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Abstract: Theoretical consideration reveals a unique rela- 
tionship between NMR spectral parameters and possible types of 
the gramididin A spatial structure. By means of two dimensional 
NMR spectroscopy four distinct species were detected simultaneously 
in ethanol solution. Comparison of experimental data and theore- 
tical conclusions demonstrates that species 1 and 2 are left-handed 
parallel double helices ttqq,~ 5 6 differina in relative arranaement 
of the two polypeptide chai&"within the-dimers, species 3 is 
left-handed antiparallel double helix +tlT5 6, and species 4 is a 
mirror imaqe of snecies I. i.e. riaht-hande Lg oarallel double 
helix ttgq&6. The results are compared with ihose on spatial 
structures of the peptide lex with cesium (right-handed 
antiparallel double helix ) and of the gramicidin A trans- 
membrane ion-channel (N-termina to N-terminal single-stranded 
dimert 3 6.3 6.3). 
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Gramicidin A (GA) is a linear pentadecapeptide, 

HCO-L-Val1-Gly2-L-Ala3-~-Leu4-L-Ala5-~-Va16-L-Va17-~-Val8-L-Trpg-~-Leu1o-~-Trp'1- 

-p-Leu12-L-Trp 13-p-Leu14-L-Trp15-NHCH2CH20H, 

produced by &zci&hb bsevib during transition from vegetative phase to sporulation 

of the bacteria. Its biological activity has been attributed to inhibition of 

transcription by RNA polymerase'. The antibacterial activity of GA is stipulated 

by its ability to increase the membrane permeability to monovalent cations2. 

It was shown3 that biological and antibacterial activities of GA are indepen- 

dent and, in principle, could be mediated by different spatial structures of the 

peptide. Two specific types of GA spatial structures (fig. I), namely, single- 

stranded dimers 4 and double-stranded helices 
5 
were proposed from molecular model- 

ling and extensively characterized by conformational energy calculations6. It was 

also demostrated, that GA has distinct spatial structures in different artificial 

milieus: (i) four conformation species were traced in nonpolar organic solvents'; 

(ii) presumably one of those species, as well as the complex GA with cesium were 

crystallized7 and (iii) GA incorporated into phosphatidylcholine vesicles 
8 

01’ 

liposomes', and lysolecithin 10 or SDS” micelles adopts very specific structure 

attributed to the channel state of the peptlde. 

Some evidences in favour of definite conformational structures of GA in diffe- 

rent environments were provided both from spectroscopic B,lO,l2 and from functional 

925 
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Figure 1. Schematic presentation of the backbone folding of dimeric gramicidin A 

structures. Double stranded helices: (a) and (6) left-and right-handed tt~rr~D,(c) 

and (d) left- and right-right handed f+rrnbD. Single-stranded helices: (c) and (6) 

left- and right-handed head-to-head dimers t,Df,D, (g) and (h) left- and right- 

handed tail-to-tail dimers $bDtbD, (i) and (j) left- and right-handed head-to-tail 

dimers tLDzLD. Arrow marks one of the two backbone chains oriented from left to 

right towards C-terminal in figure 2. 

measurments13 of modified GA analogues. Nonetheless the proposed spatial struc- 

tures were not validated until1 recent studies by two-dimensional (2D) NMH spectro- 

scopy. 

Herein we describe our results on 2D NMH conformational analysis of GA confor- 

mational species in nonpolar organic solvent. With regain to previous findings the 

special attention is given to relationships between features of an environment and 

promoted spatial structure of the peptide. 

RESULTS AND DISCUSSION 

Short-range proton-proton distances are unique features of distinct GA spatial 

structures. Confidence in a spatial structure reconstructed from NMR spectral data 

is governed by two key factors: (i) sing1 e-valued correspondence between NMR data 

and spatial structure and (ii) adequate agreement between theoretically expected 

NMH parameters and those experimentally measured. With this in mind let us show 

that NMR spectroscopy provides a unique solution for spatial structure of every 

single-stranded or double-stranded GA dimer. 

Different types of double- and single-stranded dimers of GA are schemed in 

fig. 1. The basis of any dimer is B-structure - parallel or/and antiparallel. 

Thanks to the alternation of L- and O- amino acid residues in the GA sequence, the 

side chains of all residues are located on one side of the B-sheet structure. As a 
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result the B-sheet might be rolle 
a 

into helix, where side chains form the lipophi- 

lit external surface and backbone peptide groups provide the relative se&rate hy- 

drophilic space. 

NMR spectroscopy provides three types df information on a polypeptide spatial 

structure: spin-spin couplings of the H-NCa-H and H-CaCB-H protons, solvent acces- 

sibilities of the individual amide groups, and nuclear Overhauser effects (NOE) 

between spatially close protons. 

Spin-spin couplings of H-NCa -H protons are useful in determining the different 

types of secondary structure (a-helices, B-sheets, etc.) 14 rather than in distin- 

guishing GA dimers (fig. l), all of which have the coupling constant in the 

7-10 Hz region. Solvent accessibillties of the amide groups are of utility to the 

general characterisation of spatial structures, but it was used only as a comple- 

mentary information because of lack of the straightforward connection with fine 

details of conformation. Thus identification of GA diners is based primarily on 

NOE's data which manifest the shortrange proton-proton distances and hence the 

mutual arrangement of the amino acid residues in space. 

To clarify the mutual arrangement of the amino acid residues in GA helical 

dimers, their developents on the plane were drawn (fig. 2). Fig. 2 demonstrates 

the distinct helical dimers specified by two parameters: n and m. Parameter n cor- 

relates with the number of residues per helical turn and its sign specifies han- 

dedness of a helix (table 1 and 2). The minimum value of InI= corresponds to 5.6 

residues per turn for double helices or 4.4 residues per turn for single-stranded 

helices. These helices have a smallest diameter of internal hydrophilic cavity. 

The other sorts of double helices could have 7.2 (lnl=6), 9.0 (lnl=8) or 10.8 

(Inl=lO) residues per turn, while single-stranded hellces could have 6.3 (lnl=6) 

residues per turn. The parameter m reflects a displacement of two polypeptide 

chains as depicted in fig. 2. 

The spatially close amino acid residues of GA dimers give rise to different 

patterns of short-range proton-proton distances depending on whether the dimer is 

formed by parallel or antiparallel double hellces or by terminal-to-terminal lin- 

ked single-stranded helical structures. The short-range distances are specified in 

fig. 3 and tabulated in tables 1 and 2 for different types of GA dimers. The dis- 

tances assigned to dpecific protons of amino acid residues provide exhaustive 

discription of spatial structure of the GA helical dimers. To identify distinct 

types of helices and their parameters n and m, it is useful to assemble characte- 

ristic maps of short-range proton-proton distances. These connectivity maps for 

different double and single-stranded helical dimers are shown in fig. 4. 

Gramicidin A in nonpolar organic solvents. More than 10 years ago Veatch 

et al.5a detected four slowly interconverting dimeric GA species in nonpolar orga- 

nic solvents (methanol, ethanol, ethylacetate and dioxane). By means of infrared 

spectroscopy the species were tentatively assigned to antiparallel (species 3) and 

parallel (species 1,2 and 4) double helices 5a . A more recent 2D NMR study of iso- 
lated species 3 confirmed the Veatch's assignment and revealed its detailed spa- 

tial structure as left-handed double helix 4+nnit)' with 5.6 residues per turn 
15 . 

Besides it was shown 
16 that the shortened alalog of GA, des IL-Ala3, V-Leu4, L -Ala’, 

D-Val'I-gramicidin A, is right-handed double helix ttnnteE with 5.6 residues per 

turn. Circular dichroism and infrared spectra of the analog are very much like 

those of species 4. . 

TO get a further insight into the GA spatial structure in nonpolar Organic 

solvent, the equilibrated mixture of GA species in ethanol solutions was studied 

by means of 2D NMR spectroscopy. The solvent was chosen because of the high di- 

merisation constant 5b and high solubility of GA in the etanol. Fingerprint of the 
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Figure 2. Developments of gramicidin A dimeric structures which are lettered as in figure 1. The helices were cut along 

the shaded lines and unrolled. Amino acid numbers are inside of rectangles, F - N-terminal formyl proup, EA - ethanol amine 
moiety. The hydrogen bonding patterns are shown by arrows (NH-groups) and by reverse arrows (CO-groups). In the figure 

n - parameter which defines handedness 

chains ih case of double helical dimer 

and subsequent discussion the used parameters are: K - number of amino acid residues in polypeptide chain (for 

and number of residues per helical turn and m reflects the displacemant 

(a-d) or degree of junction of two single-stranded helices (e-j). 

GA K=lS), 

of two 
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Table 1. Short-range proton-proton distances in double helices 

Type of helix and 
i = L-Residue i = D-Residue 

helical parametersa Notationb Range', 8 Notation b Rangec, g 

f+ left-handed 

n c -4 

q = i+m 

p = q+n 

di,g NC% 2.7-3.0 di,p NC& 2.4-3.0 

di,p aN 2.7-3.0 di*g ClN 2.4-3.0 

di,g+l NN 3.7-4.0 di,P-l NN 3.7-4.0 

d,p+l 
a 3.7-4.8 d_,s-1 

a 3.7-4.8 

it right-handed 

n > 4 

q = .i+m 

p = q+n 

++ left-handed 

n > 4 

q = K-i-m+1 

p = q+n 

f+ right-handed 

n c -4 

q = K-i-m+1 

p = q+n 

i,q 
%a 

di,P 
aN 

di,q+l 
NN 

di,p+l 

If:+’ Nti 
$,p+l 

aN 
&P 

di;q+l 
Na 

di,q 
NN 

di#p+l 
aN 

2.4-3.0 

2.4-3-O 

3.7-4.0 

3.7-4.8 

2.6-3.2 

3.4-3.3 

3.3-3.2 

2.3-2.3 

3.3-3.2 

3.4-3.3 

2.6-3.2 

2.0-2.3 

ditP 
Na 

di8g aN 

dNN i,p-1 

di,q-l 

,::p+, 
Na 

di,p NN 

d:iC+' 

di,g 

$;P+l 

di,p NN 

di,q+l aN 

2.7-3-o 

2.7-3.0 

3.7-4.0 

3.7-4.8 

3.3-3.2 

3.4-3.3 

2.6-2.0 

2.0-2.3 

2.6-3.2 

3.4-3.3 

3.3-3.2 

2.3-2.3 

atf and ++ denote parallel and antiparallel arrangement of strands in double heli- 

ces. For definition of helical parameters n, m and K see figures 2-4 and text: 
b Distance notations as in figure 3; 'The first distance corresponds to the double 

helix with smallest number of residues per turn (lnl=4) and the second distance 

corresponds to the non-twisted b-sheet structures (unrolled double helix). 

Table 2. Short-range proton-proton distances in single-stranded helices 

Type of helix and 
i = L-Residue i = P-Residue 

helical parametersa 
Notationb Range', g Notationb Range=, (d 

left-handed 

n> 4 

q = i+n 

p = i-n 

right-handed 

n < -4 

q = i+n 

p = i-n 

di,q Na 

di,p Zq+l 

di,p+l 

d% d?p 

UN 
di,g+l NN 

di,P+l 
aa 

2.8-3.0 

3.6-4.0 2.8-3.0 

3.6-4.8 

2.5-3.0 2.5-3.0 

3.6-4.0 

3.6-4.8 

%a i#P 

di,g aN 

di,P-l NN 

di,g-l 

<%P 

di,g UN 

di,P-l NN 

dL,g-l 
aa 

2.5-3.0 

2.5-3.0 

3.6-4.0 

3.6-4.8 

2.8-3.0 

2.8-3.0 

3.6-4.0 

3.6-4.8 

a, b and c as in table 1. 
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a b 

Figure 3. Standard parallel (a) and antiparallel (b) S-sheets. Sidechains R of 

amino acid residues are located above the figure plane. Residues i, p and q have 
L-configuration and adjancent residues have D-configuration. 

Hydrogen bonds are 
shown by dots. The arrows indicate short-range proton-proton distances d. Sub- 
scripts N and CL denote NH and Cal3 protons, respectively, 

and superscripts indicate 
the residues that give the short-range distances. 
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Lgure 4. (Continued) Characteristic maps of the short-range (~4 g) proton-proton 

Lstances of gramicidin A dimeric species a-j depicted in figures 1 and 2. The 

ces of the maps are marked with the amino acid sequence of two polypeptide chains. 

ztters L and V denote the chirality of the residues. Notations of the short-range 

coton-proton distances are specified at the bottom. First and second subscripts 

xrespond to residues numbered on the abscissa and ordinate of the maps, respec- 

lvely. 
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Figure 5. Fingerprint region of a 500 MHz phase-sensitive absorption mode double 

quantum fi.lteredCOSY spectrum of a 30 mM gramicidin A in CD3CD20H at 30°. The cross- 

peaks of NH/CaH protons are identified by letters A (species l), B and C (two un- 

symmetrical polypeptide chains of species 2), D (species 3) and E (species 4) and 

by numbers corresponded to the amino acid residue position in the gramicidin A 

primary structure. 

NH/C'H region of GA COSY spectrum in CD3CD20H solution is shown in fig. 5. The 

spectrum contains over 100 NH/C"H cross-peaks, which correspond to at least five 

distinct conformational species in equilibrium. 

Proton signals were assigned to specific position in the amino acid sequence of 

GA in two steps. The spin systems of amino acid residues (alanines, glycines, vali- 

nes, leucines and tryptophanes) were identified by analysis of the COSY and in so- 

phisticated cases by analysis of the homonuclear Hartman-Hahn crosspolarization 

spectra (e.g. see fig. 6) at 30, 40, 50 and 60°C. Different temperatures were used 

to clarify ambiguous assignments of the NH resonances, which could overlap at cer- 

tain temperature, but are shifted differently when temperature is changed. 

The next step was the assignment of a spin system to specific position of the 

amino acid residue in the primary structure of CA. This was done by sequential re- 

sonance assignment in the NOESY spectra through IdaN' 'dNN and ‘d BN NOE-connecti- 

vities of the amide Ni+, H proton of i+l residue with the CiH, NiH and Cf protons 

of the preceding i residue, respectively, as proposed in 
18 . Again different tempe- 

ratures were used in order to clarify ambiguous assignments. The sequential reso- 

nance assignments were based primarily on '%N connectivities and in some cases 

were complemented by 
$N 

connectivities. The 
'%N 

connectivities always ware absent. 
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Figure 7. Spectral region WI= 3.6-6.2 ppm, w2= 7.6-9.7 ppm of a 500 MHz phase-sen- 

sitive absorption mode NOESY spectrum (mixing time 200 ms) of a 30 mM gramicidin A 

in CD3CD20H at 30°C. The amide NH proton chemical shifts are indicated by the as- 

signments at the top and bottom of the contour map while those of CaH protons on 

the left- and right-hand sides of the plot. The used notations are as in figure 5. 

equivalent protons of two polypeptide chains of a dimer have identical chemical 

shifts. Backbone folding of species 4 is a mirror image of species 1 as manifested 

by interrepositioning of dii and dki short-range proton-proton distances (see fig. 

Sa and d). It is noteworthly that handedness of species 4 is opposite to that of 

species 1,2 and 3, which correlate with signs of CD curves of the species 5a . 

Thus the 2D NMR spectroscopy reveals the detailed backbone folding of four CA 
5 species detected by Veatch et al . All the four are double helices with 5.6 re- 

sidues per turn and have the maximum number of hydrogen bonds (28) allowable for 

GA dimers. The number is equal to 2(K+l)-InI and realized at the specific relaticms 
19 between parameters n and m . 

Hence one of the main factors stabilizing formation of the double helices in 

nonpolar organic solvents, Is the maximum number of internal hydrogen bonds, al- 

though of ten GA double helices with 20 hydrogen bonds 
19 

only four are found in 

ethanol solution. It is likely that another factor which limits the number of GA 

species in nonpolar organic solvent is specific interaction between side chains on 

the surface of double helices. This is in line with observation that the GA analog 

with modified amino acid sequence in dioxane solution gives only one dominant spe- 

cies - right-handed double helix ttnn 5 6 16. . 
LD 

In addition, only one of four GA spe- 

cies, namely, species 3 is crystallized from ethanol solution 5a,15 I presumably, 
because this species is favored by interactions between surfaces of GA dimers. 
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Figure 8. Maps of NOE-connectivities between backbone NH and C"H protons of four 

gramicidin A dimeric species detected in ethanol solution. The maps correspond to: 

(a) left-handed double helix ttrr;r&s, n = -4, m = 2 (species 1); (b) left-handed 

double helix t+n~&6, n = -4, m = 4 (species 2 with two unequivalent chains B and 

C); (c) left-handed double helix ttnn&6, n = 4, m = 0 (species 3); and (d) right- 

handed double helix +tnrriD6, n = 4, m = -2 (species 4). Notations of the NOE- 

connectivities are specified at the bottom of the figure. 

Other gramicidin A structures. The spatial structure of GA in different milieus 

has been the focus of considerable studies. We shall give short account of these 

structures. 

The binding of GA to monovalent cations was studied in methanol-chloroform 

(1:l) composite solvent, ideally suitable for preparation of the stable complex 
20 

in high concentration. GA dissolved in the solvent forms a mixture of four double 

helical species described in the previous section. An addition of cesium thiocya- 

nide to the solution leads to one predominant species - right-handed antiparallel 

double helix f*na7a2 (n=-6, m=O) with 7.2 residues per turn, as revealed by means 
20 of 2D NMR techniques . The same right-handed double helix t+nnlb2 is a predominant 

conformation for GA complexes with KCNS and TlCNS, although a fraction of the spe- 

cies was found somewhat lower than in case of the cesium complex. The antiparallel 

aligmenent of two GA polypeptide chains provides two symmetrical and thereby iden- 
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Figure 9. Schematic presentation of the gramicidin A double helices detected in 

ethanol solution by 2D NMR spectroscopy: (a) species 1, (b) species 2, (c) species 

3 and (d) species 4. Side chains of amino acid residues are omitted for clarity. 

Hydrogen bonds are shown by emply bars. The short-range proton-proton distances of 

the species l-4 correspond to NOE-connectivity maps shown in figure 8 a-d, respec- 

tively. For sake of completetness spatial structures of (e) gramicidin A complex 

with cesium2' and (6) gramicidin A transmembrane ion-channel 11 are also presented. 

tical binding sites for polarizable monovalent cations potassium, thallium and, 

particularly, cesium whose diameters fit the size of the llpophilic axial cavity 

of the double helix. Contrary, ions with smaller diameters, such as lithium and 

sodium, induce random coil conformation of the peptide sistead of double helices 

originally spesented in chloroform-methanol solution 
21 . Thus lithium and sodium 

thiocyanides operate like hydrogen bond smashers and together with chloroform-me- 
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Figure 9. (Continued) 

than01 provide lipophilic environment for side chains and hydrophilic surrounding 

for backbone of GA. The similar effect on GA spatial structure was observed in di- 

methyl sulfoxide 
22 , where no ordered conformations were detected. 

An ultimate target of many GA studies was a spatial structure of GA ion-channel 

in bilayer membranes. It was widely accepted, that GA ion-channel structure is 

left-handed ~~6 nLD +6 3f6.3 helical dimer proposed by Urry4. Several lines of evidence 

were used to prove the model, among them: (i) effect of chemical modification on 

GA mediated ion-conductunce 13,23 ; (ii) NMR measurments of accessibility of N- and 

C-terminal GA labels to either aqueous or lipophilic paramagnetlc probes8; (iii) IR 

and Raman spectra in the amide I region 12a; (iv) fluorescence energy transfer 

between fatty acid probes and tryptophans of GA'~~: and (v) ion-induced carbonyl 
13 
C chemical shifts of selectively 13C-enriched GA 10 . All the evidences are consi- 

stent with N-terminal to N-terminal dimer formed by two single-stranded helices. 

In addition the (v) data were used to determine the helix sense and location of 
10 ion-binding sites . 

On the other hand, GA spatial struc:y; F3SDS-micelles, as shown recently by 

2D NMR spectroscopy 11 , is right-handed nLD gL;) helical dimer. Noteworthy, CD 

spectrum 
24 

of GA in SDS-micelles lla,b coincides with those found previously in dif- 

ferent membrane like milieus (vesicles 9c , liposomes 9a,b and lysolecithin micel- 

les") and attributed 10 

arises: 

to ion-channel state of the geyt;d;. Thus the dilemma 

CD spectra of right-handed and left-handed qL;) n& helices are identical 

or ion-induced carbonyl carbon chemical shifts of GA in lysolecithin have to be 

reinterpreted. We would like to point out that, first, the data on ion-induced 

chemical shifts for carbonyl carbons of L-amino acid residues (Val', Ala3 , Ala', 

Val' , Trp', Trp 
11 

, Prp 
13 and Trp") are consistent both with right-handed and 
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+6.3+6.3 
left-handed nLD nLD heliceslob. Second,- in case of V-amino acid residues ion-in- 

duced carbonyl carbon chemical shifts were measured for only two residues, namely 

p-Val* and V-Leu 14 10 . The same two measurments were used for the conclusion on 

the left-handed sense on the z$':,",' helix": (i) the absence of ion-induced car- 

bony1 carbon chemical shift for D-Val* was considered as an indication that its 

carbonyl is well removed from the cation binding site and (ii) ion-induced che- 

mical shift for the V-Leu 
14 

carbonyl was treated as its nearness to the same ca- 

tion binding site formed by the carbonyl groups of tryptophan residues, although 

the opposite sign of the ion-induced chemical shift of D-Leu 14 as compared with 

those of L-Trp residues is still unexplained. 

In contrast to Urry et al. 10 , we suppose that the data for D-amino acid resi- 

dues do not contradict the right-handed sense of the :,",':i,' helix. 

Indeed, since ion-induced chemical shift is a complicated function both of a 

distance between ion and carbonyl group and of an orientation of the carbonyl bond 

in respect to the ion 25 , the lack of the ion-induced chemical shift Is well ex- 

plained by cancelation of different terms. The cancelation will occur most likely 

if the cation is exactly above the plane of the = 0 group 
25c 

case of the p-Val* carbonyl bond 
9,ll~_:;~I&j; ;;:$I; ..:: :;r;rlyl 
in ri ht-handed ' 

However, carbonyls of L-Trp I 

of D-Leu14 on the other cannot simultaneiosly interact with the cation in case of 

right-handed helix - the sites are well separated. Thus the GA channel has four 

cation binding sites, instead of two sites originally assumed 10 at interpretation 

of ion-induced carbon 
x 
1 carbon chemical shifts. An examination of molecular model 

of the right-handed 
+ .3+6.3 
n LD nLD helix leads to identification of the four sites: two 

symmetrical sites (%20 6( apart) at the channel entrance formed by carbonyl groups 

of D_Leu10~12,14 and another two symmetrical sites (%15 i apart) at a depth of the 

channel, where ions are sensed by carbonyl groups of L-Trp 9,11,13,15 . Cations are 

in fast exchange between the four sites and bulk solvent and nz! yoy3than two 

sites might be simultaneously occupied. Thus the right-handed nLL GLL helix fits 

data on ion-induced carbonyl carbon chemical shifts". The above consideration is 

in line with the three barriers-four sites model of the GA ion transport mechanism 

advocated by Eisenman and Sandblom 
27 . 

Up to date six distinct stable structures of GA in different milieus are re- 

vealed by two dimensional NMR spectroscopy (fig. 9): in nonpolar organic solvents - 

three parallel and one antiparallel double helices with 5.6 residues per turn; 

complex with cesium - right-handed antiparallel double helix with 7.2 residues per -- 
turn, and in SDS-micelles as well as in liposomes, vesicles, lysolecithyn micelles - 
and bilayer membranes - N-terminal to N-terminal right-handed single-stranded he- 

lical dimer with 6.3 residues per turn. Thus GA gives a representative example, 

when one amino acid sequence codes several different stable conformational struc- 

tures depending on a milieu. A further variation of milieu properties or modifi- 

cation of the GA amino acid sequence might lead 

structures. 

EXPERIMENTAL 

Gramicidin A was obtained form Gramicidin D 
28 

bution . CD3CD20D (99% deuterium) and CD3CD20H 

(USSR). 

to the discovery of new spatial 

(Serva) by countercurrent distri- 

(98% deuterium) were from Isotope 

All two-dimensional NMR spectra were recorded in the pure phase absorption 

mode using the time proportional phase incrementation method 
29 . The following 

spectra were recorded on a Bruker WM 500 spectrometer: double quantum filtered 

COSY spectra 
30 , NOESY spectra 31 at mixing time of 200 ms, and homonuclear Hartman- 
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Hahn crosspolarization (MLEV17 HOHAHA) spectra 
32 

at mixing time of 40 ms. In 

the case of the CD3CD20H sample, the OH resonance was suppressed by irradiation 

during all times except detection period. 

Characteristic short-range proton-proton distances for double- and single- 

stranded helices were calculated by means of CONFORNMR program 
llc where standart 

ECEPP/Z bond angles and bond lengths 
33 

and torsion angles6b were used. 
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