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The reaction of cyclosporin A (CsA) with Lawesson's reagent under different conditions yields various 
thiocyclosporins, in which carbonyl 0-atoms and/or the hydroxy 0-atom of the MeBmt residue are replaced by an 
S-atom. The position of the S-atom is determined by NMR spectroscopy, and the conformations of the products 
are studied by NMR spectroscopy and X-ray crystallography. Some of the thiocyclosporins show interesting 
conformational properties. Whereas one conformation strongly dominates for CsA in CDCl,, two conformers A 
and B, in a ratio 58:42 are found for ['yl',CS-NH]CsA, Extensive NMR studies including new 2D and 3D 
heteronuclear techniques and restrained MD calculations using ROE effects demonstrate that the major conformer 
A is identical to CsA, while the minor conformer B contains an additional cis peptide bond between the Sar3 and 
MeLeu4 residues. [4~5,CS-NH; 7~8,CS-NH]CsA exhibits a conformation very similar to crystalline CsA. How- 
ever, the D-Ala'NH, MeLeu6C0 y-turn H-bond is not present in this dithio analogue. Also different is the MeBmt' 
side-chain conformation, the dithio conformation showing a strong MeBmt'OH, Sar'CO H-bond. Immunosup- 
pressive activities of thiocyclosporins are measured in IL-2 and IL-8 reporter gene assays. Their activities are 
discussed in relation to their conformations 

1. Introduction. - 1.1. Cyclosporin. Cyclosporin A, cyclo (-MeBmt'-Abu*-Sar3- 
MeLeu4-Val5-MeLeu6-Ala7-~-Ala8-MeLeu9-MeLeu'a-MeVal''-) [ 11 (CsA; 1; Fig. 1 ), is a 
neutral, cyclic undecapeptide containing only lipophilic amino acids, seven of which are 
N-methylated. It is a well known drug used to prevent graft rejection in organ trans- 
plants, since 1983 known by the trade name Sandimmune@. Its conformation in the 
crystal and in solution (CDC1,) was determined [2 ] .  CsA was used to develop and 
illustrate the usefulness of molecular-force-field and molecular-dynamics (MD) calcula- 
tions in vacuo as well as in solution [3]. A recent reinvestigation proved that the solution 
structure in CDCI, is, with a few exceptions, indeed very close to the crystal structure [4]. 
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Fig. I .  Structure of cyclosporin A (CsA; 1). Possible positions of S-substitution are marked with * 

The same is also true for CsA in C,D, [5] and (D,)THF [6], whereas a number of 
conformations are observed in more polar solvents such as (D,)DMSO [7]. CsA is 
insoluble in H,O. Seven N-methylamide bonds allow occurence of many cisltrans- con- 
formers which interconvert slowly on the NMR time scale. The barrier of cisltrans-iso- 
merization about peptide bonds is 18 kcal/mol[8]. It was shown that N-methylation leads 
to a drastic reduction of the &-conformational space [9]. Recently, it was shown that 
CsA adopts a different structure [lo] when bound to cyclophilin [ll], a strong CsA-bind- 
ing proline isomerase. In light of these studies, it is of great interest to learn about 
conformational preferences of modified cyclosporins to understand more about confor- 
mational accessibilities of this important drug. 

1.2. Thiopeptides. A very successful tool in the field of drug design is the utilization of 
peptide analogues [12]. The idea behind this is that the peptide analogues, which differ 
from naturally occurring peptides at strategically chosen amino-acid residue(s) in a 
deliberately conceived manner, would have better properties (e.g., high potency, low 
toxicity, enhanced stability, etc.) or shed some light on the mode of action of the 
molecules in the body. 

Most of earlier examples in this area were centered on the modification of peptide side 
chain by substitution, addition, or deletion of amino-acid residues. Recent advance in 
peptide-coupling techniques made these operations very routine, and with expanding 
interests in the synthesis of enantiomerically pure non-proteinogenic CI -amino acids [ 131, 
the potential of this methodology is almost limitless. 
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On the other hand, there are no routine methods available for direct modification on 
the peptide backbone itself. Among the possibilities of backbone modification, replace- 
ment of the amide 0-atom by an S-atom has intrigued peptide chemists since early days, 
for thioamides are isosteric and isopolar to (oxo)amides (IUPAC calls such a displace- 
ment a thioxo-de-0x0-bisubstitution [ 14al). 

The first (marginally successful) synthesis of thiopeptides - thioxo-de-0x0-bisubstitution (‘thionation’) of 
protected amino acids and dipeptides by P2S5 - appeared in the literature as early as in 1926 [14b]. On the other 
hand, it seems to be generally agreed in the modern literature that the credit of the first successful synthesis of 
thiopeptides belongs to Ried and u.d. Emden, who, in 1960, synthesized the peptide analogues by coupling amino 
acids with N-protected amino thioacid 0-esters (prepared from imino acids with H,S) [15]. However, the 
practicality of this process was rather limited, since the imino esters were prepared uia Strecker synthesis followed 
by Pinner reaction, and are, therefore, racemic except for the (achiral) glycine derivative. 

A major breakthrough in this field came in 1978, when Lawesson introduced the phosphetane Za, now known 
as Lawesson’s reagent, as a versatile thionating reagent [16]. Since then, there has been a proliferation in the 
research of thiopeptides, and after more than a decade since its introduction, Lawesson’s reagent, along with some 
of its analogues Zbf3), is still clearly the reagent of choice. 

b R=MeS 

C R =  EtS 

d R =  S V C H ,  

2 a - t  

The size of peptide substrates for the Lawesson reaction, however, is usually limited to two amino-acid 
residues4), owing to the problems of regio~electivity~) and solubility with larger peptides. Therefore, larger 
thiopeptides are usually prepared via fragment coupling, utilizing a separately prepared thiodipeptide [19]. 

While the effects of thioamide incorporation on the biological activity are sometimes easily appreciated, as in 
the cases where a particular peptide bond is stabilized against proteases when it is replaced by a thiopeptide [20], at 
other times, they are not so easy to understand and much less to predict. For example, there is evidence that a 
substitution of amides by thioamides in biologically active peptides such as thioenkephalines may result in a higher 
biological activity [2Oe], but it is not clear, whether this results from conformation effects, increased stability in uiuo, 
or participation of the thioamide group in the binding. 

To provide a better understanding, much of the research activity during the recent years was devoted to a 
structural study of thiopeptides using small peptides (two or three amino-acid residues) as model compounds [19c] 
[21]. The results of these studies show that the structure of the thiopeptide unit (thioamide) is indeed very similar to 
that of the peptide bond. However, differences in electronic properties between the 0- and S-atom sometimes, 
cause several interesting structural consequences in peptides containing this ‘isosteric replacement’ [22]. 

The analogues 2 b f  show somewhat improved properties compared to the parent 2a (see [17]). They are more 
reactive and better soluble in THF, thus allowing reactions at lower temperature. Reagent 2e was used to 
regioselectively thionate the least hindered amide carbonyl in pentapeptide substrates ([I 7al). The compounds 
2 M ,  also known as Dauy’s reagents, are commercially available ([17e]). 
Dipeptide substrates, when protected in ordinary fashion, contain three carbonyl groups; i.e. in the carbamate 
(N-terminal protection), peptide bond, and ester moiety (C-terminal protection). The Lawesson’s reagent 
replaces the peptide-bond carbonyl 0-atom selectively (see [18] [19c]). 
Regioselective mono thionations of tripeptides are sometimes possible, when there is a large steric difference 
between the two internal amide bonds (C-termini are protected as esters). See, e.g. [ I ~ c ] ;  also, see Footnote 3 
and [ 17a1. 
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1 )  Although it is known that the S-atom in thioamides can act as a H-bond acceptor, its role in thiopeptides is 
not yet fully established. In comparison to the 0-atom in an amide, the S-atom is a weaker H-bond acceptor [23]. 
On the other hand, the donor ability of the adjacent N H  is enhanced due to the increased polarity and acidity [24] 
- the pK, values of thioamides are 1 to 3 units smaller [25] ~ leading to the occurence of stronger 
C=O . . . HN-C=S interactions. The length of a H-bond involving an S-atom is ca. 3.25 to 3.60 8, [26], which is 0.5 
A longer than that observed for a H-bond with an 0-atom as acceptor [27], but still below the contact distance (3.70 
8,) based on the van der Wads radii. The angle of the H-bond does not seem to be affected. It was shown that a 
thioamide unit in a peptide destabilizes a /?-turn, if the S-atom acts as acceptor in an intramolecular H-bond, 
whereas the donor property of the NH is enhanced [28]. 

2) The C=S bond in thioamides is ca. 0.4 8, longer than the C=O bond in amides. The covalent radius of the 
S-atom exceeds that of the 0-atom by ca. 0.3 8, [29] and the oan der Waals radius by ca. 0.45 8, [30], decreasing the 
allowed 6,W-space in the Ramachandran map. Systematic investigations about the reduced conformational free- 
dom have been carried out by La Cour [31] using the hard-sphere model, which seems to be a relatively good 
approximation in this case. A drastic reduction of the conformational freedom for a protected 1-thioglycine 
derivative and especially for a protected 1-thioalanine derivative was reported. For example, the extended confor- 
mation, which is known from peptides, is forbidden in the case of thiopeptides, because of the collision of the S- 
with the N-atom. In investigations using molecular-mechanics calculations of a protected 1,l-dithioalanine, a 
reduction of the conformational space of up to 40% was observed [32]. Peptides with restricted rotational freedom 
can be used for systematic studies of substrate-receptor interactions. 

3 )  The enhanced polarity of thioamides [33] compared to amides results in an increased barrier of rotation 
about the C-N bond [34] by ca. 2 to 3 kcal/mol [35], because the dipolar resonance structure shows a greater 
contribution to ground states of thioamides than of amides [36], yielding a higher partial double-bond character. 
The less electronegative S-atom does not change the n-electron distribution in the peptide bond to such an extent 
that the bond length is drastically changed [37]. In different investigations, it was shown that the lenght of the 
peptide bond was only reduced by 0.01 to 0.05 8,. The ratio of the &/trans-isomers is defined by steric as well as 
electronic factors [33] [38]. The larger steric size of the S-atom in a thioamide generally leads to an increased 
population of the cis-isomer compared to an amide; however, the trans-isomer still dominates [39]. Only in the case 
of thiofomamides, the cis-isomer dominates [39a]. In conclusion, it can be said that the occurrence of a cis peptide 
bond at the position of the thioamide is not more probable in a thiopeptide than in a peptide. 

1.3. Thiocyclosporins. In this report, the aforementioned effects of thioamide substitu- 
tion on the structure and the biological activity of a peptide are examined using NMR 
spectroscopy, X-ray crystallography, and gene induction/inhibition experiments. Cy- 
closporin has been chosen as a substrate peptide for its distinct structural features and 
unusual biological activity. 

Of particular interest is to observe the effects of the altered H-bond-forming ability on 
the conformations of thiocyclosporins. Cyclosporin A (1) exhibits four intramolecular 
H-bond bridges in its crystal conformation: three transannular H-bonds 
(ValSNH,Abu2C0 ; AbuZNH,ValSCO ; Ala'NH,MeVal"CO) are responsible for main- 
taining a type-11' B- turn; the D-Ala8NH,MeLeu6C0 H-bond forms a y-turn. A fifth 
H-bond (MeBmt'OH,MeBmtlCO) is observed in the conformation in CHC1,6). Substitu- 
tion of any of these or neighboring carbonyl 0-atoms by an S-atom will affect the 
strength of the H-bonds and, therefore, result in different conformations. The backbone 
conformation as well as the MeBmt' side chain orientation were shown to play a central 
role in the biological activity of CsA [40]. 

2. Preparation of Thiocyclosporins by Direct Thionation with Lawesson's Reagent. - 
We have recently shown that it is possible to modify the cyclosporin-A structure directly 
by selective chemical reactions operating on the entire molecule [41]. An undecapeptide 
would be normally too large a substrate for the Lawesson reaction (vide supra). However, 

6 ,  In one crystal form, an intermolecular H-bond MeBmtIOH,MeBmt'CO is observed 
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the unique structural characteristics of cyclosporin - high content of N-methyl-amino 
acids, non-polar nature of the side chains, and the resulting structural rigidity - prompted 
us to try a direct thionation of the cyclic undecapeptide molecule. Thus, cyclosporin A (1) 
was treated with 5.5 equiv. of Lawesson's reagent 2a under the standard reaction condi- 
tions (toluene, SOo). While TLC monitoring seemed to indicate an initial take-off of the 
reaction, subsequent heating apparently resulted in a decomposition of the product(s). 
Therefore, milder reaction conditions were tested. 

Hexamethylphosphoric triamide (HMPT) is another solvent occasionally used for the 
Luwesson reaction due to the high solubility of 2a in this solvent at room temperature 
[16b]. However, the strong carcinogenicity of the solvent prevents its wide use. DMPU 
(3,4,5,6-tetrahydro- 1,3-dimethylpyrimidin-2( 1 H)-one) was suggested earlier as a substi- 
tute for HMPT; in enolate formation or alkylation, the use of DMPU as a cosolvent or 
an additive in lieu of HMPT does not result in any discrepancy in yield or stereoselecti- 
vity [42]. An additional advantage of using DMPU is that its H,O-solubility makes 
product isolation easier. Therefore, 1 was treated with 3-5 equiv. of 2a in DMPU at 
room temperature for 2-4 days. Aqueous workup followed by chromatographic puri- 
fication yielded four major products along with the unreacted starting material in pure 
forms. An NMR study (vide infra) revealed the structure of the four products as 
follows: ['y2,CS-NH; 4~5,CS-NH]CsA, ['y2,CS-NH]CsA, [7y8,CS-NH]CsA, and 
[ 4 ~  ',CS-NHICsA (see the accompanying Formula with color coding). 

The three thiocarbonyl groups, Nos. 1, 4, and I ,  belong to N-unmethylated amide 
moieties7). This selectivity of Lawesson's reagent for N-monosubstituted amides over 
N,N-disubstituted ones has precedents [43]. Interesting to note is the low reactivity of the 
MeLeu6 residue, the fourth N-unmethylated amide moiety. In the crystal structure of 1 as 
well as in the solution structure in non-polar solvents, the carbonyl 0-atom of MeLeu6 
participates in a H-bond bridge, while the other three unmethylated amide carbonyl 
0-atoms are free. It is not known, however, whether the molecule assumes a similar 
conformation in a rather polar solvent such as DMPU. 

This consideration led us to try the Lawesson reaction in nonpolar solvents. One 
problem to overcome in this attempt was the low solubility of 2a in these solvents. 
Therefore, the reaction was carried out with a heterogeneous mixture of 1 and 2a in THF 
in an ultrasonic bath [44]. Under these conditions, 2a slowly went into the solution. 
However, it was later realized that even without ultrasonification, the solid 2a slowly 
went into solution as the thionation reaction proceeded. NMR study of chromatographi- 
cally purified products revealed that the replacement by an S-atom had taken place 
selectively at the residues 4 and 7, but not at the residue 1 or 6 (see the accompanying 
Formula8). 

7, The N-unmethylated peptide bonds are formed between residues 1 and 2 ( 'y ') ,  4 and 5 ('y'), 6 and 7 ('ty7), 

and 7 and 8 (7w8). When S-bisubstituted, the S-atom formally belougs to the first residue of each of these 
peptide bonds, ie. ,  Nos. 1,4, 6, and 7. 
A prolonged reaction (several weeks) under the same conditions produced, as minor products, several 
multithiocyclosporins, two of which were identified by NMR spectroscopy as [ly2,CS-NH; 4y/S,CS-NH; 
7ty',CS-NH]CsA and ['y2,CS-NH,SH; 4ty',CS-NH]CsA. See Footnote 10. 

') 

73 
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3. NMR-Spectroscopic Investigation. ~ 3.1. Proof of the Constitution. The substitu- 
tion of the 0- by an S-atom has a characteristic effect on the 'T-NMR chemical shifts. It 
has been known for a long time that the substitution of the 0- by an S-atom in a C=O 
group results in a dramatic downfield shift (ca. 30 ppm), which can even be used for 
empirical prediction of the C=S shift in thioamides [45]. Thus, the C=S groups can be 
unambiguously identified. Heteronuclear long-range correlations (HMBC) [46] allow the 
identification of the adjacent protons N H  and H-C(a).  Homonuclear 'H,'H correlation 
in a TOCSY experiment then yields the identification of both amino acids, i.e. the constitu- 
tion of the thio compound. We have also observed drastic downfield-shift effects for 
H-C(a) in the adjacent amino acid. Based on earlier work [19b] [47], Lawesson and 
coworkers published a rule for the change of the chemical shift in thiopeptides [ 19~1. They 
found that the S-atom leads to the following downfield shifts in an amino acid: N H  1.6 to 
2.03 ppm, H-C(a) 0.24 to 0.62ppm, C O  29.9 to 32.3 ppm, C(a) 7.7 to 11.3 ppm. However, 
the possible conformational changes induced by the S-substitution also cause shift effects 
which may lead to ambiguities. In ['tp*,CS-NH]CsA, for example, the 6's of C(a) of the 
residues 1 and 2 are shifted downfield by 3.5 to 7 ppm (vide infra). It is our philosophy that 
assignments of constitutions have to be established using through-bond scalar couplings 
to nuclei whose chemical shifts are characteristic and unambiguous, such as that of C=S. 
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3.2. ('ylZ,CS-NH]Cyclosporin A9)I0). The NMR spectra of ['p*,CS-NH]CsA exhibit two conformations in 
almost equal populations. Recent developments in multi-dimensional NMR techniques allow the conformational 
analysis of such equilibria even for medium-sized molecules: so, we were able to identify the structure of a 
conformer of a cyclic hexapeptide, present in only 6% [49]. When the population approaches 1:1, even larger 
molecules such as the cytostatic depsipeptide didemnines A and B [50] or the immunosuppressant FK506 [51] could 
he analyzed. We should point out, however, that the analysis of such confomational equilibria is much more 
difficult than analyzing one molecule of twice the molecular weight. This results from the fact that each residue 
appears twice in the conformational equilibrium whose signals are only shifted by conformational effects. Often, a 
large part of the molecule adopts a quite similar conformation, and drastic shift effects are observed only in the 
neighborhood of the region where conformational changes occur. Hence, a careful analysis of conformational 
equilibria requires the full arsenal of modern NMR techniques. In this case, we developed new heteronuclear two- 
and three-dimensional experiments to achieve the full assignment, especially of the extremely crowded region of the 
34 Me groups. 

3.2.1. Assignment of the 'H-  and "C-NMR Resonances (see Tables 1 and 2 ) .  As mentioned above, 
['y*,CS-NH]CsA exists in two slowly interconverting conformers A and B. Their ratio, 58 :42, was determined by 
integration of the NHresonances in a 1D 'H-NMR spectrum (see Fig. 2). The two sets of signals were confirmed as 
arising from conformers (and not from configurational isomers or a mixture of constitutional isomers) using the 
pulsed version [52] of the ROESY [53] experiment, where exchange and ROE peaks are easy to distinguish by their 

I I I I I I I I I I 
ppm 8 7 6 5 4 3 2 1 

Fig. 2 .500-hHz  'H-NMR spectra of a) CsA and b) ('y12,CS-NH]CsA 

') 
In) 

Preliminary reports on this compound have already appeared, see [48]. 
In this report, NMR analysis of ['yl',CS-NH]CsA is described in full detail; NMR results of the other thio 
analogues mentioned in this paper will be reported elsewhere. 
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D P m  8.0 7.a 7.5 7.4 
Fig. 3.501)-MHz ROESYspectrum of ( 'w' .CS-NH] with I I  mixing time of200 ms. The positive cross peak (shown 
with more contour levels) between Val'NH of both species indicates the presence of two slowly interconverting 

conformers. Bold-type numbers refer to residue numbers, A and B to the major and minor conformers, resp. 

different sign [54]. Exchange cross-peaks between the resonances of the major (A) and minor (B) conformer, in 
phase with respect to the diagnonal peaks in the 500-MHz ROESY spectrum (see Fig.3), were observed for 
Val'NH and the two Abu  residues. The exchange peaks for the Ala residues cannot be observed because of the 
small difference in S(H)'s. Further exchange peaks are observed between the H-C(a)  of Abu2 and Val'and for the 
H-C(J )  of MeBmt' of the two conformers. 

The two-fold occurrence of every resonance prevents the extraction of all the 6(H) information using 
homonuclear experiments exclusively. The amino-acid residues containing N H  protons werc easy to assign oiu a 
TOCSY 1551 spectrum. Similarly, the unique spin systems of Sar3 and MeVal" creale no difficulty for identifica- 
tion, whereas for MeBtnt*' (*indicates replacement of C=O by C=S) only the major conformer A could be fully 
assigned in the TOCSY, except for the resonances of the three last protons in this side chain. In B, no correlation to 
O H  can be observed. We have already pointed out the problems in assigning the four MeLeu spin systems in CsA 
itself [7 ] .  For ['ty2,CS-NH]CsA, eight very similar MeLeu spin systems of the two conformers had to be assigned. 
The difficulty results from the very similar chemical shift of H-C(B) and H-C(jj)  and the broad resonances of 
H-C(y)  in MeLeu (coupling to eight protons). Hence, it is not easy to establish the connectivity across H-C(y) 
(Me groups to H-CUR)). This was only possible using 2D heteronuclear techniques. The two H-C(a)  (from A and 
B) of the MeLeu' residue show a downfield shift compared to the others. Starting from the H - C ( r )  in the TOCSY 
experiment, all correlations can be visualized, with the chemical shifts of all resonances of both conformers being 
very close to one another. The distinction between H'-C@') and H-C(y)  is carried out with the DQF-COSY [56] 
experiment, using the strong H-C(J),H'-C(J),  and the H-C(a),H-C@) cross-peaks. The assignment of the 
residues MeLeu4 (5.43 ppm; B), MeLeu6 (5.01 ppm; A), and MeLeu" (5.06 ppm, A) was possible, from traces 
through the H-C(c() resonances of'the TOCSY. The similar chemical shifts of the olefinic protons of MeBmt*l 
and H-C(a)  of the remaining MeLeu residues render the assignment proccdurc for these spin systems difficult. 
This is especially true for MeLeu' and MeLeu" of B, which cannot be assigned with homonuclear experiments. 
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Fig.4. H-C(/l)/C(/l) region of ['v/' .CS-NH] in the HMQC experiments. Signals from the same amino acid 
(mainly CH,(J)) are connected by bars. 

For the assignment of the H-bearing C-atoms, we used the 'H-detected heteronuclear shift-correlation experi- 
ments (HMQC, see Fig.4)  and the HMQC with TOCSY transfer [57]. Starting with the chemical shift of a 
previously assigned proton of a certain amino acid, usually the whole I3C spin system of this residue is depicted on 
a line parallel to the Fl axis in the HMQC with TOCSY transfer. It, therefore, disentangles crowded spectral 
regions by the large chemical-shift dispersion of the "C nuclei. Further simplification in the analysis was achieved 
using DEPT editing techniques [58]. By the aid of a DEPT-HMQC [59] spectrum followed by a TOCSY transfer 
step (for the pulse sequence, see Fig.5), it was possible to select certain multiplicities (CH, CH,, and CH,) using 
different editing pulse lengths. Using a 180'DEPT editing pulse, correlations to methylene C-atoms appear with a 
180" phase shift compared to the remaining multiplicities. 

As a consequence of the multiple occurrence of Me-group-bearing amino acids (34 aliphatic Me groups), the 
upfield regions of the spectra are crowded with overlapping Me resonances which complicates the analysis even in 
the heteronuclear experiments. To increase the resolution in these regions and make them accessible to interpreta- 
tion, the HQQC sequence [48c] (for the pulse sequence, see F i g . 5 )  has been applied. The increase in resolution in 
this 'H-detected heteronuclear shift correlation is achieved by reducing the sweep width in the Fi (I3C) dimension, 
which in turn is possible by exclusive selection of Me groups via heteronuclear quadruple-quantum coherences. 
With the aid of this technique, which has been further elaborated by adding a TOCSY transfer at the end of the 
sequence, it was possible to assign C(d) and C(6') of the MeLeu residues (see Fig.6) .  Following this strategy, the 
chemical shifts of most of the protonated C-atoms of both conformers could be extracted. The assignment of the 
missing C-resonances was obtained by a new heteronuclear 3D NMR technique, the 3D HQQC-TOCSY [48b]. In 
this way, the TOCSY spectrum is exhibited in the third dimension on the resonances of the Me C-atoms (FJ and 
Me H-atoms (F2). The high resolution in F, and F2 which resolve the C-atoms with less than 0.3 ppm separation 
was obtained by the selection of only the Me groups in both dimensions via heteronuclear multiple-quantum 
selection. The complete 3D HQQC-TOCSY of ['ty2,CS-NH]CsA is shown in Fig. 7. 
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a) HMBC with 270" Gaussian shaped pulse 

90" 180" t2 

I A t1/2 1 t1/2 \ A  
270" 90" V* 

I I ! tl I I 

b) DEPT-HMQC with TOCSY transfer 

GARP 

d)  HQQC with TOCSY transfer 

I I I I 

e) 3D-DEPT-HMQC-TOCSY 

GARP 

f )  3D-HTQC-TOCSY, 3D-HQQC-TOCSY 

Fig. 5.  Pulse sequences o j tke  recently developed experiments used in this work. In pulse sequences h-f, the BIRD 
sandwich at the beginning for presaturation of the protons bound to '*C is not shown. 
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Fig. 6 .  The Me-group 
region in the 500-MHz 

['~I',CS-NH]CSA. This 
experiment was especially 
useful for the assignment 
of the Me groups of the 
MeLeu residues, because 
the direct and the TOCSY 
correlation are of differ- 
ent intensity. As an exam- 
ple, the assignment of 
CH3(6) and CH,(6') of 
MeLeu6 of the minor con- 
former B is shown. 

HQQC-TOCSY Of 

Fig. I. Three-dimensionul display oJ the 30-HQQC-TOCSY of [ 'y2.CS-NH]CsA.  The three axes exhibit the 
chemical shift of the C-atom ( F J ,  of the Me protons ( F J ,  and the complete 'H-NMR spectrum (F3). The display is 

produced on an Evans and Sutherlund PS390 graphic system with software from Dr. H. Oschkinat. 

A similar approach to select resonances of CH, groups can be applied to get an alternative 3D spectrum. Then, 
amino-acid residues such as Val and Ala are invisible, and MeLeu give redundant information, which is appreci- 
ated in extremely crowded spectra as in this case. Two different ways can be used to select CH, groups: the 3D 
DEPT-HMQC-TOCSY [60] or heteronuclear triple-quantum selection in the 3D HTQC-TOCSY, an example 
being shown in Fig. 8. In total, the combination of several multidimensional heteronuclear techniques allowed a 
complete identification of all 'H- (Table 1 )  and 13C-resonances (Table 2), even for the extremely crowded region 
from 0.75 to 1.0 ppm for protons and from 20 to 25 ppm for the C-atoms. 
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a 
I l 

L 
2D-TOCSY 

P 
num b 4 3 ? 

Fig.8. Slices through a 3D-HTQC-TOCSY spectrum of ['(U',CS-NH]CSA. Spectra a--c show slices at 36.80, 
37.15, 37.60 ppm. respectively, exhibiting resonances from C u )  of MeLeu6 of both conformations. d )  The same 
region of the 2D-TOCSY. The incrcased resolution is clearly visible, facilitating the assignment even in extremely 

crowded regions of the spectrum. The slices have been produced as described in the text. 
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Table 1. 'H-NMR Chemical Shifrs [S, in ppm] of the Two Conformers A (major) andB (minor) of 
['v', CS-NHICsA andof i4v/'. CS-NH; 7y8,  CS-NHJCsA ( C ) ,  Compuredto CsA (1). All chemical-shift values 

are obtained from spectra with 2048 data points 

1965 

Amino-acid Group A B C CsA") 
residue 

MeBmt' b, CH3N 3.59 
H-C(U) 5.49 
H-CW 3.99 
OH 3.01 
H - W )  1.65 

0.79 

Abu' 

sar3 

MeLeu4 d, 

va15 

MeLeu' 

~ 1 ~ 7  *) 

o-AlaR 

MeLeu' 

2.27 
1.71 
5.35 
5.31 
1.60 

9.55 
5.9 1 
1.79 
1.79 
0.90 

3.48 
4.68 
3.21 

3.05 
5.32 
1.96 
1.59 
1.43 
0.93 
0.87 

7.60 
4.75 
2.42 
1.02 
0.85 

3.21 
5.01 
2.07 
1.34 
1.76 
0.90 
0.76 

7.74 
4.41 
1.33 

7.38 
4.82 
1.25 

3.14 
5.69 

3.50 
5.47 
4.31 

1.63 
0.88 
2.10 
1.70 
5.13 
5.31 
1.53 

9.41 
5.37 
1.92 
1.81 
0.97 

3.40 
4.96 
3.17 

2.77 
5.43 
1.92 
1.38 
1.48 
0.93 
0.93 

8.21 
4.98 
1.90 
0.86 
0.79 

3.12 
5.15 
2.17 
1.23 
1.86 
0.97 
0.77 

7.66 
4.45 
1.33 

7.29 
4.79 
1.25 

3.19 
5.66 

~ 

3.53 
5.48 
3.66 
2.51 
1.56 
0.62 
2.51 
1.56 
5.3 1 
5.36 
1.62 

7.69 
5.04 
1.68 
1.58 
0.85 

3.38 
4.73 
3.22 

3.07 
5.45 
2.61 
1.68 
1.38 
0.95 
0.87 

8.74 
5.13 
2.82 
1.10 
0.94 

3.34 
4.94 
1.97 
1.57 
1.70 
0.88 
0.88 

7.47 
4.48 
1.58 

8.82 
5.36 
1.36 

3.11 
5.71 

3.52 
5.45 
3.82 
3.87 
1.63 
0.72 
2.41 
1.73 
5.36 
5.35 
1.62 

7.93 
5.03 
1.75 
1.64 
0.87 

3.40') 
4.76 
3.23 

3.11') 
5.34 
2.00 
1.64 
1.44 
0.95 
0.88 

7.47 
4.67 
2.41 
1.06 
0.90 

3.25b) 
5.02 
2.06 
1.41 
1.76 
0.94 
0.85 

7.75 
4.52 
1.36 

7.18 
4.84 
1.26 

3.12b) 
5.70 
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Table 1 (cont.) 
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Amino-acid Group A B C CsA') 
residue 

2.11 2.11 
1.20 1.21 
1.32 1.32 
0.94 0.93 
0.85 0.86 

2.684 2.676 
5.06 5.15 
2.01 2.12 
1.32 1.20 
1.45 1.47 
1.01 1.01 
1.01 1.01 

2.684 2.680 
5.18 5.11 
2.18 2.19 
0.94 0.84 
0.84 0.82 

2.15 
1.25 
1.34 
0.96 
0.88 

2.69 
5.06 
2.16 
1.15 
1.50 
0.99 
0.99 

2.69 
5.16 
2.07 
1.02 
0.84 

2.13 
1.25 
1.32 
0.97 
0.89 

2.70b) 
5.10 
2.13 
1.24 
1.49 
0.98 
0.98 

2.71 
5.15 
2.17 
1.01 
0.87 

") 
b, 
') 32768 Data points. 
d, 

The chemical-shift values, taken from [7], are obtained from a 300-MHz spectrum at 296 K with internal TMS. 
MeBmt*' (* means replacement of C(l)=O by C(l)=S) instead of MeBmtl in the case of A and B. 

M ~ L ~ u * ~  and Ala*7 (* means replacement of C(l)=O by C(l)=S) instead of MeLeu4 and Ala' in the case of C. 

Table 2. I3C-NMR Chemical Shifts [6, in ppm] of the Two Conformers A (major) and B (minor) of 
[I*', CS-NHICsA and of [ 4 ~ ' .  CS-NH; 7y/8. CS-NH]CsA (C), Compared to CsA (I)") 

Amino-acid Group A B C CsAb) 
residue 

Abu2 

201.98 
34.38 
64.48 
76.07 
34.72 
17.26 
34.50 

129.73 
126.21 
17.74 

171.92 
54.73 
24.65 

9.86 

170.65 
40.09 
50.38 

170.01 
31.23 

199.22 
32.22 
62.45 
74.22 
32.89 
17.28 
32.74 

130.03 
126.03 

17.81 

171.65 
57.10 
23.24 
10.85 

169.02 
37.57 
49.71 

169.42 
29.31 

170.69 
34.49 
59.04 
75.56 
36.92 
16.34 
36.60 

129.76 
126.25 
18.04 

174.19 
48.70 
24.95 

9.94 

171.38 
39.62 
50.49 

201.41 
30.97 

169.65 
33.97 
58.75 
74.74 
35.99 
16.76 
35.63 

129.68 
126.32 

17.96 

173.04 
48.86 
25.06 

9.93 

170.50 
39.40 
50.37 

169.35 
3 1.32 
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Table 2 (cont.) 

Amino-acid Group A B C CsAb) 
residue 

MeLeu4*) 

va15 

MeLeu6 

A I ~ ~ * )  

o-Ala* 

MeLeu' 

MeLeu'' 

MeVal" 

55.37 
35.98 
24.44 
23.40 
21.31 

173.57 
54.83 
31.46 
19.55 
18.47 

171.61 
3 1.46 
54.87 
37.31 
24.44 
23.83 
21.69 

171.10 
48.44 
15.42 

173.63 
44.87 
17.86 

170.74 
29.62 
48.11 
39.26 
24.70 
23.67 
21.91 

170.11 
29.91 
57.18 
40.61 
24.90 
23.78 
23.52 

173.79 
30.13 
57.97 
29.74 
19.25 
20.23 

58.79 
38.27 
24.87 
23.03 
22.79 

171.68 
53.99 
33.45 
19.49 
17.65 

171.82 
3 I .53 
55.08 
37.52 
24.74 
24.00 
21.19 

170.96 
48.26 
15.45 

173.72 
44.90 
17.86 

170.87 
29.74 
48.14 
39.26 
24.79 
23.67 
21.81 

170.45 
29.88 
57.30 
40.98 
24.82 
23.78 
23.61 

174.00 
30.06 
58.22 
29.62 
20.09 
18.47 

61.49 
39.52 
25.34 
23.64 
20.90 

172.51 
62.41 
31.16 
20.55 
18.07 

172.01 
31.78 
55.93 
37.61 
25.92 
23.89 
21.69 

202.04 
55.98 
20.04 

172.75 
51.15 
16.34 

169.96 
29.61 
48.37 
38.76 
24.66 
23.60 
22.19 

169.63 
29.69 
57.81 
41.04 
24.63 
23.82 
23.17 

173.52 
29.69 
57.63 
28.80 
18.68 
20.20 

55.51 
35.99 
24.90 
23.49 
21.18 

173.07 
55.39 
31.17 
19.81 
18.48 

170.87 
31.53 
55.31 
37.41 
25.40 
23.87 
21.93 

170.44 
48.69 
16.07 

172.87 
45.20 
18.19 

169.75 
29.65 
48.30 
39.04 
24.70 
23.74 
21.86 

169.41 
29.83 
57.54 
40.73 
24.55 
23.85 
23.38 

172.85 
29.81 
57.93 
29.05 
18.75 
20.26 

") 

b, 

") 

The assignments are from different inverse correlation heteronuclear experiments, but the chemical shifts 
reported are from the one-dimensional 13C-spectrum. 
From a 300-MHz spectrum (internal TMS) at 296 K, taken from [7]. 
See Footnotes b and d of Table 1. 
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3.2.2. Sequence-Specific Assignments and Curbonyl-Resonance Assignment. Some of the amino acids occur 
more than once in the molecule. Hence, even with a known constitution, these spin systems have to be sequentially 
assigned. As we pointed out previously [61], the least ambiguous and, therefore, best technique for this purpose is 
the exploitation of heteronuclear multiple-bond correlations to the carbonyl C-atoms. To obtain a sufficient 
resolution in t , ,  two inverse detection experiments were run using a semiselective excitation viu a 270" Gaussian 
pulse, with excitation of the carbonyl C-atoms [62] (169-174 ppm) and thiocarbonyl C-atoms (199-202 ppm, see 
Fig. Y ). The corresponding pulse sequence is shown in Fig. 5. The advantage of the 'self refocussing' 270" Gaussian 
[63] compared to the 90" Gaussian pulse [64] in the HMBC consists in the possibility to allow pure phase absorption 
mode lineshapes in the F,  frequency domain. 

Q r9 

- 
9 

b) 

F200 

Fig. 9. 500-MHz HMBCS- 

202 with selective excitation of 

ppm 

270 of ['w',CS-NH]CSA 

the a) carbonyl C-atorn.s and 

l ~ l ~ l t i ~ l ' l ~ l ' I  b) thiocarbonyl C-atoms 

Qp 

ppm 5 . 0  5 6  5 4  5 2  5 0  4 8  4 6  4 4  

Starting with the unequivocal H-C@)/CO region - only cross peaks due to 'J(C,H) coupling are possible - 
we were able to assign seven C=O resonances. Together with the information from the H-C(a)/CO and NHjCO 
region, a nearly complete sequencing of both conformers was possible. The only difficulty arising in this context 
was the degeneration of the C=O resonances of MeLeu6 (B) and Val' (A), which was overcome by exclusion and 
the independent assignment of the latter C=O resonance from the H-CU)/CO region. In the way demonstrated 
above, all but the C=S resonances of residue 1 and the C=O signal of Abu' of the minor conformer B were 
assigned. The remaining two C=S resonances were determined by a HMBCS-270 with selective excitation of these 
signals. Besides the chemical-shift information, this experiment proves the position of the S-atom to be at residue 1 
in the cyclic peptide by the long-range correlation of the C=S to the corresponding H-C(a) of AbuZ (conformer 
A). The C=S of residue 1 of the major conformer A shows a 2.8-ppm downfield shift compared to that of the minor 
conformer B. The sequential information was independently verified by the ROESY spectrum. 
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3.3. Conformational Analysis: Two Solution Conformations of ['W',CS-NH]CsA. 3.3.1. Extraction of Con- 
formationally Relevant N M R  Parameters. Vicinal NH,H-C(a) coupling constants and the temperature depen- 
dence of the NHchemical shifts are given in Table 3. An E. COSY spectrum [65] was used for the determination of 

Table 3. -'J(NH,H-C(ci)) Coupling Constants and Temperature Gradients of the N H  Protons of Conformers A 
(major) andB (minor) of [ 'w2,  CS-NHJCsA andof [4ws,  CS-NH; 7 ~ 8 ,  CS-NHICsA (C), Compared to CsA (1) 

Residue ' J ( N H ,  H-C(c())a) [Hz] Temp. gradients') 

A B C CsAC) A B C CsA 

Abu' 9.2 7.8 9.9 9.4 7.0 3.7 5.1 3.6 

Ala' d, 7. I 6.8 6.8 8.0 7.8 6.6 3.7 3.6 
va15 8.7 7.1 7. I 8.0 0.8 -0.9 1.7 1.8 

D-Ala' 8.1 7.9 7.3 8.0 0.5 1.2 1.5 1.1 

') 
') 

') 
d, 

Coupling constants (in €12) are from one-dimensional 'H-NMR spectra with a size of 16384 data points. 
The temperature gradients were measured in all cases between 300 and 325 K (in steps of 5 K) and are given 
in -dJ /dT  [ppb/K]. 
Coupling constants of CsA taken from [2a]. 
See Footnote d of Table 1. 

Table 4. 'J/H-C(C~),H-C(P)) Side-Chain Coupling Constants of Conformers A (major) and B (minor) of 
[ 'w' .  CS-NHICsA andof [ 4 ~ ' ,  CS-NH; 7y8, CS-NH]CsA (C), Compared to CsA (IT) 

Residue 3J(H-C(c(),H-C@)) 3J(H-C(c( ),W -C@)) 

A B C CsA A B C CsA 

MeBmt' h, 

Abu2 
MeLeu4 ') 
V ~ I '  
MeLeu6 
MeLeu' 
MeLeu" 
MeVal" 

6.8 10.1 5.4 6.3 
~ 2.7 7.4 7.1 

4.1 6.7 4.0 4.2 
10.2 4.8 10.9 10.2 
5.8 11.8 8.0 10.3 

11.1 11.3 11.3 11.2 
7.9 8.5 8.5 8.2 

10.8 10.9 11.1 11.0 

~ ~ 

~ 3.4 
11.6 9.2 

9.5 4.4 
4.4 4.3 
6.5 5.7 

~ 

~ ~ 

7.8 8.0 
11.8 11.8 

7.6 6.0 
4.5 4.6 
5.9 6.5 

~ - 

~~~~~ ~ ~ 

") 

'y) See Footnotes b and d, resp. of Table I .  

The coupling constants (in Hz) are from the E. COSY spectrum. 
[lty'. CS-NHICsA are shown in Table 8. 

The diastereotopic assignments of 

Table 5. Populations [%I of the Side-Chain Rotumers of Conformers A (major) andB (minor) of 
[ 'w ' ,  CS-NH]CsA and of [4y',  CS-NH; 7 ~ x ,  CS-NHICsA (C), Compared to CsA (I)a) 

Residue A B C CsA 

PI PI1 Put PI PI1 PUI PI PI1 PI11 PI PI1 Pill 

7 1 92 47 44 9 49 41 10 Abu' 
MeLeu4 ') 82 14 4 37 60 3 84 13 3 84 14 2 
MeLeuh 29 63 8 84 16 0 46 49 5 30 70 0 
MeLeu' 78 16 6 79 16 5 79 17 4 78 18 4 
MeLeu" 36 48 16 28 54 18 30 54 26 5 1  35 14 

~~~ 

') 
h, 

PI, PI,, and PI,, represent x1 values of-6Oo, 180", and 60", respectively 
See Footnote d of Table 1. 
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4.4 Hz 1020 11.1 Hz 

1040 

1060 

1080 

Hz 

Hz 2840 2820 Hz 2840 2820 

Fig. 10.500-MHz E .  COSY spectrum o~[ ' v / ' ,CS-NH] .  The H-C(a),H-C@) cross-peaks of MeLeu' are shown. 

the 'J(H-C(a),H-C@)) values (see Fig. 10). The obtained coupling constants are listed in Table 4, the popula- 
tions of the rotamers in Table 5. Similarly to CsA [66], no NOE effects were observed in the 500-MHz NOESY [67] 
spectrum at 300 K in CDCI,. Hence, a quantitative evaluation of ROESY spectra was necessary [68a]. Five 
different mixing times (80, 100, 120, 150, and 200 ms) were used, but only the spectra with 80 and 100 ms mixing 
times were quantified. Linear approximation was still adequate in these spectra, according to the buildup rates. 
Distances were obtained using the two-spin approximation and calibration of the distance between methylene 
protons of Sar' of the minor conformer B. The intensities were multiplied by 1.19 to correct for the conformer ratio 
A/B (58 :42). Altogether, 82 ROE effects for A and 62 for B were quantified (see Table 6) .  

Table 6. Comparison of Experimental (ROESY) and Calculated (MD) H-H Distances [A] f o r  Conformers A and B 
of ['v', CS-NH/CsA.  MD1 and MD2 indicate the structure obtained by MD with and without restraintsa). 

Protons Major conformer A 

ROE MDI MD2 ROE MD1 MD2 

Minor conformer B 

MeBmt*'CH,N 
MeBmt*'CH,N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'CH3N 
MeBmt*'H-C(a ) 
MeBmt*'H-C(a) 
MeBmt*'H-C(a ) 
MeBmt*'H-C(a) 
MeBmt*'H-C(a) 
MeBmt*'H-C(a) 
MeBmt*'H-C@) 
MeBmt*'H-C@) 
MeBmt*'H-C@) 
MeBmt*'H-C@) 
MeBmt*'H-C@) 
MeBmt* 'H-C@) 
MeBmt* 'H-C@) 
MeBmt*'H-C(y) 

MeBmt*'H-C(a) 
MeBmt* 'H-CW) 
MeBmt*'OH 
MeBmt* H-C(y ) 
MeLeu' OH-C(y ) 
MeVal"H-C(a ) 
MeVal"H-C@) 
MeVal"CH,(y ) 
MeVal"CH,(y') 
MeBmt*'H-C@) 
MeBmt*'H-C(y) 
MeBmt*'H-C(S) 
Abu2NH 
MeLedH-C(a ) 
Ala7NH 
MeBmt*'OH 
MeBmt*'H-C(y ) 
MeBmt*'CH,-C(y ) 
MeBmt*'H-C(6) 
Abu'NH 
MeLeu4H-C(a ) 
MeLeu"H-C(y) 
MeBmt*'H-C(S) 

3.549 

3.457 

2.00b) 

2.36b) 

2.7gb) 
- 

3.84b) 
3.00') 

2.65 
2.63 
2.69d) 
2.09 
2.48 
3.19 
2.85 
2.50 
2.64b) 
3.84*) 
2.75 
3.52 

1.93d) 

- 

- 

3.59 3.79 
4.33 3.15 
3.58 4.22 
3.27 5.18 

2.41 2.47 
5.01 4.96 
4.55 4.29 

2.60 3.02 
2.49 2.86 
4.38 2.47 
2.12 2.13 
2.60 3.05 
3.37 3.44 
2.08 2.23 
2.98 2.56 
2.80 2.80 
3.10 3.60 
3.56 4.47 
3.01 6.19 

2.64 2.58 

- 

- - 

- - 

3.12b) 
2.259 

3.43b) 

- 

- 

2.07b) 
- 

- 

2.78') 

2.72 

2.14 
2.37 
3.56 

2.66 

- 

- 

- 

- 

- 

3.17 

2.94 
- 

- 

3.78 3.78 
3.13 3.06 
- - 

- - 

4.57 5.26 
2.50 2.54 
- - 

- - 

4.43 4.15 

3.09 3.07 

1.98 2.01 
2.79 3.02 
3.46 3.89 

2.48 2.48 

- - 

- - 

- - 

- - 

- - 

4.41 4.46 

3.64 3.98 
- - 

- - 
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Table 6 (cont.) 

Protons Major conformer A 

ROE MDI MD2 ROE MD1 MD2 

Minor conformer B 

MeBmt*’CH,-C(y) MeLeu4H-Cfa) 
MeBmt* ‘H-C(G) 
MeBmt*’H-C(G) 
Abu2NH 
Abu’NH 
Abu’NH 
Abu‘NH 
Abu‘NH 
Abu’NH 
Abu’NH 
Abu’H-C(a) 
Abu’H-C(E) 

Abu2H-C(a ) 
Abu’H‘-C@) 

Abu’H-C(a ) 

Sar3H-C(a) 
Sar3H-C(a ) 
~ar ,~-C(cc  ) 
s a r 3 ~ - C ( a  ) 
Sar3H-C(a) 
MeLeu4CH3N 
MeLeu4CH3N 
MeLeu4CH3N 
MeLeu4CH3N 
MeLeu4CH3N 
MeLeu4CH3N 
MeLeu4H-C(a ) 
MeLeu4H-C(a ) 
MeLeu4H-C(a ) 
MeLeu4H-C(a ) 
MeLeu4H-C(a ) 
MeLeu4H-C@) 
Val’NH 
Val’NH 
Val’NH 
Val’NH 
Val’H-C(a ) 
Val’H-C(a) 
Val’H-C(a ) 
v~I’H-c(~)  
V~I’H-C(P) 
VaI’CH,(y‘) 
MeLeu6CH3N 
MeLeu6CH3N 
MeLeu6CH3N 
MeLeu6CH3N 
MeLeu6H-C(a ) 
MeLeu6H -C(a ) 
MeLeu6H-C(a ) 
MeLedH-C(a ) 
MeLedH-C(a ) 
MeLeu6H-C(B) 

~, 

MeLeu4H-C(a ) 
MeLeu6H-C(a ) 

Abu’H-C@) 
Abu2CH3(y) 
Val’NH 
Val’H-C(B) 
MeLeu6H-C(a ) 
Ala’NH 

Abu2H-C(a) 

Abu2H-C(B) 
AbuZH’-C@) 
Abu2CH3(y) 
Sar3CH3N 
Sar3CH3N 
MeLeu4CH3N 
MeLeu4H-C(a ) 
MeLeu4H’ -C@) 
MeLeu4H-C(y ) 
Val’NH 
MeLeu4H-C(a ) 
MeLeu4H-C@) 
MeLeu4H’ -C@) 
MeLeu4H-C(y) 
Val’NH 
Val’CH3(y) 
MeLeu4H-C(5) 
MeLeu4H‘-C@) 
MeLeu4H-C(y ) 
MeLeu4CH3(6) 
Val’NH 
MeLeu4H-C(y ) 
Val’H-C(a ) 
v~~’H-c@) 
Val’CH3(y) 
MeLeu6H-C(a ) 
val’~-C@) 
ValSCH3(y) 
~ a i ’ C ~ , ( y ’ )  
MeLeu6CH3N 
MeLeu6CH3N 
MeLeu6CH3N 
MeLeu6H-C(a ) 
MeLeu6H-C@) 
MeLeu6H‘-C@) 
MeLeu6H-C(y ) 
MeLeu6H-C@) 
MeLeu6H’-C@) 
MeLedH-C(y ) 
MeLeu6CH3(S) 
Ala7NH 
MeLeu6H-C(y ) 

2.98 2.97 
2.70d) 3.87 
3.10d) 5.31 
3.04 2.93 

2.78’) 3.43 
3.22 3.35 
4.66 3.52 
3.68 3.56 
3.87 3.36 

- - 

- - 

- - 

2.76’) 2.90 
2.12’) 2.53 

2.13’) 2.52 
- - 

- - 

- - 

- - 

3.53 3.73 
3.19b) 3.77 

2.32’) 2.94 
2.8Ib) 3.74 
2.67‘) 3.27 
2.60‘) 4.15 
2.58 2.56 

3.63 2.81 
2.29e) 3.07 
2.78 2.90 

2.98 2.92 
2.51 2.39 
2.86’) 3.28 

2.86 2.99 
2.44’) 2.93 
2.58b) 3.05 
2.04’) 2.44 

2.62‘) 4.13 
3.43‘) 3.72 

2.6tIb) 3.25 
3.85’) 5.11 
3.20 2.99 
2.65 2.42 
2.96 2.85 

2.11 2.23 
2.91 2.56 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

5.17 
4.43 
2.64 
2.92 

3.37 
3.44 
3.00 
4.26 
3.77 

- 

- 

- 

2.93 
2.50 

2.51 
- 

- 

- 

- 

3.88 
3.76 

2.95 
3.74 
3.44 
4.01 
2.56 

2.13 
3.06 
2.78 

2.91 
2.43 
3.28 

3.00 
2.97 
3.07 
2.44 

4.23 
3.75 

3.24 
5.15 
3.02 
2.50 
2.60 

2.32 
2.67 

- 

- 

- 

- 

- 

- 

- - 

- - 

- - 

3.17 2.93 
2.68 3.23 
2.77b) 2.97 
3.28 3.59 

3.35 3.78 
3.64 4.02 
2.60 2.41 
2.71 2.51 
2.36‘) 3.85 
2.17‘) 2.49 
2.61’) 3.60 

1.95 1.47 
3.32 3.29 
3.08 3.73 

- - 

- 

- - 

- - 

2.79’) 3.30 
2.93b) 3.49 

3.87’) 3.55 

2.91 3.02 
3.02 2.60 
3.10 2.53 

2.30 2.42 
2.54 2.62 
2.97 2.89 

4.35’) 3.71 
3.37 4.62 
2.71 2.38 
2.61’) 2.52 

2.07’) 2.39 
2.81‘) 4.60 
2.77’) 3.65 
3.04‘) 3.77 
2.29’) 2.90 
2.53’) 3.35 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

2.34e) 2.66 
2.18 2.24 
- - 

- 

- 

- 

2.93 
3.67 
3.62 
3.38 

4.42 
4.13 
2.52 
3.02 
2.98 
2.57 
4.71 

1.49 
3.35 
3.70 

- 

- 

- 

3.26 
3.38 

3.89 

3.01 
2.61 
2.49 

2.26 
2.65 
2.90 

3.01 
4.40 
2.99 
2.23 

2.43 
4.94 
4.48 
3.81 
3.04 
3.46 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.75 
2.24 
- 
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Tuble 6 (cont.) 

HFLVETICA CHIMICA ACTA ~ Vol. 74 (1991) 

Protons Major conformer A 

ROE MDI MD2 ROE MDI MD2 

Minor conformer B 

MeLeuhH-C(P) 
MeLeubH-C(y ) 
MeLeu6CH3(S) 
Ala'NH 
Ala7NH 
Ala7NH 
Ala7NH 
Ala'H -C(a ) 
o-AlaXNH 
o-Ala8NH 
o- Ala'NH 
D- AhXH -C(a ) 

MeLeu9CH3N 
MeLeuYCH,N 
MeLeu9H-C(cc ) 
MeLeu9H-C(a ) 
MeLeu"H-C(cc ) 
MeLeu'"H-C(cc ) 
MeLeu"H-C(cc j 
MeLeu'"H-C(a ) 
MeVal"CH3N 
MeVal' 'H-C(a ) 
MeVal"H-C(a ) 

u - A I ~ ~ H - c ( ~ )  

D- Ala'NH 
D-Ala'NH 
Ala'NH 
Ala7H-C(a ) 

o- Ala'NH 
MeVal"CH3N 
D-Ala'NH 
o-Ala'H-C(a ) 
o-Ala'H-C@) 
MeVal"CH3N 
MeLeu9CH3N 
MeVal"CH,N 
MeLeu'H-C(a ) 
MeLeu'H-C(y ) 
MeLeu"H-C(or ) 
MeLeu'OH-C(y ) 
MeLeu' ' H - C V )  
MeLeu"H'-C(P) 
MeLeu"H-C(y) 
MeVal' 'CII,N 
MeVal"H-C@) 
MeVall'CH,(y) 
MCValllCH,(y') 

Ah'H-CV) 

3.38 
3.23 
3.91') 
2.98 
2.42 
2.93 
2.88') 
2.59 
2.96 
2.61 
3.42b) 
2.04') 
2.99') 
3.36') 
3.20') 
1.83 
2.98 
2.79 
2.75 
3.11 
2.12 
1 .99') 
2.34') 
2.4@') 

3.79 
2.80 
3.02 
2.87 
2.67 
3.52 
3.41 
2.56 
2.85 
2.70 
4.01 
2.40 
4.18 
3.74 
3.96 
1.61 
3.68 
3.04 
2.50 
2.47 
2.53 
2.95 
2.91 
3.06 

4.03 
3.27 
3.74 3.58') 
2.89 3.12 
2.74 2.57 
3.75 3.22 
3.20 2.90') 
2.37 2.52 
2.83 3.00 
2.70 2.56 
3.99 3.69') 
2.40 2.08') 
4.65 ~ 

3.71 
4.65 - 

1.49 1.89 
3.95 3.10 
3.02 2.27 
2.52 2.54 
2.66 3.29 
2.52 - 

3.20 ~ 

2.94 ~ 

3.01 

~ 

~ 

~ 

~ 

4.29 
2.89 
2.76 
3.14 
3.24 
2.34 
2.85 
2.72 
3.92 
2.39 

~ 

1.46 
4.08 
3.02 
2.49 
2.80 

~ 

~ 

~ 

- 

~ 

~ 

4.58 
2.89 
2.79 
3.76 
3.09 
2.35 
2.84 
2.72 
3.86 
2.40 

- 

- 

1.50 
4.17 
3.00 
2.44 
2.87 

- 

- 

~ 

") The calibration peaks are not included in Table 6. MeBmt* means replacement of C=O in MeBmt by C=S. 
b, Increased by 1 A (0.3 A) for MD run. ")Increased by 2 A (0.6 A) for MD run. d, Increased by 0.9 A for MD run 
because of the lack of diastereotopic assignment. ') Increased by 2.2 A (1.5 A) for MD run. ') Increased by 3.2 A 
(1.8 A) for MD run. 

The effect of spin diffusion was investigated by using the iterative relaxation matrix approach (IRMA) 
[68b-d], using the intensities of all five mixing times obtained from the ROESY spectra. The conformation 
obtained after 100 ps restrained MD was used as the starting structure. Three cycles of IRMA were run for each 
isomer. 

The first evidence of a new conformation was the observation of a distinct ROE cross peak connecting the 
H-C(a) resonances of Sar3 and MeLeu4 in the minor conformer B (see Fig. 11). This additional strong dipolar 
coupling in the H-C(a),H-C(E) region of the peptide. besides the characteristic MeLeu'-MeLeu'' connectivity, 
provides strong evidence for the occurrence of a new cis peptide bond. All the other amide bonds are fruns, which 
is confirmed by ROE effects between N H  or CH,N and the H-C(cc) of the preceding amino acid. 

Diastereotopic assignment was achieved for the CH2 protons of the Ahu', Sar', and MeLeu residues as well as 
for the Me groups of Val5 and MeVal". For the H-C@), we used a combination of 'J (H-C(a) , II -C(P))  
coupling constants and semiquantitative evaluation of the heteronuclear 3J(H-C@),COj coupling constants from 
the HMRC experiment following a procedure described in [69]. 

However, due to the smaller dependence of cross-peak intensities in the HMBC (sin d d )  compared to a 
COLOC (sin2 nJA) ,  relative cross-peak intensities of the HMBC using J(H,H) values were calculated and 
compared with integrated H-C(P),CO cross-peak intensities [70]. These investigations were carried out under the 
assumption that only the three staggered rotamers around the C(cc)-C@) bond are populated. In the major 
conformer A, the coupling constants of the four MeLeu residues and the corresponding conformational equilibria 
are almost identical to those of CsA: MeLeu4 and MeLeu' prcfer the conformationx, = -6Oo(P,j, MeLeu6 prefers 
xl = 180° (PI,), whereas in MeLeu" there is no strong preference of one conformation. These conformational 
preferences were also reflected in the mean MD conformation (not energy-minimized; see Tubk 8). However, such 
a mean value has only limited physical meaning, because there is certainly dynamics involved in the side-chain 
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(14.90 

9a/lOa (A) 

lW6a (B) 

4.95 

5.00 

1 5.05 
5.10 

i 
1973 

I l i l  l 1 , i l I l i i  i l l l l i l l i  I 1  l i l i l l l  I 

PPm 5.6 5.5 
Fig. 11.500-MHz RUESY(1nixing time 200 nis)of the ci,ci-wgion o ~ ' ( ' ~ ' , C S - N H / C S A . T ~ ~  a,a -correlation at 4.96 
and 5.43 ppm of the minor conformer B (Sari-MeLeu4) indicates the presence of an additional cis peptide bond. 

rotations. In the minor conformation B of ['y/',CS-NH]CsA, a distinct change in the populations occur for 
MeLeu4 and MeLeu6, with inverted preferences for the corresponding x angles (see Tuble 5) .  On the other hand, the 
loop region about MeLeu' and MeLeu" seems not to be changed at all. Similarly to the observations concerning 
the backbone atoms, the population of the MeLeu side chains in position 9 and 10 also remains unchanged. This 
supports the conclusion from the chemical shifts and the ROE values, that this loop region is relatively rigid and 
not changed by cisltrans-isomerism about the Sar3-MeLeu4 peptide bond. The 2 H-C@) of Abu' of the major 
conformer A show identical chemical shifts. For the minor conformer B, the stereospecific assignment was possible. 
The diastereotopic assignments of the Sar3 H-C(a)  were carried out with H-H distances derived from the 
ROESY spectra, using the structure obtained from an MD run without diastereotopic assignments. In this crude 
model, the assignment was based on chemical-shift arguments and distances: the chemical shifts of H-C(c() in the 

Table 7. AssignedDiustereoisotopic Protons of Conformers A (major) andB (minor) of/ 'y/ ' .  CS-NH fCsA 

") 
b, 

Assignment of H-C(a)  and R - C ( a )  instead of H-C@) and H'-C@), resp 
Assignment of CH3(y)  and CH3(y') instead of H-C@) and H'-C@), resp. 

74 
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plane of the carbonyl C-atom is shifted downfield compared to the other proton. This is confirmed by the results 
from H-H distances. The assignments of the diastereotopic Me groups of MeVal" was easily obtained, because 
the ,J(H-C(a),H-C(P)) values of both conformations were larger than 10 Hz (see Table 4 )  fixing the ,yl = -60° 
conformation. The assignment is carried out by analysis of the ROE effect of the neighboring MeN groups. The 
same is true for Val5 in the major conformer A, whereas in the minor conformer B this residue exhibits a coupling 
constant of only 4.8 Hz. This allows for the population of two different rotamers in an unknown ratio. Therefore, 
no assignment was possible. All assigned diastereotopic protons and Me groups are shown in Table 7. 

3.3.2. Structure Refinement by Molecular-Dynamics ( M D )  Simulations. Restrained molecular-dynamics 
(MD) calculations in vucuo were used for both conformations. The MD calculations and the analysis of these data 
were carried out with the GROMOS (groningen molecular simulation programs) program library [71]. The 
INSIGHT program (Biosym) was used for the interactive modelling of the molecule. All calculations were 
performed on the Silicon Graphics 4D/24OSX and 4D/70GTB computers. 

The structure of CsA in CDCI,, which was recently re-investigated [4], was used as the starting structure for 
the MD calculation of the major isomer A. For the minor isomer B, the input structure was modified in such a way 
that the amide bond between the residues 3 and 4 is a cis peptide bond and energy-minimized afterwards. 

Parameters for the C=S bond are not included in the standard GROMOS package, therefore, we used the 
reported value of 1.66 8, (for thiopeptides) for the C=S bond length [19c] [22] [32], although slightly shorter and 
longer distances were published. Further bond lengths and angles were not changed; they are very similar to those 
which are known from amides [72]. For the force constant of the C=S bond, we used the value of the C=O bond 
reduced by 10%. The partial charge of the atoms was estimated from a comparison with corresponding values for 
C=O (+0.38, -0.38), C-0-H (0.15, -0.55, 0.39), C-S- (0.2, -0.2), and C-S-H (0, -0.064, 0.064) to C=S 
(0.15, -0.15). The lone pairs of the S-atom were not taken into consideration [73]. 

A harmonic restraint function was used for upper and lower boundaries, with a distance-restraint function 
switching from harmonic to linear, when the deviation is greater than 10% from the target distance. The upper 
bond distance was increased by 1 A for Me groups, 0.90 8, for nonstereospecifically assigned protons, and 2.20 8, 
for nonstereospecifically assigned Me groups. For all other protons, the upper bond constraint was increased by 
5 % to take account of errors in calculation of distances. In a second approach, we used an increase of the upper 
bond distance of only 0.3 A for Me groups and 1.50 A for nonstereospecifically assigned Me groups, according to 
a recent pUbliCdtiOn [68d]. This is of special interest for CsA and its derivatives because of the large number of Me 
groups present in this molecule. In 39 of the 82 ROE effects of the major conformer A of ['ip2,CS-NH]CsA, a Me 
group is involved (26 of 62 for B). Prior to the MD run, each starting structure was energy-minimized with distance 
restraints, using the steepest descent algorithm (400 steps). To insure that the starting structure does not persist in 
a local minimum, the temperature of the system was raised up to 1000 K for 2 ps by coupling it to a thermal bath. 
For the following 3 ps, the temperature was reduced to 600 K. After these 5 ps of high-energy dynamics, the system 
was allowed to relax to 300 K for 5 ps. During these first 10 ps of MD, a force constant (Kdc) of 4000 
kJ.mo1-l. nm-* was applied for the constraining potential of the NOE-derived distances. For the following 90 ps 
of constrained MD, a Kdc of 1000 kJ mo1-l. nm-* was used. The structure averaged over the last 60 ps (from 40 to 
100 ps) has been energy-minimized using a Kdc of 1000 kJ.mo1-l .nrn-* with the conjugate gradients algorithm. For 
both conformers, a further 300 ps of molecular dynamics without restraints were run, to insure that the conforma- 
tion is stable. The free MD was carried out for both conformers with 0.3 and 1.0 8, for the Me-group correction. 
The only significant difference in the restrained- and free-dynamics calculations in uacuo is the orientation of the 
MeBmt*' side chain in the major conformer A (see below). Hence, we also performed molecular-dynamics 
calculations in CHCI,, to be sure that the orientation is not determined by in vacuo effects. The parameters for 
CHCI, are not included in the standard GROMOS package: values according to a recent publication [74a] were 
utilized [74b]. The conformation obtained after 100 ps of MD in vacuo was used as the starting structure for the 300 
ps CHC1, calculation. The first 50 ps were run with distance restraints and a forceconstant of2500 kJ.mol-' .nm-2; 
the following 250 ps were carried out without restraints. The temperature for MD in CHCI, was 500 K. 

3.3.3. Results of the Calculations. The resulting conformations from the restrained 
MD calculations for conformers A (major) and B (minor) are shown in Figs. 12 and 13. 
The calculations using 0.3 or 1.0 A for correction of the Me groups show no structural 
differences within experimental error. Of course, the restraint energy has increased, when 
shorter lower boundaries are used. Spin diffusion has only a minor effect under these 
experimental conditions as shown by the IRMA calculations. For each conformer, three 
IRMA cycles were performed, the r.m.s. of all these structures compared to the starting 
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structure, obtained from the restrained MD run, are ca. 0.1 (for the backbone atoms). 
The cis amide bond between MeLeu' and MeLeu'' is confirmed in both conformers by 
the strong H-C(a),H-C(a) ROE between these two residues. The new cis peptide 

Fig. 12. Stereoplot of'the uceruged and energy-minimized M D  structure (after 100 ps) of the major conformer A of 
/ ' ~ J * , C S - N H ] C ~ A .  The 0-atoms are filled and the N-atoms stipled. 

Fig. 1 
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bond in B is indicated by the strong ROE between the H-C(a) of Sar3 and MeLeu4. 
Besides this alteration, the backbone conformations of both A and B are very similar. The 
MeBmt*' side chain is folded over the backbone in B and partly folded in A, according 
to 'J(H-C(a),H-C(P)) 01' =-70" for A and x,=-l80" for B). The H-bond 
MeBmt*'OH,MeBmt*'CS is, as expected from previous structural studies of CsA in 
solution, disrupted in B, similar to the crystal structure. In A, this H-bond exists, as is the 
case for CsA in CDCI,, but the orientation of the side chain is different. A qualitative 
proof can be obtained from the 'H-NMR spectra, because no correlation to the OH 
group can be seen. Another proof is obtained from the chemical shifts of the carbonyl 
C-atoms: the one of A shows a downfield shift of 2.8 ppm compared to B, indicating an 
H-bond. In Fig. 14, the xl and x2 dihedral angles of MeBmt*' of A from the different 
calculations are shown. In the in vucuo calculations, the H-bond is disrupted after the 
restrained part of the MD run, and the side chain extends over the backbone. Similar to a 
previous observation for CsA itself, the side chain of MeBmt*' folds over the peptide ring 
in in vucuo calculations during the free MD. The calculations in CHCI, also show the loss 

4 
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Fig. 14. xI (a) andx, (b) ofMeBmt*' in conformer Ajrowi the fwu simulations using difyerent Me-group correction 
factors. Top: correction factor of 100 pm; bottom: correction factor 30 pm. 
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Table 8. Side-Chain Dihedral Angles ["I ofConformers A (major) andB (minor) of ('I,V', CS-NHICsA, Compared 
to the Values of CsA Derived.!from the Structure in Solution (CDCl?) and in the Crystal") 

MeBmtl d, xI  
x2 
x 3  
x4 

xs 
Abu' XI  

MeLeu4 x, 
x2 

va15 XI 

MeLeu6 xI 
x 2  

MeLeu' x I  
x2 

MeLeu'" ,yl 
x 2  

MeVal" xl 

- 76 (7.6) 
163 (9.9) 

- 139 (59.5) 
180 (8.2) 

- 87 (20.8) 

- 112 (48.8) 

- 71 (9.0) 
- 68 (9.0) 

- 61 (8.9) 

- 171 (7.5) 
- 163 (13.9) 

- 71 (12.4) 
- 92 (30.8) 

- 165 (8.9) 
- 126(31.4) 

- 61 (10.7) 

- 169 (9.4) 
72 (10.7) 

165 (49.4) 
- 165 (37.6) 
- 180 (7.6) 

- 77 (27.2) 

- 74 (15.4) 
- 84 (30.9) 

- 61 (9.1) 

- 168 (9.0) 
- 134 (30.5) 

- 103 (41.0) 
- 114(41.0) 

- 167 (10.0) 
- 142 (29.6) 

- 57 (10.0) 

- 178 (6.1) 
64 (8.1) 

159 (43.6) 
179 (7.8) 

- 149 (22.6) 

57 (10.7) 

- 144 (28.4) 
- 133 (37.4) 

- 169 (9.2) 

- 175 (9.4) 
- 11 1 (22.7) 

- 122 (43.2) 
- 126 (39.8) 

- 171 (8.0) 
- 158 (14.2) 

- 56 (8.4) 

- 173 (9.3) 
68 (10.6) 

135 (342.4) 
180 (7.8) 

- 152(21.2) 

- 98 (70.1) 

- 139 (38.3) 
- 129 (41.5) 

- 47 (33.1) 

- 139 (44.7) 
- 118 (40.2) 

- 103 (40.9) 
- 113 (38.5) 

- 165 (17.3) 
- 158 (21.9) 

- 61 (10.1) 

- 166 
74 

- 179 
- 126 
- 175 

- 178 

- 51 
- 54 

- 51 

- 176 
- 177 

- 54 
- 63 

- 163 
- 169 

- 53 

- 77 (2.8) 
91 (2.7) 

- 180 (3.8) 
168 (17.1) 

- 180 (2.3) 

- 70 (4.2) 

- 151 (13.3) 
- 172 (4.6) 

- 61 (2.5) 

- 178 (2.3) 
- 175 (2.7) 

- 60 (2.6) 
- 70 (3.7) 

- 148 (9.5) 
- 78 (6.3) 

- 60 (2.4) 

") 
b, Data taken from [4]. 
') Data taken from [4]. 
d, 

The values in parentheses denote the r.m.s. fluctuation obtained by averaging. 

See Footnote b of Table I .  

of the H-bond, but the side chain remains outside the backbone. In CHCl, during free 
MD, the side chain is extended into the solution. But in all calculations without con- 
straints, the H-bridge between the MeBmt*'OH and the C=S group is disrupted, regard- 
less of the side-chain conformation of MeBmt*'. The a,,h'-coupling constants indicate 
averaging consistent with the rotation found in the MD calculations. For conformer B, 
the large coupling constant indicates a large population of one rotamer consistent with 
the MD calculations. It is important to note that the orientation of this crucial side chain 
is well defined by experimental constraints; in the major conformer A, 16 NOES involve 
the MeBmt*' spin system. The side-chain dihedral angles of all residues are shown in 
Table 8. 

All NH protons of both conformers are involved in internal H-bonds, as it was the 
case for CsA, with some differences in the populations of these H-bonds (see Table 9) .  
A large deviation of both A and B of ['I,v~,CS-NH]CSA from CsA is the 
Ala'NH,MeVal"CO H-bond, which is populated to 73 YO in CsA, 100 % in A, and 99 O h  in 
B. The largest deviation is found for Ala7NH,Va15C0, which is 97% populated in CsA, 
but only 10% in A and 18 % in B. 

The calculated averaged backbone dihedral angles are given in Table 10. The values of 
the backbone and the side-chain dihedral angles calculated for A and B are consistent 
with the experimentally determined values. The averaged torsions between Abu2 and Val' 
are not in complete agreement with the standard values for a pI1'-turn for A and for the 
pVI-turn for B. The obtained dihedral angles for the i + 1 position are in good agreement 
for the proposed turns, but in the i + 2 position larger deviations are found. 
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3.3.4. Flexibility and Fluctuations. We are aware of the fact that the initial assumption of a rigid molecule in the 
determination of distances is in contradiction to the flexibility of peptide systems in solution. This is especially true 
in the light of recent results showing that the introduction of dynamic equilibria may considerably improve 
constrained MD simulations [75].  From this point of view, we present here a static picture of a structure which in 
some parts of the molecule deviates far from reality, e.g. according to the analysis of the 'J(H-C(a),H-C@)) 
coupling constants, the side chain of MeLeul' adopts more than one conformation, but only one conformation is 
shown in the Figures and Tables of the 'mean' structure. 

3.4. Discussion. A very interesting observation is the occurrence of two almost identi- 
cally populated conformers of ['iy2,CS-NH]CsA in contrast to CsA, wherein a second 
conformation is only populated to 6%. The structure of this minor populated conforma- 
tion of CsA is not yet disclosed by us"). The conformation of the major conformer A of 
['iy2,CS-NH]CsA is very similar to the CsA conformation, while the minor conformer B 
shows an additional cis peptide bond between the residues Sar' and MeLeu4. In spite of 
this change in the backbone, the rest of B is similar in conformation to CsA: the 
antiparallel P-pleated sheet is preserved with three H-bonds bridging the two short 
P-strands. The two main parts of CsA, the P-fragment between the residues 11 to 7 and 
the loop region between the residues 7 to 11, are very close to the corresponding regions of 
the ['iy*,CS--NH]CsA structures A and B. The introduction of the cis peptide bond in the 
pII'-turn leads to a change to a pVI-turn. The MD calculation exhibits a quite flexible 
P-structure in both conformers of ['I+V~,CS-NH]CSA as well as in CsA. In contradiction 
to naive expectations, the loop region on the other side of the molecule is more rigid. 
Interestingly, the conformational change occurs in the flexible part. For us, the surprising 
result is the major conformational change far from the position where the OjS exchange 
took place, whereas next to this position, no strong changes are observed. It might be that 
this position belongs to the rigid part of the molecule, and the strain induced by the OjS 
exchange can only be released in the flexible region. A cisltrans-isomerism between i + 1 
and i + 2 of a p-turn in fact does not alter the geometry significantly. However, these 
speculations still do not explain why there is this dramatic increase of the population of 
the cis Sar3-MeLeu4 peptide bond in going from CsA to ['yP,CS-NH]CsA. 

4. X-Ray Crystallography of [4$,CS-NH; 'y*,CS-NH]CsA. - Compound 
[4y5,CS-NH; 'iy*,CS-NH]CsA was crystallized from Et,O as colorless prisms, and the 
structure was determined by X-ray crystallography. A stereoview of this dithio analogue 
is shown in Fig. 15, and compared with that of CsA in Fig. 16. 

The X-ray structure backbone conformation of the dithio compound is similar to that 
found in the X-ray structure of the parent CsA. A least-squares fit of the eleven C(a) 
atoms gives a root mean square deviation of less than 0.8 A. The main features, including 
the cis 9-10 peptide bond, and the type PII'-turn involving residues 2-3-4-5, are con- 
served, as are the intramolecular H-bonds between Abu2NH,ValSC0, Sar3C0,Va15NH, 
and AlaNH,MeVal"CO. The D-Ala8,NH,MeLeu6C0 y -turn H-bond is not found in the 
dithio structure. It appears that the bulk of the S-atom between residues 7 and 8 induces a 
tilt of the 7-8 amide moiety, moving N(a) of residue 8 away from the C=O of residue 6. 

' I )  The minor conformation of CsA has been recently identified by Dr. Widmer (Sandoz Pharma AG, Basel) to 
contain two cis peptide bonds: residues 3 4  and 9-10. Therefore, our results with conformations A and B of 
['v2,CS-NH]CsA are very similar to the conformations CsA, the only difference being the relative popula- 
tions. We thank Dr. Widmer for the information. 
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The most dramatic change in the dithio structure is the completely new conformation 
of its MeBmt' side chain, which permits a strong H-bond to form between MeBmt'OH 
and Sar'CO. There are no intermolecular H-bonds observed in the crystal. 

5. Immunosuppressive Activity of Thiocyclosporins. - 5.1. IL-2 and ILL-8 Reporter 
Gene Assays. As a very potent immunosuppressive drug, cyclosporin A strongly inhibits 
the inducible gene expression of cytokines in human T-cell [76]. To access the effects of 
S-substitutions on the biological activity, we performed gene induction/inhibition experi- 
ments in the human T-cell line Jurkat. In this assay system, the easily inducible reporter 
genes interleukin 2 (IL-2) and interleukin 8 (IL-8) were chosen to determine the immuno- 
suppressive activities of the thiocyclosporins. In each assay, a constitutively expressed 
p-actin gene acts as a positive control, demonstrating that a lack of signal in a particular 
experiment is not due to cell death after the experimental procedure but due to the 
inhibitory effect of the substance used. 

In  each of the induction experiments, human T-cell line Jurkat was preincubated with 
a cyclosporin sample, then costimulated with phytohemagglutinin (PHA) and phorboi- 
12-myristate-13-acetate (PMA). In total, nine thiocyclosporin samples were tested in this 
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b) (‘ty’,CS-NH; ’ ~ ~ ‘ , C S - N H ] C . S A  

assay, together with CsA”)”). Under the experimental conditions (see Exper. Part), CsA 
completely inhibits the PHA/PMA-induced cytokine mRNA accumulation and, there- 
fore, serves as a control for inhibitory effects in the assay. Stimulation with PHAjPMA 
alone gives rise to a maximum of cytokine mRNA accumulation and plays the role as a 
positive control for inducible gene expression. In each assay, the induced cytokine 
mRNA accumulation was quantified, after hybridization with a radiolabelled synthetic 
oligonucleotide probe, by densitometry. 

5.2. Data Analysis. The Northern blots for the 13 probes, including a medium control 
and a positive control, are reproduced in Fig. 17. For each probe, the densitometric 
reading for IL-2 or IL-8 (Fig. 17b) was first standardized against the reading for a-actin 
(Fig. 1 7 ~ ) .  This ratio was then compared with that of the positive control (PHA/PMA, 
Sample 2, Fig. 17) which serves as 100% induction (0 % inhibition), and with that of CsA 
(Sample 3 )  which serves as 100% inhibition. The results are presented in Fig. 18. 

I*) 

1 3 )  

Ofthe nine thiocyclosporins, seven were identified by NMR spectroscopy (see Footnote 8). For the other two 
samples, only the S-content was determined by MS (see Fig. 17). 
Figs. 17 and 18 also contain an unrelated cyclosporin-A sample (Sample 13).  
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Fig. 16. Superinipo.\rlioir o/ /lie rrlused stereoviews of the crystal structures oJ C .\.-I (red) ond [4ty'.CS-NH; 
' ty8 ,CS-NH]CsA (green). The eleven C(a)-atoms used give an r.m.s. deviation of 0.8 A. 
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Fig. 11. a) Size-jiractionurrd RNA ~ u r i i p l e ~  of 10 pg cuch on u 1.2% jormuldehyde ugurose gel (the migration of 28s 
and 18s ribosomal RNA's is indicated and visualized by ethidium bromide staining). Sample I ,  culture medium 
control; 2, PHAjPMA (positive control); 3, CsA (1) + PHAjPMA (maximum inhibitory control); 4, 
['y/',CS-NH]CsA + PHA/PMA; 5, [4y/S,CS-NH]C~A + PHA/PMA; 6, [7y18,CS-NH]C~A + PHA/PMA; 7, 
['v2,CS-NH; 4y15,CS-NH]CsA + PHAjPMA; 8, [4y15,CS-NH; 7yls,CS-NH]CsA + PHA/PMA; 9, a trithio- 
cyclosporin12) + PHA/PMA; 10, ['y2,CS-NH; 4y15,CS-NH][MeBmt(SH)*']CsA + PHA/PMA; 11, 
['y/',CS-NH; 4y/5,CS-NH; 7y/8,CS-NH]CsA + PHAjPMA; 12, a tetrathiocyclosporin Ai2) + PHA/PMA; 13, 

an unrelated cyclosporin Ai3) + PHA/PMA. 
b) RNA was transferred to a nylon filter membrane and hybridized to synthetic oligonucleotide probes for IL-2 and 

IL-8 mRNA, respectively. 
c) The samefilter as used in b) was rehybridized with a synthetic oligonucleotide probe for p-actin mRNA to control for 
equal RNA amounts. All oligonucleotide probes were radiolabelled at their 3'-end with (a -32P)dATP by terminal 

transferase. 

5.3. Structure-Activity Relationship. We have learned over the years that any discus- 
sion of structure-activity relationship without firm knowledge on the three dimensional 
conformation is meaningless. Even for those compounds whose conformations have been 
elucidated by NMR or X-ray crystallography (e.g., ['ty2,CS-NH]CsA or [4ty55,CS-NH; 
'ty*,CS-NH]CsA), there is always a risk that the receptor-bound conformation might be 
different from the crystalline or solution (CHC1,) conformation (vide supra). 

A glance at Fig. 18 reveals that S-substitution in CsA generally results in a decrease in 
the immunosuppressive activity. None of the nine thiocyclosporins was found to be as 
immunosuppressive as CsA. The negative effect might be cumulative: an analogue with 
higher S-content shows lower activity. But certainly other factors are also involved in the 
low activities of some of the multithio derivatives. 
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Fig. 18. Relative density of signals obtained by laser densitometry for IL-2 and IL-8 m R N A  in unstimulatrd and 
stimulated human T-cells Jurkat. Results represent the mean of duplicate determinations; see Fig. 17 for the sample 

identifications. 

Among the five identified monothio- and dithiocyclosporins, ['ty2,CS-NH]CsA 
shows the highest activity, followed by [7ty8,CS-NH]CsA. The third monothiocy- 
closporin, [4ty5,CS-NH]CsA, shows immunosuppression as low as the two dithio sam- 
ples. These results might imply that the amide 0-atom of MeLeu4 is involved in the 
binding process(es). 

Considering that ['ty 2,CS-NH]CsA exists in CHCl, as a mixture of two similarly 
populated, slowly exchanging conformers, the relatively high activity of this compound is 
noteworthy. Relevance of the minor conformation (with its additional cis peptide bond) 
to immunosuppressive activity is not clear. 

If we assume that the conformation of [7ty8,CS-NH]CsA is similar to the crystalline 
conformation of [4ty5,CS-NH; 7ty8,CS-NH]CsA around the residues 6-8, some activity 
found with these two analogues might imply unimportance of the D-Ala' NH,MeLeu6C0 
y-turn H-bond for the immunosuppression. 

Experimental Part 

1. General. Cyclosporin A (1) was provided by Sandoz Pharma AG, Basel. The kwesson  reagent 2a was 
purchased from Fluka and used without further purification. DMPU was provided by BASF AG and distilled from 
CaH, prior to use. Flash chromatography(FC): according to [77]. HPLC: Knauer HPLC using RP8 or RP18 prep. 
columns. UV: A,,, ( e )  in nm. 

2. Thioxo-de-oxo-bisubstiturion ('Thionation') of Cyclosporin A (1) in DMPCI. To a soh. of 1 (6.0 g, 5.0 mmol) 
in DMPU (200 ml), 2a (6.0 g, 14.8 mmol) was added and stirred at r.t. for 4 days. The mixture was diluted with 
Et20 (1200 ml) and washed with H20 (4 x 250 ml) and brine (2 x 150 ml), the combined aq. phase extracted with 
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Et,O (2 x 100 ml), and the org. combined phase dried (Na2S04), and evaporated. The crude product was purified 
by FC (SiO,, 1 % MeOH/Et,O -+ 3% + 6%). The partially purified fractions were resubmitted to FC (SiO,, 33 % 
H,O-sat. AcOEt/Et,O --t loo%), then to repeated HPLC (RP8 column, 15-19% H,O/MeOH), and then to a final 
FC (SiO,, MeOH/Et,O): 106 mg(1.7%) of['y/2,CS-NH; 4y/5,CS-NH]CsA, 733 mg(12%) of['y2, CS-NHICsA, 
135 mg (2.2%) of [7y/8,CS-NH]CsA, 170 mg (2.8%) of [4y/5,CS-NH]CsA, and 2.814 g (46.9%) of unreacted CsA. 

['y/'.CS-NH; 4y/',CS-NH]CsA : [aID = -349.7 (c = 0.69, CHCI,). IR (CH,Cl2): 2950, 2920, 1670, 1630. 
UV (MeOH): 273 (17886). FAB-MS: 1235 ([MH]'). Anal. calc. for C62HlllNl1010S2: C 60.31, H 9.06, N 12.48, S 
5.19;found:C59.51,H8.93,N12.21,S5.14. 

[ ' w ~ . C S - N H / C S A :  [a]D = -319.5 (C = 1.00, CHC13). IR (CH2C12): 3060, 2950, 2930, 1670, 1630. UV 
(MeOH): 274 (8922). FAB-MS: 1218 ([MH]'). Anal. calc. for CS2HIIINI1OI1S: C 61.10, H 9.18, N 12.64, S 2.63; 
found:C60.52,H9.11,N12.40,S2.64. 

[7y /8 ,CS-NH/CsA:  [a],, = -192.3 (c = 0.30, CHCI,). IR (CH2C1,): 3060, 2950, 2930, 1670, 1630. UV 
(MeOH): 264 (5441). FAB-MS: 1218.9 ([MH]+). 

(MeOH): 271 (9347). Anal. calc. for C62H,llNl,011S: C 61.10, H 9.18, N 12.64, S 2.63; found: C 59.58, H 9.17, 
N 12.09, S 3.02. 

[ 4 y / 5 , C S - N H / C ~ A  : [a],, = -284.8 (C = 1.22, CHCI,). IR (CH2C12): 3060, 2950, 2930, 1670, 1625. UV 

3. Thioxo-de-0x0-bisubstitution of Cyclosporin A (1) in THF. To a soln. of 1 (300 mg, 0.25 mmol) in THF (15 
ml), 2a (550 mg, 1.4 mmol) was added. The flask was placed in an ultrasonic bath, maintaining the temp. below 40". 
After 14 h, the mixture was diluted with Et20 (100 ml) and washed with H 2 0  (4 x 50 ml) and brine (2 x 50 ml). The 
org. phase was dried (Na,SO,) and evaporated. FC (SiO,, 3% MeOH/Et,O) followed by HPLC (RP8, 15% 
H20/MeOH) yielded 69 mg (22.5%) of [4y/5,CS-NH; 7y/*,CS-NH]CsA14) and 61 mg (20%) of 
[7y/8,CS-NH]C~A, 

(4y/',CS-NH; 'y/*,CS-NHJCsA: [a],, = -235.7 (C = 1.06, CHCI,). IR (CH2CIz): 2950, 2930, 1680, 1625. 
UV (MeOH): 267 (19069), 336 (100.8). FAB-MS: 1234.6 ([MH]+). Anal. calc. for C62Hl,,N,1010S2: C 60.31, 
H 9.06, N 12.48, S 5.19; found: C 59.21, H 8.90, N 12.31, S 4.75. 

4. NMR-Spectroscopic Investigation. 4.1. General Measurement Conditions. All spectra are recorded at 300 K 
on a Bruker-AMXSOO spectrometer (v,('H) = 500.13 MHz; vo(l3C) = 125.75 MHz), except the 'H,'H-DQF-COSY 
and the HMQC with TOCSY transfer which are obtained with a Bruker AMX600  spectrometer (v,('H) = 600.13 
MHz; vo(l3C) = 150.90 MHz), both equipped with Bruker Aspect X32 computers for processing. All spectra are 
recorded with quadrature detection in all dimensions, TPPI [79] is used in Fl and Fz with 3D spectra. All 
information about sizes and data points of the spectra are given in real points. With the exception of the pulse 
sequences in Fig. 5, all pulse sequences are given without phase cycling. All 'H-detected heteronuclear experiments, 
except the HMBC, are run using a BIRD, pulse (90°,('H)-D2-180",('H), 180°,('3C)-D2-900x ('H))[80] in the 
preparation period of the pulse sequence to suppress protons bound to I2C. This technique allows for rapid pulsing 
and very short relaxation delays [81]. The recovery delay D,, occuring in these experiments, covers the time between 
the end of the BIRD, pulse and the beginning of the pulse sequence. The processing of the 3D spectra is also done 
on a Bruker X32 with the standard 2D software and some additional homewritten programms to produce the slices 
of the 3D-HTQC-TOCSY shown in Fig.8. In addition, the 3D-HQQC-TOCSY is processed on a Convex C l X P  
with the software of Dr. H .  Oschkinat (MPI fur Biochemie, Martinsried) [Sib], the 3D display of the spectrum 
shown in Fig. 7 is also produced with this software, displayed on an Euans and Sutherlund PS390 graphic system 
with FRODO [SIC]. A sample containing 17 mg/0.5 ml of ['ylz,CS-NH]CsA in degassed CDCI, is used for all 
measurements, leading to an overall concentration of 28 mmol/l. The concentration of the major and minor isomer 
are 16 and 12 mmol/l, resp. 

4.2. I D  'H-NMR Spectra. Size 16 K, sweep width 5555.56 Hz, pulse length 8.0 ps (ca. 82" pulse), relaxation 
delay 2.0 s, 128 acquisitions, single zero-filling. The spectra for determination of the temp. gradients are recorded 
between 300 and 325 K in steps of 5 degrees (30 to 40 min between each temp.). 

4.3. ID '3C-NMR Spectrum. Size 32 K, sweep width 27777.78 Hz, pulse length 6.0 ps (ca. 60"pulse), relaxation 
delay 2.5 s, 25000 acquisitions, single zero-filling (measuring time 21 h 30 min). 

4.4. DQF-COSY Spectrum. Sequence: D,-90"-tl-90"-D2-90"-t2. Relaxation delay Dl = 2.0 s, Dz = 2 ps, 90" 
pulse 7.7 ps, acquisition time 307.2 ms, sweep width in Fl and F2 6666.67 Hz, size 2 K, 64 acquisitions, 512 
increments, double zero-tilling in Fl and apodization with a squared rc/2-shifted sine bell in both dimensions 
(measuring time 21 h 14 min). 

14) This compound was independently prepared by Bollinger ; see [78] 
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4.5. TOCSY (HOHAHA) Spectrum. Sequence: D,-90°-t,-MLEV17-t2. Relaxation delay D ,  = 2.0 s, mixing 
time for MLEV-I7 (10.4 kHz) 81.0 ms, 90" pulse 24.0 ps, acquisition time 368.6 ms, sweep width in F, and F, 
5555.56 Hz, size 2 K, 32 acquisitions, 390 increments, zero-filling up to 1 K in F,  and apodization with a squared 
n/2-shifted sine bell in both dimensions (measuring time 8 h 44 min). 

4.6. NOESY Spectrum. Sequence: Dl-90"-t,-90"-r~i,-900-t2. Relaxation delay D ,  = 2.5 s, mixing time 
r,,, = 150 ms, 90" pulse 10.3 ps, acquisition time 368.6 ms, sweep width in F, and F2 5555.56 Hz, size 2 K, 32 
acquisitions, 512 increments, single zero-filling in F, and apodization with a squared n/2-shifted sine bell in both 
dimensions (measuring time 13 h 53 min). 

4.7. ROESY Spectra. Sequence: D,-90"-t,-90"-spinlock-90°-t2. Relaxation delay D ,  = 2.5 s, mixing times for 
spinlock (4 kHz) 50, 80, 100, 120, 150, and 200 ms, 90" pulse 10.3 ps, ROESY pulse 1.5 ps, acquisition time 368.6 
ms, sweep width in F, and F2 5555.56 Hz, size 2 K, 56 acquisitions, 512 increments, single zero-filling in F, and 
apodization with a squared n/2-shifted sine bell in both dimensions (measuring times 16 h 2 rnin ( T ~  = 50 ms), 16 h 
55 rnin (5, = 80 ms), 17 h 3 min (5, = 100 ms), 17 h 11 rnin (7, = 120 ms), 17 h 24 rnin ( ~ ~ 1 5 0  ms), and 17 h 44min 
T ,  = 200 ms)). Before calibration, the integrals are offset corrected. 

4.8. E.COSY Spectrum. Sequence: Dl-90"-t,-90"-D2-90"-t2, phase cycling for three-spin E.COSY is applied 
according to [82]. Relaxationdelay D ,  = 1.3 s, D2 = 2.5 ps, 90'pulse 8.7 ps, acquisition time 737.3 ms, sweep width 
in F,  and F2 5555.56 Hz, size 8 K, 60 acquisitions, 784 increments, zero-filling up to 1 Kin F, and apodization with 
a squared n/3-shifted sine bell in both dimensions (measuring time 31 h 5 min). 

4.9. 'H,"C-HMBC-S-270 Spectra. Sequence: D,-90"(1H)-D2-270o~,l(13C)-tl/2-1800(1H)-tl/2-900(13C)-t2(~H). 
Relaxation delay D ,  = 1.3 (1.5) s, D,  = 60 ms, 90" pulse 10.8 ps(lH), 12.7 (13.0) ps(I3C), 2 ms for the 270" soft 
pulse(I3C), acquisition time 368.6 ms, sweep width in F, 2000 (500) and in F, 5555.56 Hz, size 2 K, 256 acquisitions, 
128 increments, zero-filling up to 1 Kin F, and apodization with a squared n/2-shifted sine bell in the F, dimension 
and Lorentz-to-Gauss multiplication in F2 (GB = 0.2, LB = -20). The spectrum is recorded and processed phase 
sensitive, followed by a magnitude calculation in the F2 dimension. tl-Ridges are eliminated by subtracting 
co-added rows of a region without cross-peaks from the whole 2D matrix, using the AURELIA [83] program 
(measuring time 15 h 50 min, 18 h 13 rnin). 

4.10. 'H,13C-HMQC Spectrum. Sequence: D,-90"(~H)-Dz-90"(13C)-tl/2-1800(1H)-t,/2-900('3C)-D2-t2(~H), 
GARP decoupling. Relaxation delay D ,  = 68.8 s, D2 = 3.57 ms, D, = 140.8 ms, 90°pulse 10.8 ps('H), 12.0 ps(I3C), 
acquisition time 184.3 ms, sweep width in F, 16666.67 and in F2 5555.56 Hz, size 2 K, 48 acquisitions, 512 
increments, single zero-filling in F, and apodization with a squared n/2-shifted sine bell in both dimensions. 
t,-Ridges are eliminated by subtracting co-added rows of a region without cross-peaks from the whole 2D matrix, 
using the AURELIA program (measuring time 2 h 53 rnin). 

4.11. 'H,"C-HMQC with TOCSY-Transfer Spectrum. Sequence: D,-90"(~H)-D2-900(13C)-t1/2-1800(1H)-t1/2- 
90"(13C)-D2-MLEV17-t2(1H), GARP decoupling. Relaxation delay D ,  = 176.34 ms, D ,  = 3.57 ms, D ,  = 154.8 ms, 
mixing time for MLEV-17 (10.5 kHz) 80.1 ms, 90"pulse 23.7 ps('H), 9.6 ps(13C), acquisition time 76.8 ms, sweep 
width in F, 21739.13 and in F2 6666.67 Hz, size 1 K, 384 acquisitions, 700 increments, zero-filling up to 1 K i n  F, 
and apodization with squared n/2-shifted sine bell in both dimensions. t,-Ridges are eliminated by subtracting 
co-added rows of a region without cross-peaks from the whole 2D matrix, using the AURELIA program 
(measuring time 18 h 59 min). 

4.12. 'H, "C-DEPT-HMQC with TOCSY-Transfer Spectrum. Sequence: D,-90"('H)-D2-1800('H), 9Oo("C)- 
D,-B('H), 180"(13C)-Dz-t,/2-1800('H)-t,/2-900('3C)-D2-MLEV17-tz('H), GARP decoupling. Relaxation delay 
D ,  = 68.8 ms, D,  = 3.57 ms, D, = 140.8 ms, mixing time for MLEV-17 (9.9 kHz) 71.5 ms, 90" pulse 10.1 ps('H), 
12.0 ps(13C), acquisition time 184.3 ms, sweep width in F, 16666.67 and in F2 5555.56 Hz, size 2 K, 384 acquisitions, 
335 increments, zero-filling up to 1 Kin F, and apodization with squared n/2-shifted sine bell in both dimensions. 
t,-Ridges are eliminated by subtracting co-added rows of a region without cross-peaks from the whole 2D matrix, 
using the AURELIA program (measuring time 17 h 38 min). 

4.13. 'H,"C-HQQC Spectrum. Sequence: D,-90"(1H)-D2-1800(~H), 90"(13C)-D,-90"(1H)-t,/2-1800('H)-t,/2- 
90"('H), 180°('3C)-D2-1800('H), 90"(13C)-D2-t2('H), GARP decoupling. Relaxation delay D ,  = 68.8 s, D, = 3.57 
ms, D4 = 140.8 ms, 90° pulse 8.9 ps('H), 13.2 ps(13C), acquisition time 184.3 ms, sweep width in F, 1200 and in F, 
5555.56 Hz, size 2 K, 48 acquisitions, 512 increments, single zero-filling in F, and apodization with squared 
~/2-shifted sine bell in both dimensions. t,-Ridges are eliminated by subtracting co-added rows of a region without 
cross-peaks from the whole 2D matrix, using the AURELIA program (measuring time 3 h 3 rnin). 

4.14. ' H ,  "C-HQQC with TOCSY Trurzsfer Spectrum. Sequence: D,-9O0(~H)-D,-18O0('H), 90°(13C)-D2- 
90"(H~)-t,/2-180°(~H)-t,/2-900(1H), 1 80"(~3C)-D2-180"(~H), 90"(I3C)-D2-MLEV1 7-t2('H), GARP decoupling. Re- 
laxation delay D ,  = 68.8 s, D,  = 3.57 ms, D4 = 140.8 ms, mixing time for MLEV-17 (9.0 kHz) 78.7 ms, 90" pulse 
10.0 ps('H), 12.2 ps(I3C), acquisition time 184.3 ms, sweep width in F,  4152.82 and in F, 5555.56 Hz, size 2 K, 192 
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acquisitions, 384 increments, zero-filling up to 512 in Fl and apodization with squared n/2-shifted sine bell in both 
dimensions. 2,-Ridges are eliminated by subtracting co-added rows of a region without cross-peaks from the whole 
2D matrix, using the AURELIA program (measuring time 10 h 43 min). 

4.15. 'H,  "C-3D-HTQC-TOCSY. Sequence: D,-90"('H)-D2-90"('3C)/1800('H)-D2-90"('H)-t,/2-180o('H)-t,/2- 
900('H)/180"('3C)-D2-90"('3C)/I800('H)-D2-t2/2-180"('3C)-tz/2-MLEVl7-l3(~H), GARP decoupling. Relaxation 
delay D ,  = 172 s, D, = 3.57 ms, D, = 140.8 ms, mixing time for MLEV-17 (9.0 kHz) 78.7 ms, 90°pulse 9.8 ps('H), 
11.8 ps(I3C), acquisition time 128 ms, sweep width in Fl 3125, in F, 1562.5, and in F3 6250 Hz. The carrier is 
positioned at 2.5 and 39.0 ppm in the 'H and I3C dimension, resp.; 32 acquisitions, size 1 K in F3, 64 ( F , ) .  128 (F,) 
increments, zero-filling up to 128.128.1024 points and apodization with squared n/2-shifted sine bell in all three 
dimensions (measuring time 50 h). 

4.16. 'H,  "C-3D-HQQC-TOCSY. Sequence: Dl-90"(~H)-D2-90"('3C)/1 80°(~H)-D,-900(1H)-t,/2-1800(~H)-t,/2- 
90"('H)/180"('3C)-D2-90"('3C)/1800(1H)-D2-t2/2-1800('3C)-t2/2-MLEV17-f3(1H), GARP decoupling. Relaxation 
delay D ,  = 172 s, D, = 3.57 ms, D, = 140.8 ms, mixing time for MLEV-17 (9.0 kHz) 78.7 ms, 90"pulse 9.8 ps('H), 
11.8 p(I3C), acquisition time 128 ms, sweep width in F, 1712, in F2 1562.5, and in F3 6250 Hz. The carrier is 
positioned at 1.95 and 17.75 ppm in the 'H and I3C dimension, resp.; 48 acquisitions, size 1 K, 96 (FJ.78 (F,) 
increments, zero-filling up to 128.128.1024 points and apodization with squared n/2-shifted sine bell in all three 
dimensions (measuring time 35 h). 

5 .  X-Ray Crystallography. [4v5,CS-NH; 7y8,CS-NH]CsA was crystallized from Et,O as colorless prisms. 
Crystal data: C62H,,,N~1010S2~C4H,,0; formula weight 1234.74 + 74.08 = 1308.82; space group P2,; 
a = 15.632(2), b = 21.030(5), c = 12.857(2) A; 8 = 101.088(13)"; V = 4148.8 A3; dcalc = 1.048 g/cm3; 2 = 2; 
,u = 9.90 cm-'; crystal dimensions 0.35 x 0.40 x 0.35 mm. 

Intensities were measured on an Enraf-Nonuis-CAD4 diffractometer, using monochromated CuK, radiation 
to 0 < 70°; counting time 70 s. Maximum decay correction factors were in the range 0.888 to 1.183. Empirical 
absorption correction factors were not applied. Of the measured 6818 reflections, 4361 had Z > 2.5.a(Z) and were 
considered. The structure was solved by direct methods, using SHELX-86 and refined using SHELX-76 [84]. All 
H-atoms at C-atoms were included in idealized calculated positions. Those at N- and 0-atoms were located from a 
difference Fourier map and were refined. The final R factor was 0.0747. 

Fractional atomic coordinates and anisotropic temperature factors of the non-H-atoms were deposited and 
are available on request from the Cambridge Crystallographic Data Centre, University Chemical Laboratory, 
Lensfield Road, Cambridge CB2 lEW, England. 

6. Reporter-Gene Assays. 6.1. Cell Culture. Human T-lymphocyte cells Jurkat were grown up to lo6 cells/ml at 
37" and 5% CO, in RPMI 1640 medium supplemented with 10% fetal calf serum, 1 % pen/strep, 1 % glutamine 
and 0.05 % ( u / u )  8-mercaptoethanol. 

6.2. Induction of mRNA Accumulafion. In each of the induction experiments, 5 .  lo7 cells in 25 ml of medium 
were preincubated with a thiocyclosporin sample at a concentration of 100 ng/ml for 30 min, followed by 
costimulation with phytohemagglutinin (PHA) and phorbol-12-myristate-13-acetate (PMA) at concentrations of 
Ipg/ml and 20 ng/ml, resp., for 6 h at 37O and 5% CO,. 

6.3. Zsolatian of RNA and Blotting Analysis. After stimulation times, cells were pelleted, and total RNA was 
prepared as described by Chirgwin et al. [85] RNA samples of 10 pg each were size-fractionated by 1.2% 
formaldehyde agarose gel electrophoresis [86] and transferred to synthetic membrane filters (Hybond N, Amer- 
sham) with 20 x SSC (1 x SSC is 150 mM NaC1, 15 mM C,H,Na30,.2H20, pH 7.0) overnight. The filters were 
baked for 2 h at 80" and prehybridized for 4 h at 65' in a prehybridization buffer consisting of 5 x SSC, 
10 x Denhardt's soh.  (1 x Denhardt's soln. is 0.02% bovine serum albumin, 0.02% polyvinyl pyrrolidone, 0.02% 
ficoll), 20 mM Na,PO,, pH 7.0, 7% SDS, 100 pg/ml of sonicated salmon sperm DNA, and 100 pg/ml of poly(A). 
Hybridization was performed at 65" in the prehybridization buffer containing 10% dextran sulfate, plus added 
radiolabelled probe for 16 h. The blots were washed once in 5% SDS, 3 x SSC, 10 x Denhardt's soln. 20 mM 
NaPO,, pH 7.0 at 65" for 30 min followed by another washing in 1 x SSC, 1 % SDS at 6S0 for 30 min. Filters were 
exposed at -70" to Kodak XAR-5 films using intensifying screens. The relative density of the signals was determined 
by laser densitometry. All synthetic oligonucleotides were radiolabelled at their 3'-ends with (a -"P)deoxyadeno- 
sine 5'-triphosphate (Amersham) as previously described [87]. 

6.4. Nucleotide Sequences of the Oligonucleotide Probes. IL-2, (5'-3')G-G-T-T-G-C-T-G-T-C-T-C-A-T-C-A- 

G-C-A-G-T-G-T-T-G-G; 8-actin, (5'-3')G-G-C-T-G-G-G-G-T-G-T-T-G-A-A-G-G-T-C-T-C-A-A-A-C-A-T-G- 
G-C-A-T-A-T-T-C-A-C-A-C-A-T-G; IL-8, (5'-3')G-C-T-T-T-A-C-A-A-T-A-A-T-T-T-C-T-~-T-G-T-T-G-G-C- 

A-T-C-T-G-G. 
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