -1 =72 151 -20 174
(LacAla), —63 -80 17 Lac 2.32 3.28 3.41 2.99 62 61 —152 10 178
NMAla 2.34 3.31 3.70 3.01 65 -8 -56 144 -12 ~177
Lac, ~-57 -79 22 D-Lac 2.30 3.25 3.45 3.05 63 65 —144 21 -172
L-Lac 2.30 3.25 3.45 4.05 63 -65 144 21 172

External Binding to the D-Hydroxyvaleryl Carbonyls
EnB (¢g-,1) -51 -62 11 Hylv 2.25 3.19 3.66 32 -62 79 -140 1 -172
NMVal 175 4 -70 124 -4 178
EnB (1,7) -50 ~58 8 HylV 2.27 3.21 3.76 37 ~172 84 -137 1 -171
NMVal 176 4 -74 120 -6 177
EnB (g,1) —48 -59 11 HylV 2.24 3.17 3.60 28 63 88 -152 -2 —174
NMVal 175 S -68 124 -6 178
(LacAla), -56 -63 7 Lac 2.22 3.17 3.65 28 75 -152 -1 -179
NMAla 3 -61 135 -9 179
Lac, -50 —-60 10 D-Lac 2.23 3.16 3.30 27 67 145 0 177
L-Lac -57 132 -15 -177

(3) Potassium Ion 1:1 Complex
Internal Cavity Binding

EnB (z,2) -38 -58 20 HyIlV 2.62 3.70 432 3.37 72 -172 70 -130 9 179
NMVal 2.74 3.87 3.61 3.55 77 76 3 —~83 146  -22 180
EnB (¢,g7) -32 —~54 22 HyIV 2.62 3.70 4.41 3.54 69 -172 65 —131 9 178
NMVal 2.74 3.88 3.46 3.27 75 -52 3 —88 157 =23 -176
(LacAla), -42 -57 15 Lac 2.58 3.65 4.40 3.44 65 66 —136 9 173
NMAla 2.77 3.92 3.40 3.24 74 S -83 159 =22 -176
Lac, -~35 -56 21 D-Lac 2.84 4.02 3.05 3.17 71 63 -132 14 169
L-Lac 2.57 3.64 4.46 3.31 59 -178 156 22 -179

External Binding to the D-Hydroxyvaleryl Carbonyls
EnB (1,1) —-40 -43 3 HylV 2,66 3.76 4.18 39 -173 90 -129 2 -174
NMVal 177 5 —83 117 -3 175
EnB (g7,2) -40 —-47 7 HylV 2.64 3.73 3.99 32 -60 83 134 1 -174
NMVal 177 6 -76 123 0 176
EnB (1,9) -38 —46 8 HyIV 2.63 3.72 4.12 35 -171 79 -135 -1 -176
NMVal 72 7 -76 129 -8 176
EnB (g,1) -36 —43 7 Hylv 2.63 3.72 3.89 27 64 90 -145 -2 -175
NMVal 177 7 -73 123 -2 176
(LacAla), —43 -45 2 Lac 2.63 3.71 3.93 27 78 -142 -2 -178
NMAla 6 -70 131 -4 178
Lac, -38 -44 6 D-Lac 2.63 3.72 3.71 23 68 —143 4 178
L-Lac -58 132 11 -179

(4) Rubidium and Cesium Ion 1:1 Complexes
Internal Cavity Binding: Rubidium

EnB (t,.2) -33 -51 18 Hylv 2.71 3.89 4.64 3.43 70 -172 71 -127 8 176
NMVal 2.95 4.17 3.51 3.65 81 77 5 -87 149 -22 178
EnB (g7,g7) =27 =50 23 Hylv 2.69 3.80 4.65 3.54 63 —61 64 —-131 9 174
NMVal 296 4.19 3.32 3.26 77 -51 6 —~88 164 21 -177
(LacAla), -39 -55 16 Lac 2.71 3.83 4.68 3.28 70 70 —162 9 -174
NMAla 2.94 4.15 3.11 3.16 62 -13 -51 130 -1 -177

External Binding to the D-Hydroxyvaleryl Carbonyls

(a) Complexes with Rubidium Ion

EnB (1,1) -37 -39 2 Hylv 2.78 3.93 4.31 40 —-174 92  -126 2 -174
NMVal 178 5 -85 117 -2 175
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Table IV (Continued)

ligand AF (kcal/mol)® geometric parameters (A) conformation (deg)
(rotamer)® tot elec  strain r,S 2x'? r.® of X N ¢ v ¢ w
EnB (g-,1) -37 -43 6 Hylv 2.76  3.90 32 -60 84 —132 1 -175
NMVal 177 6 =77 123 1 176
(LacAla), -40 -41 1 Lac 2.76  3.90 28 79 -138 -1 -177
NMAla 7 =73 130 -3 178
(b) Complexes with Cesium Ion
EnB (t,1) -34 -35 1 HyIV 298 4.21 40 -174 94 -123 2 -175
NMVal 178 5 -89 116 -1 175
EnB (g~,0) -34 38 4  Hylv 295  4.18 31 -59 85 -130 1 -175
NMVal 177 6 —80 122 2 175
(LacAla), -37 =36 -1 Lac 296 4.18 29 80 -133 -1 177
NMAla 8 -1 128 -2 178

2 See text for abbreviations contained herein. ? Relative to the reference energies of the rotamer £, of the uncomplexed ligand. See
Table II. Elec and strain are the electrostatic and strain energies, respectively. ¢ lon to carbonyl oxygen distance. d Distance between next

nearest neighbor carbonyl oxygens. ¢ Distance between nearest-neighbor carbonyl oxygens.

f Angle between bond vectors (ion—0') and

(O'=C"). E Li* binds to the amino acyl residue. For rotamer ¢,g, this is the only stable binding conformation. h Li* binds to the hydroxy
acyl residue. For the analogue (LacAla),, this is the only stable binding conformation.

tassium, like sodium, can bind to EnB both internally (Figure
10) and externally (Figure 11). Here, however, the calculated
energy of the most stable external complex is stronger by 8
kcal/mol than that of the corresponding internal complex. The
internal binding complex is characterized by a distorted cavity,
originating from the K* ion being too large to be accomodated
comfortably and symmetrically in the cavity. Unlike the Lit
case, all carbonyls make close contacts with K*, but the
pyramid formed by the K* as apex and the three hydroxy
residue carbonyls as base is distinct from the corresponding
pyramid with the amino residue carbonyls. The r, distance
between the NMVal carbonyls is smaller by ~1 A than the
r, between the HyIV carbonyls, as the K* ion is squeezed
asymmetrically closer to the HyIV carbonyls. The asymmetric
squeezing is about as pronounced in the enniatin analogues,
and was noted already (Lifson et al., 1983) for Lac.

The external EnB complex of K* does not differ much from
that of Na*. It has a smaller non-Coulombic strain energy
and comparable alignment angles. When comparing con-
formations of the external complexes of K* and Na* with the
most stable conformation of the free EnB, the ¢,¢ rotamer, one
observes that the K* complex is less distorted than the Na*
one.

The foregoing considerations, supported by further detailed
comparison of Table IV (2 and 3), indicate consistently that
internal binding is less favorable in the K* case than in the
Na* case. Since it is also less favorable than the external
binding of the same K* ion, it is to be expected that K* may
bind externally in all solvents, which is in accord with the
observation (Ivanov, 1973; Ovchinnikov et al., 1974) that K*,
and not Na*, tends to form 2:1 sandwich complexes in con-
centrated alcohol solution or in transport through lipid bilayers
at all concentrations. We shall return to this point in the next
section on dimer complexes.

(d) Rb* and Cs* Complexes. The results are given in Table
IV (4) and Figures 12 and 13. Although our force field
accomodated even Rb* internally, the external binding of Rb*
seems so much more favorable that internal binding might be
altogether unobservable. Internal binding of Cs™* is found to
be unstable. External binding of these ions is quite similar
to that of K*. The binding energy decreases slowly with
increasing ionic radius, in a manner similar to the ionic sol-
vation energies. These considerations are borne out by the fact
that the measured binding constants of K*, Rb*, and Cs* are
quite similar, indicating very small differences in the free
energies of binding.

(I1I) DimerIon (2:1) Complexes. It was noted already that
when an ion forms an external complex with EnB, it is in part
exposed to the solvent. The solvent may however be replaced
by a second EnB molecule, such that six carbonyls, three from
each EnB molecule, engulf the ion into an octahedral cage.
Indeed, Ivanov et al. (1973) observed such dimer complexes.
We examined EnB dimer complexes, consisting of either the
t,t or g~,t rotamers, since the external 1:1 complexes of these
rotamers are the most stable. The conformations of the dimer
complex were constrained throughout the calculations to retain
C, rotation symmetry, with the ion lying along the rotation
axis symmetrically located between the ligands. This device
saved computer time without biasing the results, since both
symmetric conformations are found to be stabilized by many
interatomic contacts between the two ligand molecules.

The conformations of EnB in the dimer complexes are given
in Table V. They are similar to those of the corresponding
rotamers in the external 1:1 complexes yet sufficiently different
to exhibit the effect of the dimer interactions. Figures 14 and
15 give the stereoviews of the K* complexes for the rotamers
t,t and g ¢, viewed along the Z and Y axes. The stereoviews
of the other 2:1 complexes are quite similar.

The energies of the dimer complexes and the geometric
parameters of the dipolar cavities engulfing the complexed ions
are given in Table VI. The total energy of the dimer complex
and its electrostatic and nonelectrostatic components are
separated into two parts. AE, represents the formation of the
1:1 complex from a free ligand and an ion, as presented in
Table IV (2-4). AE, represents the formation of the dimer
from the 1:1 complex and the second free ligand. As already
pointed out, the calculated energies are, by themselves, not
sufficiently accurate to be meaningful, since solvation and
polarization effects have been ignored; however, their relative
changes are instructive. All the ions in Table VI exhibit
common trends. AE,(total) values are the same for the ro-
tamers ¢,t and g™t while AE, values of ¢,¢ are larger (more
negative), probably due to better contact between the side
chains. AE, is more negative than AE, for K*, Rb*, and Cs*.
This suggests a preference of dimer over monomer binding,
in so far as only the energetic factors included in our calcu-
lations are concerned. For Na*, on the other hand, since
AE,(total) is less negative than AE,, dimer binding is less
favored. These conclusions are qualitative agreement with
experiment (Ovchinnikov et al., 1974).

Various other differences between 1:1 and 2:1 binding are
observed by examining the geometric parameters of the com-
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Table V: Alkali Ion 2:1 Complexes of Enniatin B: Conformations (deg)?

hydroxyisovalery! residue

N-methylvalyl residue

ion rotamer X o Y 6c’ w X N o} Y] 6 w
Na* tt 180 86 -148 -5 -168 176 7 =72 122 -1 179
gt 62 88 ~-149 2 -~175 178 8 =77 131 1 -179
K* Lt -170 76 -133 -4 ~169 176 6 =71 119 3 177
gt -62 86 —-144 1 -175 177 7 -78 130 2 180
Rb* .t -171 79 -130 -3 -171 176 6 =75 119 3 176
gt -61 84 -141 1 -175 178 6 -85 116 2 174
Cs* 1,1 -176 92 -123 0 ~175 178 6 -85 116 3 174
&t 60 82 -135 0 -175 177 7 -78 127 S 177

@ Both ligands of the complex have identical conformations.
Table VI: Alkali Ion 2:1 Complexes of Enniatin B: Energies and Geometric Parameters
AFE (kcal/mol)@ geometric parameters (R)®

ion rotamer tot elec strain I r,d r,¢ of

Na* tt AE, -50 -58 8 2.27 3.21 37

AF, —48 -20 -28 2.51 3.55 2.90,4.31 23

gt AE, -51 -62 11 2.25 3.19 32

AE, -38 -14 -24 2,66 3.76 3.15,4.63 19

K~ t,t AF, -40 -43 3 2.66 3.76 49

AF, -51 -31 ~20 2,67 3.77 3.03,4.70 30

&t AE, —-40 -47 7 2.64 3.73 32

AFE, —-43 -24 -19 2.78 3.94 3.34,4.88 21

Rb* tt AE, -37 -39 2 2.78 3.93 40

AF, —-48 -30 -18 2,75 2.89 3.07,4.79 32

&t AF, -37 43 6 2.76 3.90 32

AE, —-43 -26 -17 2.85 4.03 3.45,5.01 23

Cs* 1t AL, -34 —-35 1 2.98 4.21 40

AF, -44 -26 ~-18 2.98 4.21 3.20, 4.86 40

gt AFE, -34 -38 4 2.95 4.18 31

AF, -40 ~-26 -14 297 4.20 3.67,5.31 26

@ The total, electrostatic, strain energies have the 1,# rotamer of the uncomplexed ligand as the reference state, as in Table II. AZE, is the
incremental energies associated with binding a single ligand to the ion [taken from Table IV (2-4); AE, is the incremental energies associated
with binding a second ligand of the same conformation to the 1:1 complex. b Alternate lines give the values for the 1:1 complex from Table
IV (2-4) and the values for the corresponding 2:1 complex. € Ion to carbonyl oxygen distance (HyIV). ¢ Distance between binding

carbonyl oxygens residing on the same ring. € Distances between adjacent binding carbonyl oxygens residing on different rings. ” Angle
between bond vectors (ion—0") and (O'=C").
Table VII: Alkali Ion 2:1 Complexes of Enniatin B: Inter-Methyl Contact Distances (A) between the Rings?
rotamer g,¢ rotamer ¢,¢
HylIV(ax)- HyIV(ax)- HyIV(ax)- HyIV(eq)~ HyIV(eq)-

ion HyIV(ax)? HylV(eq)® NMVal(eq)© HylIV(eq)® NMVal(eq)©

Na* 3.35 3.87 3.59 332 4.03

K* 3.51 4.07 3.84 3.65

Rb* 3.62 4.19 4.00 3.65

Cs* 4.03 3.52

@ The notation used is (ax) a methyl group positioned axially with respect to the ring plane (e.g., trans with respect to H of C%) and (eq) a

methyl group positioned equatorially with respect to the ring plane.
such contact distances per complex.

b There are three such contact distances per complex. ¢ There are six

plexes. The carbonyl-ion distances are always somewhat
larger in the dimer complex, while the alignment of the car-
bonyls toward the ion is better. The cavity formed by the
dimer differs significantly from that formed by internal 1:1
binding. In the Na™ internal complex, the distances of a
carbonyl to its two first neighbors [r, in Table IV (2)] are
almost the same, and consequently, the carbonyls on one side
of the ring are almost perfectly staggered with respect to those
on the other side, as viewed along the symmetry axis (Figure
8). In the dimer complex, the corresponding carbonyl—car-
bonyl distances r; are different, and the carbonyls of one ligand
are halfway between staggered and eclipsed with respect to
the other ligand (Figures 14 and 15).

It seems that this relative positioning of two ligands is de-
termined mainly by the contacts made between their side
chains, which are tabulated in Table VII. Although these

contacts are mostly in the repulsive range, the contribution
of strain energy to the dimer formation, AE,(strain), is neg-
ative and large as compared to that of the 1:1 complex,
AF | (strain). Moreover, it appears that most of these contacts
involve the isopropyl side chains of the HyIV residues, which
are conserved among the family of naturally occurring en-
niatins.

Added in Proof

We are grateful to Dr. Dobler for kindly calling our at-
tention to recent crystallographic determinations of free, un-
hydrated EnB (Dobler, 1981) and of hydrated EnB (EnB-
1'/,H,0; Tishchenko et al., 1982) that regretably escaped us.
It is gratifying to note that the large out-of-plane torsions in
Tischenko et al. (1976) quoted in Table I have been proven
artifacts, as predicted by us. Dr. Dobler also noted that our
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FIGURE 14: EnB-K* 2:1 complex, rotamer #,t. Stereoviews (a) along the symmetry (Z) axis and (b) along the Y axis.

FIGURE 15: EnB~K* 2:1 complex, rotamer g~,z. Stereoviews (a and b) as in Figure 14.
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calculated conformation of free unhydrated EnB resembles
the experimental conformation of hydrated EnB better than
that of the unhydrated one. A possible solution of this puzzle
will be discussed elsewhere. We are also grateful to Dr. Benz
for kindly calling our attention to EnB-mediated ion transport
experiments (Benz, 1978), showing 1:]1 complexing ratios
where Ivanov et al. (1973) found 2:1 ratios. Our calculations
indicate the possibility of both 2:1 and 1:1 ratios but are short
of predicting the precise corresponding binding constants.

Registry No. EnB, 917-13-5; (LacAla),, 56760-72-6.
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Cytochromes ¢’ in Their Reaction with Ethyl Isocyanide’

Steven C. Rubinow and Richard J. Kassner*

ABSTRACT: The binding of ethyl isocyanide (EIC) to a rep-
resentative number of cytochromes ¢’ is demonstrated.
Spectroscopic and equilibrium constants have been measured
and compared for the binding of EIC to cytochromes ¢’ from
the photosynthetic bacteria Chromatium vinosum, Rhodo-
pseudomonas palustris, Rhodospirillum rubrum, and Rho-
dopseudomonas sphaeroides. While the absorption spectra
of the EIC complexes resemble those of EIC complexes of
other high-spin hemoproteins, the Soret half band widths and
extinction coefficients per heme exhibit more than a 2-fold
difference with the values of C. vinosum being most similar
to those of Rh. sphaeroides and of Rh. palustris similar to
those of Rs. rubrum. The cytochromes exhibit binding
equilibria consistent with the ligation of one molecule of EIC
per heme in contrast to the reported binding of more than one
molecule of CO per heme. The binding constants exhibit more
than a 1000-fold difference with the values of C. vinosum being

’Ee cytochromes ¢’ are mono- and diheme proteins derived
from photosynthetic and denitrifying bacteria and are reported
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closely similar to those of Rh. sphaeroides and of Rh. palustris
similar to those of Rs. rubrum. The lack of correlation be-
tween EIC and CO binding properties indicates that electronic
factors do not determine the difference in EIC binding prop-
erties. The observed correlation between the extinction
coefficients, half band widths, and equilibrium constants for
EIC complex formation provides the first spectroscopic evi-
dence that the differences in binding properties are associated
with sterically hindered ligation to the heme. Although the
differences in binding properties provide evidence of steric
hindrance, the EIC binding constants for particular cyto-
chromes ¢’ indicate that the distal heme binding site is more
accessible than previously indicated. The differences in
spectroscopic and binding properties are discussed in terms
of structural differences between amino acids thought to be
associated with the distal heme binding site.

to comprise the largest and most widespread class of bacterial
cytochromes known (Meyer & Kamen, 1982). These cyto-
chromes are thought to function in electron transport although
no specific role has been ascribed to them (Bartsch, 1978).
The proteins have been found to exhibit properties similar to
functionally different classes of hemoproteins. The cyto-
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