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Structural information on enzyme/inhibitor complexes can be 
valuable for designing clinically useful enzyme inhibitors. In 
addition to the conformation of the bound ligand, it would be 
helpful to distinguish between those portions of the ligand that 
interact with the enzyme from those that are exposed to solvent. 
This information is important for identifying the functional groups 
of the ligand that could be modified to improve the physical 
properties (e.g., water solubility) of the inhibitor without affecting 
binding affinity.1 

Approaches for identifying surface residues of proteins and 
peptides using paramagnetic agents have been proposed.2"* 
Kopple and co-workers have recently shown6 that the nitroxyl 
group can be a useful tool for identifying hydrophobic surface 
residues of proteins from the cancellation of antiphase cross-peak 
components in two-dimensional correlated (2D COSY) NMR 
spectra observed in the presence of paramagnetic agents. For 
larger proteins, however, this method is less effective due to broad 
protein signals, which result in the poor sensitivity of 2D COSY 
cross peaks. Furthermore, it is difficult to quantitate the para
magnetic effects using this method since the amount of COSY 
cross peak component cancellation is dependent on nonuniform 
1H1

1H coupling constants. 
In this communication we describe an approach for identifying 

the solvent-exposed regions of enzyme-bound ligands using the 
paramagnetic relaxation reagent, 4-hydroxy-2,2,6,6-tetra-
methylpiperidinyl-1-oxy (HyTEMPO). The method is illustrated 
in the study of the immunosuppressant cyclosporin A (CsA) bound 
to its putative target protein, cyclophilin.7 

The approach that we have employed relies on the distance-
dependent change in 7", caused by the nitroxyl group of Hy-
TEMPO.2 The proton T] values of uniformly 13C labeled CsA 
were measured in the presence and absence of HyTEMPO using 
a pulse sequence that consists of a 180° proton pulse and variable 
delay (T) followed by a heteronuclear multiple quantum correlation 
(HMQC) experiment.8 The proton T1 values were determined 
from an exponential fit of the 13C/'H cross-peak volumes measured 
as a function of T.' Using this method, the signals corresponding 
to l3C-labeled CsA which had been previously assigned10 were 
selectively detected in the presence of unlabeled cyclophilin, and 
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Table I. Proton Longitudinal Relaxation Rates" for 
[U-13C]Cyclosporin A Bound to Cyclophilin in the Presence and 
Absence of 5 mM HyTEMPO 

protons 

9NCH3 

8a 
3a' 
I l 
3a 
4NCH3 

7a 
96' 
Ie 

U 
6f 
661 

47 
10 
6a 
90' 
9&2 

4a 
6/3 
40' 
16 
67 
1051 

16CH3 

4(3 
la 
9a 
3NCH3 

1/3 
50 
90 
6NCH3 

10/3 
la 
572 

1062 

10NCH3 

17 
5a 
INCH3 

10a 
571 

11NCH3 

11a 
27 
II71 

I I7 2 

OmM 

1.30 
1.54 
1.09 
1.16 
1.20 
1.22 
1.47 
2.78 
1.43 
1.41 
1.96 
2.63 
2.50 
2.17 
1.41 
1.35 
1.67 
2.08 
1.47 
2.44 
2.00 
1.64 
2.04 
2.33 
2.94 
1.37 
1.47 
1.11 
1.33 
1.85 
0.98 
1.35 
1.39 
1.35 
2.04 
2.50 
1.56 
1.56 
1.53 
1.20 
1.51 
3.33 
1.41 
1.47 
2.33 
1.37 
2.27 

SmM 

6.67 
6.25 
4.35 
4.35 
3.84 
3.45 
3.85 
7.14 
3.57 
3.33 
4.17 
5.56 
5.26 
4.55 
2.94 
2.70 
3.33 
4.00 
2.78 
4.55 
3.70 
3.03 
3.70 
4.17 
5.26 
2.38 
2.50 
1.89 
2.17 
2.94 
1.51 
2.08 
2.13 
2.04 
3.03 
3.70 
2.17 
2.17 
2.13 
1.64 
2.00 
4.35 
1.78 
1.82 
2.63 
1.47 
2.33 

R(5 mM)//? 

5.13 
4.06 
3.99 
3.75 
3.20 
2.82 
2.62 
2.56 
2.49 
2.36 
2.13 
2.11 
2.10 
2.10 
2.09 
2.00 
2.00 
1.92 
1.89 
1.86 
1.85 
1.85 
1.81 
1.79 
1.79 
1.73 
1.70 
1.70 
1.63 
1.58 
1.54 
1.54 
1.53 
1.51 
1.49 
1.48 
1.39 
1.39 
1.39 
1.37 
1.32 
1.31 
1.26 
1.24 
1.13 
1.07 
1.03 

"Proton longitudinal relaxation rates (R) are equal to 1/7V 7"| 
values were calculated from an exponential fit of the l 3C/'H cross-peak 
volumes measured from a series of 180(1H)-T-HMQC experiments ac
quired with eight different T values. The sample for the NMR exper
iment consisted of a 1.3 mM 2H2O solution of the [U-l3C]CsA/cyclo-
philin (1/1) complex prepared as previously described.10 Two-dimen
sional NMR spectra were acquired on a Bruker AMX500 (500 MHz) 
spectrometer at 20 0 C using a sweep width of 7463 Hz in U1 and 
10000 Hz in OJ2; 32 scans were acquired per T value using a 2.6 s delay 
between scans for a total time of 7.5 h per experiment. 

many proton T1 values of CsA could be measured due to the 
resolution obtained in the 2D experiment. 

In Table I the proton longitudinal relaxation rates (R = 1/7"|) 
of CsA bound to cyclophilin are given in the absence and presence 
of 5 mM HyTEMPO along with the ratio of the 1/71, values. The 
effect of the spin label varied widely for different parts of CsA 
bound to cyclophilin. The largest effects were observed on protons 
from CsA residues 3, 4, 6, 7, 8, and 9 as well as from the end of 
the MeBmt1 side chain. The CsA protons that were the least 
affected by the addition of HyTEMPO were part of CsA residues 
11,2, and 10. No chemical shift changes were observed for the 
CsA protons, and none of the CsA signals were broadened beyond 
detection upon the addition of HyTEMPO. Thus, it is unlikely 
that a specific interaction between CsA and HyTEMPO occurs. 
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CYCLOPHILIN 

Figure I. Three-dimensional structure of CsA bound to cyclophilin.10 

CsA/cyclophilin NOEs were observed from CsA protons attached to the 
filled and checkered carbon atoms.10 The protons attached to the jagged 
and checkered carbon atoms exhibited the largest change in relaxation 
rate [R(5mM)//?(0mM) > 2] upon the addition of HyTEMPO. 

Figure 1 depicts the three-dimensional structure of CsA when 
bound to cyclophilin that was recently determined by NMR. ' 0 

The protons attached to the filled and checkered carbon atoms 
were found to be in close proximity to cyclophilin, as evidenced 
by NOEs between these CsA protons and the protein.10 Most 
of these protons (e.g., 11-y2, 11-y1, 2-y, H N C H 3 , 10a) were only 
marginally affected by the addition of HyTEMPO. However, 
some of the protons that displayed NOEs to cyclophilin (those 
attached to the checkered carbon atoms) also exhibited the largest 
changes in 7", upon the addition of spin label (9NCH3 , 98', 3a, 
3a' , I ij. and l«). This suggests that these CsA protons are not 
as deeply buried within the protein. A possible explanation is that 
cyclophilin is located to one side of the CsA protons while the spin 
label is accessible to the other. 

Large effects of the spin label were also observed for the protons 
attached to the jagged filled carbon atoms (Figure 1), indicating 
that these CsA residues (4, 6. 7, 8) are exposed to solvent. These 
results are consistent with the structure/activity relationships of 
CsA analogues""14 in which cyclophilin binding and immuno
suppressant activity was found to be relatively insensitive to 
modifications of these CsA residues. Also consistent with the 
structure/activity relationships""14 was the finding that the CsA 
residues ( I , 2. 9, 10, 11) important for cyclophilin binding and 
immunosuppressant activity are solvent shielded as indicated by 
the reduced effect of added HyTEMPO. 

In summary, we have described an approach for identifying 
the solvent-exposed regions of enzyme-bound ligands. The 
methods are easy to implement and highly sensitive and can rapidly 
yield important structural information on enzyme/inhibitor 
complexes. The approach is expected to be especially useful in 
NMR studies of larger systems in which complete three-dimen
sional structures may be difficult to obtain. 
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Cyclic conjugated polyenes exhibit aromaticity if the number 
of jr electrons is (4/J + 2), whereas antiaromaticity is predicted 
for 4/nr electron systems.2 Thus anions such as cyclopentadienyl 
anion3 and cyclooctatetraenyl dianion4 are aromatic, while the 
benzene dianion bearing 8ir electrons could be antiaromatic.5 

However, a theoretical study on C6H6
2" suggested that the benzene 

dianion could be stabilized by distorting the structure into a boat 
form.5b The planar structures with D2/, or D6h symmetry were 
calculated to be 20.2 and 36.6 kcal/mol higher in energy than 
the distorted one. Very recently, we reported bis[(tetrahydro-
furan)lithium(l)] hexakis(trimethylsi!y!)benzenide as the first 
example of such a benzene dianion distorted highly into a boat 
form with two lithium atoms located on the same side of the 
benzene ring.6,7 We report here the synthesis and characterization 
of bis[(dimethoxyethane)lithium(I)] l,2,4,5-tetrakis(trimethyl-
silyl)benzenide as the first 6 C - 8 T antiaromatic system. 

Reduction of l,2,4,5-tetrakis(trimethylsilyl)benzene 1 (367 mg, 
1.0 mmol) with lithium metal (60 mg, 8.6 mmol) in dry-
oxygen-frec dimethoxyethane (DME, 6 mL) at room temperature 
immediately led to a dark brown solution of the benzene dianion 
of 1. The solvent was removed in vacuo, and then dry degassed 
hexane was introduced by vacuum transfer. Crystallization from 
hexane afforded dark brown crystals of bis[(dimethoxyethane)-
lithium(l)] l,2,4.5-tetrakis(trimethylsilyl)benzenide 2, [Li-
(dme)]2[l,2,4,5-(Me3Si)4C6H2].8 Reduction of 1 in tetra-
hydrofuran similarly yielded the dianion; however, suitable crystals 
for X-ray crystallography were not obtained. The dianion 2 was 
extremely air- and moisture-sensitive.9 

The structure of 2 was determined by X-ray crystallography.10 
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(7) Distortion into the boat structure for hexakis(trimelhylsilyl)bcnzene 
dianion is not due to the steric factor of the bulky trimethylsilyl group. (See 
footnote 12 of ref 6) 

(8) Compound 1: dark brown crystals; 1H NMR (300 MHz. toluene-rf,. 
233 K) i 0.21 (s. 36 H. SiMe,), 3.30 (s, 8 H, DME), 3.46 (s, 12 H, DME), 
5.11 (s, 2 H. ArH); "C NMR (75.5 MHz. toluene-rf,, 233 K) * 2.74, (SiMe,), 
60.5 (DME. OMe). 70.7 (DME, OCH2), 80.8 (C„Si), 161.8 (C„H); "Si 
NMR (59.6 MHz. loluene-d,, 233 K) 6 -19.2; 7Li NMR (116.6 MHz. lolu-
enc-dt, 233 K) 6 10.7 ppm (from LiCl in MeOH). 

(9) The dianion 2 readily reverted to 1 on exposure to air and reacted with 
H2O to give l,3,4,6-tetrakis(trimethy!silyl)cyclohexa-l,4-diene and 2.3.5.6-
tetrakis(trimethylsilyl)cyclohexa-l,3-diene in 93 and 4% yield, respectively, 
in addition to a small amount of I. 

(10) A single crystal (0.3 X 0.3 X 0.3 mm) of 2 was sealed in a capillary 
glass tube for data collection. Diffraction data were collected at ! 3 °C on 
a Rigaku Denki AFC-5R diffractometer with a rotating anode (45 kV, 200 
mA) with graphite-monochromatized Mo Ka radiation (X » 0.71069 A). A 
total of 5015 reflections with 29 = 3°-45° were collected. Crystal data: MF 
= Si4O4C26Li2H,,; MW « 560.97; monoclinic; a - 10.801 (10), b =» 11.087 
(6), c = 31.971 (10) A. B » 97.08° (5); V - 3799 (8) A'; space group P2Jc, 
Z - 4j Dt • 0.980 g/cm'. The final R factor was 0.056 (R. - 0.052) for 
2375 reflections with F0 > MF0). 
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