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Acid-catalyzed degradation of cyclosporin A was studied in various solvents and products of
reaction were monitored by HPLC. Identification of amino acids and their chirality were de-
termined after hydrolysis and derivatization by GC-MS. Cyclosporin H was isolated as the
principal product and its structure was determined by X-ray diffraction: Cyclosporin H-
diethyl ether-water (1: 0.5 : 1) crystallizes in the monoclinic space group 12 with a =
12.338(2) A, b = 18.963(2) A, ¢ = 34.074(3) A, B = 96.47(2)°, Z = 4, and V = 7 921.4(17) A3.
Key words: Cyclosporins; Conformation analysis; Crystal structure determination; X-Ray dif-
fraction; Hydrolysis; Amino acids; Peptides; Racemization; Immunosuppressants.

Racemization of amino acids is one of the most important pathways lead-
ing in most cases to the loss of biological activity in peptides and proteins?.
Whereas racemization was studied in detail for amino acids, small peptides
and some industrially important peptides, the information on racemization
of amino acids in cyclic peptides is limited.

Cyclosporins are natural undecapeptides derived from cyclosporin A,
cyclo(-MeBmtl-Abu2-Sar3-MeLeu*-Val®>-MeLeu®-Ala’-D-Ala8-MeLeu®-MelLeull-
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MeVal'l-) by formal substitution of one or two amino acids. They differ
from most peptides by the presence of several N-methylated amino acids
and an unusual amino acid MeBmt = (2S,3R,4R,6E)-3-hydroxy-4-methyl-
2-(methylamino)oct-6-enoic acid), Fig. 1. Recently, cyclosporin A has
widely been used as immunosuppressant for organ transplantations and for
treatment of autoimmune diseases (e.g., Consupren®, Galena, Neoral®,
Novartis). Due to its cyclic structure and lipophilic character, cyclosporin A
is considerably stable in organic solvents in a wide range of experimental
conditions; however, its stability is not unlimited. The following reactions
have been described: N- O peptidyl shift providing iso-cyclosporins?-1°,
acid- and Lewis-acid-catalyzed opening of the cycle®12 intramolecular
alkoxy addition to double bond of MeBmt238, singlet oxygen oxidation3,
dehydration and the loss of [MeBmt!] side chain!*. In this paper we report a
convenient synthesis of cyclosporin H (i.e., [D-MeValll]cyclosporin) and its
crystal structure determination.

EXPERIMENTAL

Amino Acid Analysis

Cyclosporin samples (typically about 2 mg) were hydrolyzed by 6 m HCI (1 ml) at 105 °C for
48 h; aliquots of the acid hydrolyzate (100 ul) were evaporated to dryness in a stream of
dried nitrogen and derivatized prior to gas chromatographic analysis. Cyclosporin amino ac-
ids were identified by gas chromatography-mass spectrometry as tert-butyldimethylsilyl de-
rivatives on a 30 m x 0.25 mm i.d. DB-1 capillary column®®. Chiral analysis was performed
on a 30 m x 0.25 mm i.d. DB-210 capillary column after conversion of amino acids to
N-((1R)-menthyloxycarbonyl)methyl esters or (S)-2-methylbutyl ester derivatives'®1? (Fig. 2).
Standards of individual p- and L-amino acids were from Sigma except of MeBmt, derivatives
of which were identified by GC-MS. GC-MS was performed on a Hewlett—Packard 5890 gas
chromatograph directly coupled to a Kratos Profile mass spectrometer (Mass Spectrometry
Int., Manchester, U.K.) operated in EI mode.

Preparation of Cyclosporin H

Preliminary experiments were carried out with cyclosporin A (1 g, 99% HPLC purity, Galena
Co., Czech Republic) dissolved in an organic solvent (20 ml; methanol, ethanol, or dioxane)
and methanesulfonic acid (99.5%, 0.1-0.3 ml) at various temperatures (60-100 °C). Reaction
products were extracted with dichloromethane and evaporated to dryness. HPLC method
with sodium dodecyl sulfate-containing mobile phase18 was used for the analysis of reaction
mixtures, chromatographic fractions and purity of isolated cyclosporin H.

For laboratory scale synthesis, cyclosporin A (100 g) was dissolved in dioxane (2 000 ml)
and methanesulfonic acid (99.5%, 15 ml) was added. The mixture was heated under stirring
for 1 h at 100 °C. After cooling, pH was adjusted to 9.0 with 10% aqueous sodium hydrox-
ide. Dichloromethane (800 ml) and water (800 ml) were added and the organic layer was
separated. The aqueous layer was extracted with dichloromethane (800 ml) and pooled ex-
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Schematic representation of structure and hydrogen bonds in cyclosporin A dihydrate (upper)
and cyclosporin H-diethyl ether-water (1:0.5: 1)
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tracts were evaporated to dryness. The crude mixture of cyclosporins H and A (approxi-
mately 1:2 w/w) was subjected to column chromatography on silica gel 60 (Merck) using
stepwise gradient of methanol (0-5% v/v) in dichloromethane. Fractions containing
cyclosporin H were pooled, evaporated, and cyclosporin H was finally purified by repeated
crystallization from diethyl ether. The yield was roughly 15 g of pure cyclosporin H (98%,
HPLC).

Molecular Weight and Sequence Analysis

The static fast atom bombardment (FAB) ionization in combination with collision-induced
dissociation (CID) of protonated molecules were used for the molecular and sequence deter-
mination of [p-MeVal'!cyclosporin. The CID mass spectrum of [M + H]" ions was recorded
on a Finnigan MAT 95 instrument of BE geometry using B/E linked scan. Helium was used
as collision gas and 3-nitrobenzyl alcohol (Aldrich, Steinheim, Germany) as FAB matrix. The
positive-ion FAB mass spectrum revealed the protonated molecule of cyclosporin H at m/z
1 202.8, in good agreement with the published FD and EI mass spectra'®. The CID mass
spectrum of [M + H]* ion is completely interpretable in terms of primary ring cleavages be-
tween amino acid residues 2-3, 1-11 and 5-6 (refs>°). Dominating fragmentation mecha-
nism is the 2-3 splitting producing the corresponding linear undecapeptide®. Its further
fragmentation leads to the biz‘3 daughter ion series, which is used for sequence determina-
tion (for the ion nomenclature see refs>2%). The corresponding CID spectrum is nearly iden-
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FiG. 2
Chiral GC-MS analysis of amino acid as their N-((1R)menthyloxycarbonyl)-(S)-2-methylbutyl
esters in cyclosporin H acid hydrolyzate. Column: 30 m DB-210, temperature program:
120 °C, 5 °C/min, 225 °C, then hold for 10 min. Injection: split 30 : 1, injector temperature:
250 °C, tranfer line temperature: 225 °C. Detector: mass spectrometer; EI mode; TIC, total
ion current
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tical to that of cyclosporin A (mass spectrometry does not provide any information on
chirality) and exhibited the following biz‘3 ions: 934.8 (bg), 821.7 (bg), 694.6 (b,), 567.5 (bg),
496.4 (bg), 425.3 (b,), 298.2 (by), 199.2 (b,).

IH and *C NMR spectra were measured on a Varian VXR-400 spectrometer (399.95 MHz
for *H, 100.58 MHz for *3C) in CDClI; at 25 °C (3, ppm; J, Hz). The residual solvent signal
was employed as an internal reference (3, 7.265, 5. 77.0). Carbon signal multiplicity was
determined by APT (Attached Proton Test). 2D NMR experiments, HOM2DJ, COSY, delay-
COSY, and ROESY were performed using the manufacturer’s software. NMR spectra con-
firmed the presence of diethyl ether in the solvate. However, its 'H NMR spectrum was very
complicated, indicating the equilibrium of several forms with one prevailing [methyl on the
double bond at 1.656 (J = 5.0), two alanine methyls at 1.264 (J = 7.1) and 1.153 (J = 6.9),
seven N-methyl singlets (3.316, 3.292, 3.200, 3.106, 2.931, 2.895, 2.812), four N-H doublets
at 8.618 (J = 9.4), 6.814 (J = 9.0), 6.723 (J = 8.0) and 5.730 (J = 9.4)]. The overall picture
resembled the published spectrum®®. There were 11 carbonyls in the *C NMR spectrum,
which was also complex. The number of components was determined as seven on the basis
of seven pairs of double-bond carbon resonances. No exchange between conformers was
detected by ROESY (mixing times 0.125, 0.2, 0.5 s), which means that this process is slow
on the NMR time scale. Whereas all cyclosporins show one prevailing conformation in
non-polar solvents (contrary to multiple conformations in polar solvents?2~2%), cyclosporin H
already exhibits such behaviour in chloroform, similarly to iso-cyclosporins?2.

Crystal Structure Determination of Cyclosporin H

A small vial with cyclosporin H (440 mg, 98%) dissolved in acetone (3 ml) was placed in a
capped flask containing diethyl ether. Single crystals of cyclosporin H were formed within
two days. Since the crystals were prone to desolvation, a suitable crystal was mounted in a
capillary with residual amount of mother liquor. For data collection and refinement parame-
ters see Table I.

The structure was solved by direct methods and anisotropically refined by full-matrix
least squares. The presence of solvate molecules was revealed from a difference map. Diethyl
ether molecule had a half occupancy factor and was restrained using the geometry obtained
from low-temperature structure analysis of diethyl ether?®. Hydrogen atoms were located
from a Fourier map and from the expected geometry. Only hydrogen atoms from NH and
OH groups were refined isotropically with distance restrains. Hydrogen atoms of ether mole-
cule were not found because of large thermal parameters of its non-hydrogen partners. The
absolute structure was assigned based on that of cyclosporin A. Data collection and structure
refinement parameters are listed in Table I, Fig. 3 shows an ORTEP drawing of the molecule.
Crystallographic data for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication number CCDC-
139242. Copies of the data can be obtained free of charge on application to CCDC, e-mail:
deposit@ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

The novel GC-MS method was used for chiral analysis of various amino ac-
ids present in hydrolyzates of cyclosporins. Some partial racemization of
N-methyl amino acids representing few per cent was observed in hydrolysis
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of cyclosporins (Fig. 2), whereas free and N-methyl amino acids were virtu-
ally stable under the conditions used. The extent of this racemization was
used as the background correction for evaluation of synthetic experiments.
Preliminary experiments indicated that, besides the well known conversion
of cyclosporin A to iso-cyclosporin A, some new peaks appeared in HPLC
chromatograms and simultaneously the amount of b-MeVal increased at

TaBLE |
Data collection and structure refinement parameters for cyclosporin H-diethyl ether-water
(1:05:1), Cg4H11gN11O0135, M, = 1 257.7

Crystal system, space group

Crystal size

Temperature

Difractometer and radiation used
Absorption coefficient

Scan technique

0 range

No. of unique observed reflections
Criterion for observed reflections
Function minimized

Weighting scheme

Parameters refined
Final R indices
Value of S

Extinction coefficient

Ratio of max. least-squares shift to e.s.d.

Largest difference peak and hole
Source of atomic scattering factors

Programs used

Monoclinic, 12 (No. 5), a = 12.338(2) A,
b = 18.963(2) A, ¢ = 34.074(3) A,

B =96.47(2)°, V = 7 921.4(17) A3,

Z =4, D, = 1.055 g cm™®

0.25 x 0.38 x 0.50 mm
293 K

Enraf-Nonius CAD4, A\(MoKa) = 0.70930 A

0.74 mm™
w26
1.23-24.91°

7 229

I = 1.960(1)
Sw(F,2 - F2)?

w = 1/[0?(F,?) + (0.0996P)?],
where P = (F,% + 2F ?)/3

874
R = 0.056, WR(F?) = 0.137
1.101

0.0024(3)

0.001

0.30, -0.19 eA3
SHELXLO7 (ref.*4)

SDP (ref.*%),
SHELXS86 (ref.*5),
SHELXL97 (ref.*%)
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the lower pH and higher temperature used in the synthesis. The use of
HPLC method with sodium dodecyl sufate in the mobile phase!® made it
possible to distinguish both cyclosporins A and H, and their respective
iso-cyclosporins as the main products. Upon raising the pH, iso-cyclo-
sporins quickly transformed into cyclosporins A and H, which were sepa-
rated by column chromatography on silica gel. The reaction was optimized
for the laboratory scale preparation of cyclosporin H.

The migration of acyl groups in acyl derivatives of substances having a
primary amino group and a hydroxyl group on adjacent carbon atoms was
first observed in 1921 (ref.2%) and for cyclosporin A was described in 1976
(ref.?). There are two general distinct mechanisms proposed for N - O-acyl
migration leading to the different chirality of the carbon atom directly
bonded to the hydroxyl moiety®. Since the crystal structure determination
proved?® that the chirality of MeBmt is retained in iso-cyclosporin A, the
reaction proceeds via hydroxyoxazolidine-type intermediate®. Similarly
as with other threonine-containing peptides?’-2°, the creation of an ester
bond contributes to the further degradation in acidic media providing lin-
ear 1,11-seco-cyclosporins®, Racemization of N-methylvaline as a side reac-
tion in the formation of iso-cyclosporins was not found in the preceding
works!2. Apparently, it is due to the pH range used for the reaction and pos-
sibly also because cyclosporins A and H are difficult to resolve on some

C56

Fic. 3

Ortep drawing of cyclosporin H-diethyl ether-water (1 : 0.5 : 1). Hydrogen atoms are omit-
ted for clarity
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chromatographic columns. However, this reaction becomes very important
with regard to the fact that iso-cyclosporins were proposed as potential
prodrugs’3931, Whereas cyclosporin A possesses an immunosuppresive ac-
tivity utilized to prevent graft rejection during, e.g., kidney transplanta-
tions, cyclosporin H lacks the immunomodulating activity3223. However,
cyclosporin H itself is not a useless substance, exhibiting a number of inter-
esting activities®?-36, It can serve as a model for the study of mechanism of
action and side effects of cyclosporins®2.

X-Ray crystal structure determination confirmed the expected absolute
configuration of cyclosporin H and revealed the presence of water and di-
ethyl ether in the crystal structure. The intramolecular hydrogen bond net-
work is nearly the same as in other cyclosporins®” (Fig. 1). Hence, it might
seem, also on the basis of inspection of torsion angles (Table I1), that be-
sides obvious changes in the vicinity of b-MeVal (@,4, y,,) and some minor
differences (Ws, Wg, W4, @;), conformation of the cyclosporin backbone is not
much affected. In fact, conformation of the MeBmt!-Abu?-Sar3-MelLeu*-
Val®-MeLeu® amino acid chains in both cyclosporins H and A is very similar
(Fig. 4, almost identical bottom parts of the drawings). However, just the
above-mentioned changes in the torsion angles result in the opposite fold-
ing of the D-Ala®-MeLeu®-MeLeu!®-MeVal'! loop in cyclosporin H (Fig. 4,
the upper parts of the drawings). A detailed investigation of the structure
also revealed some differences in the orientation of side chains of amino
acids MeBmt?, Val®, and MeLeu®.

~(
%

-

Fic. 4
Comparison of cyclosporin H (left) and cyclosporin A (right) conformation
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Regardless cyclosporins represent an important class of biologically active
substances, only several X-ray structures have been reported. Three differ-
ent polymorphs have been described for cyclosporin A: dihydrate
(tetragonal, P4,)?2, monohydrate (orthorhombic, P2,2,2,)%8, and dimethyl-
isosorbide solvate (1:1) (monoclinic, P2,)%". It was found only recently
that various cyclosporins crystallizing in symmetry P2, represent a series of
clathrates with various guest molecules3%4°, Whereas iso-cyclosporin A pos-
sesses quite different conformation (orthorhombic C222,)%%, some cyclo-
sporin derivatives crystallize either in the same symmetry, e.g., acetylcyclo-
sporin A (orthorhombic, P2,2,2,)*' and thiocyclosporin A (monoclinic,
P2,)#2, or have almost identical conformation as described already for
cyclosporin A, e.g., [3,0-didehydro-MeBmt?!,Val?]cyclosporin (P3,21)43.
Hence, cyclosporin H described in this work represents a new cyclosporin
conformation.

This work was supported by the Grant Agency of the Czech Republic (grants No. 203/99/1190 and
No. 203/97/0623) and by the Ministry of Education, Youth and Sports of the Czech Republic (grant
No. VS96085 and research project No. CEZ: MSM 223100002).

REFERENCES

1. Currie B. L., Groves M. ]. in: Pharmaceutical Biotechnology, Fundamentals and Essentials
(M. E. Klegerman and M. ]J. Groves, Eds), p. 205. Interpharm Press, Inc., Buffalo Grove
1992.

2. Ruiegger A., Kuhn M., Lichti H., Loosli H.-R., Huguenin R., Quiquerez C., von Wartburg A.:
Helv. Chim. Acta 1976, 59, 1075.

3. Traber R., Kuhn M., Riegger A., Lichti H., Loosli H.-R., von Wartburg A.: Helv. Chim.
Acta 1977, 60, 1247.

4. Oliyai R., Stella V. J.: Pharm. Res. 1992, 9, 617.

5. Havli¢ek V., Jegorov A., Sedmera P., Ryska M.: Org. Mass Spectrom. 1993, 28, 1440.

6. Oliyai R., Safadi M., Meier P. G., Hu M.-K,, Rich D. H., Stella V. ].: Int. ]. Pept. Protein Res.
1994, 43, 239.

7. Oliyai R., Stella V. ]J.: Bioorg. Med. Chem. Lett. 1995, 5, 2735.

. Oliyai R., Siahaan T. J., Stella V. J.: Pharm. Res. 1995, 12, 323.

9. Havlicek V., Jegorov A., Sedmera P., Ryska M.: J. Mass Spectrom. Rapid Commun. Mass
Spectrom. 1995, S158.

10. Magni F., Arnoldi L., Del Puppo M., Galli Kienle M.: Peptides 1995, 16, 1335.

11. Magni F., Arcelloni C., Paroni R., Fermo I., Bonini P. A., Del Puppo M., Manzocchi A.,
Galli Kienle M.: Biol. Mass Spectrom. 1994, 23, 514.

12. Magni F., Fermo 1., Arcelloni C., Arnoldi L., Del Puppo M., Paroni R.: J. Pept. Res. 1997,
49, 191.

13. Sedmera P., Havlic¢ek V., Jegorov A., Segre A. L.: Tetrahedron Lett. 1995, 36, 6953.

14. Jegorov A., Havlicek V., Sedmera P.: Amino Acids 1996, 10, 145.

o

Collect. Czech. Chem. Commun. (Vol. 65) (2000)


http://dx.doi.org/10.1023/A:1015841824760
http://dx.doi.org/10.1016/0960-894X(95)00454-2
http://dx.doi.org/10.1023/A:1016231913858
http://dx.doi.org/10.1016/0196-9781(95)02025-X
http://dx.doi.org/10.1016/0040-4039(95)01378-U

Cyclosporin H 1327

15.
16.
17.
18.
19.

20.

21.
22.

23.

24.
25.
26.

27.
28.
29.
30.

31

32.
33.
34.

35.
36.

37.

38.

39.

Simek P., Heydova A., Jegorov A.: J. High Resolut. Chromatogr. 1994, 17, 147.

Simek P., Heydova A., Jegorov A.: Chem. Listy 1996, 90, 969.

Tolman V., Simek P.: J. Fluorine Chem. 2000, 101, 11.

Husek A.: J. Chromatogr., A 1997, 759, 217.

Andre D., Fourme R., Zechmeister K.: Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.
Chem. 1972, 28, 2389.

Traber R., Loosli H.-R., Hofmann H., Kuhn M., von Wartburg A.: Helv. Chim. Acta 1982,
65, 1655.

Biemann K.: Methods Enzymol. 1990, 193, 886.

Loosli H.-R., Kessler H., Oschkinat H., Weber H.-P., Petcher T. J., Widmer A.: Helv. Chim.
Acta 19885, 68, 682.

Arnoldi L., Manzocchi A., Magni F., Del Puppo M., Kienle M. G.: Bioorg. Chem. 1997, 25,
110.

Ko S. Y., Dalvit C.: Int. ]. Pept. Protein Res. 1992, 40, 380.

Bergmann M., Brand E., Dreyer F.: Ber. Dtsch. Chem. Ges. 1921, 54, 936.

Pohl E., Sheldrick G. M., Bolsterli J. J., Kallen J., Traber R., Walkinshaw M. D.: Helv.
Chim. Acta 1996, 79, 1635.

Desnuelle P., Casal A.: Biochim. Biophys. Acta 1948, 2, 64.

Elliot D. F.: Biochemistry 1952, 50, 542.

Han K.-K., Richard C., Biserte G.: Int. J. Biochem. 1983, 15, 875.

Wenger R.: PCT Int. Appl. WO 93, 17,039, 1992; Chem. Abstr. 1994, 120, P135131.
Wang W., Jiang J., Ballard C. E., Wang B.: Curr. Pharm. Design 1999, 5, 265.

Stewart P. J., Stern P. H.: Transplant. Proc. 1988, 20 (Suppl. 3), 989.

Rucinski B., Liu C. C., Epstein S.: Metabolism 1994, 43, 1114.

Walker R. J., Lazzaro V. A., Duggin G. G., Horvath J. S., Tiller D. J.: Transplantation 1989,
48, 321.

Wenzel-Seifert K., Seifert R.: J. Immunol. 1993, 150, 4591.

Depaulis A., Ciccarelli A., Decrescenzo G., Cirillo R., Patella V., Marone G.: J. Allergy Clin.
Immunol. 1996, 98, 152.

Hu3dk M., Kratochvil B., Jegorov A., Matha V., Stuchlik M., Andrysek T.: Z. Kristallogr.
1996, 211, 313.

Knott R. B., Schefer L., Schoenborn B. P.: Acta Crystallogr., Sect. C: Cryst. Struct. Commun.
1990, 46, 1528.

Husak M., Kratochvil B., Buchta M., Cvak L., Jegorov A.: Collect. Czech. Chem. Commun.
1998, 63, 115.

40. Jegorov A., Pakhomova S., HuSdk M., Kratochvil B., 7dk Z., Cvak L., Buchta M.:

41.

42.

43.

44.

45.

J. Inclusion Phenom. 2000, 37, 137.

Kratochvil B., Jegorov A., Pakhomova S., Hu$dk M., Bulej P., Cvak L., Sedmera P.,
Havlicek V.: Collect. Czech. Chem. Commun. 1999, 64, 89.

Seebach D., Ko S. Y., Kessler H., Kock M., Reggelin M., Schmieder P., Walkinshaw M. D.,
Bolsterli J. J., Bevec D.: Helv. Chim. Acta 1991, 74, 1953.

Pohl E., Herbst-Irmer R., Sheldrick G. M., Dauter Z., Wilson K. S., Bolsterli J. J.,
Bollinger P., Kallen J., Walkinshaw M. D.: Helv. Chim. Acta 1995, 78, 355.

Sheldrick G. M.: SHELXL97. Program for the Crystal Structure Determination. University of
Gottingen, Gottingen 1997.

Frenz B. A. and Assoc., Inc.: SDP. Structure Determination Package. College Station, Texas
77840 and Enraf-Nonius, Delf 1985.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)


http://dx.doi.org/10.1016/S0022-1139(99)00187-6
http://dx.doi.org/10.1016/S0021-9673(96)00770-4
http://dx.doi.org/10.1107/S0567740872006181
http://dx.doi.org/10.1107/S0567740872006181
http://dx.doi.org/10.1006/bioo.1997.1058
http://dx.doi.org/10.1006/bioo.1997.1058
http://dx.doi.org/10.1016/0006-3002(48)90008-0
http://dx.doi.org/10.1016/0020-711X(83)90162-3
http://dx.doi.org/10.1107/S0108270189011480
http://dx.doi.org/10.1107/S0108270189011480
http://dx.doi.org/10.1135/cccc19980115
http://dx.doi.org/10.1135/cccc19980115
http://dx.doi.org/10.1023/A:1008115029334
http://dx.doi.org/10.1135/cccc19990089

1328 Jegorov et al.:

46. Sheldrick G. M.: SHELXS86. Program for the Solution of Crystal Structures. University of
Gottingen, Gottingen 1985.
47. Mikol V., Kallen J., Pflugl G., Walkinshaw M. D.: . Mol. Biol. 1993, 234, 1119.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)


http://dx.doi.org/10.1006/jmbi.1993.1664

