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A number of structural experimental methods are available to determine the receptor-bound 
conformation of ligands as part of the process of rational drug design, including X-ray diffraction 
and solution-state NMR. Not all receptor/ligand systems are amenable to these types of 
analyses due to difficulties in sample preparation or inherent limitations of the methods. 
Rotational echo double-resonance (REDOR) NMR is a solid-state, magic angle-spinning 
technique that measures the dipolar coupling between specifically labeled nuclei and enables 
the determination of internuclear distance. In previous studies of helical peptides, we have 
verified the ability of REDOR NMR to measure distances accurately and precisely. In this 
study we use REDOR and double REDOR to measure distances between backbone atoms in a 
phosphonamidate transition-state inhibitor bound to thermolysin. The 3 1 P - 1 3 C , 3 1P- 1 5N, and 
3 i p _ i 3 C a distances (3.61 ± 0.10, 3.89 ± 0.12, and 5.37 ± 0.13 A, respectively) measured in a 
complex of Cbz-Glyp-[l-13C]Leu-[15N,2-13C]Ala and the enzyme are consistent with those 
observed by X-ray diffraction in other comparable thermolysin/inhibitor complexes (average 
values of 3.58 ± 0.04, 3.91 ± 0.13, and 5.17 ± 0.18 A, respectively). These results demonstrate 
that REDOR NMR is a viable alternative to more traditional methods such as X-ray diffraction, 
transferred NOESY, and isotope-edited NOESY for characterizing the receptor-bound confor
mation of ligands. 

Introduction 

For flexible ligands which interact in a specific fashion 
with a receptor, it is generally accepted that biological 
activity is coupled to ligand conformation. Key func
tional groups of the ligand and the receptor must adopt 
a precise spatial orientation in order to elicit the activity 
of interest, whether it involves signal transduction at a 
protein receptor or catalysis to convert substrate to 
product. Consequently, the process of rationally design
ing ligands for receptors with potential as therapeutic 
agents can in principle be dramatically expedited by 
knowing the bound conformation of the ligand. A 
number of structural experimental methods1 have been 
used to obtain this type of information: X-ray diffrac
tion2 and solution-state NMR methods such as trans
ferred NOESY3-5 and isotope-edited NOESY6-10 are the 
most common. However, many receptor/ligand systems 
are not amenable to these types of analyses. Prepara
tion of crystalline samples for X-ray analysis is not 
always straightforward, particularly for complexes which 
function within the cell membrane. Isotope-edited 
NOESY methods have effectively increased the molec
ular weight range accessible to solution NMR experi
ments by addressing the issue of spectral overlap, but 
the size of many interesting complexes results in 
dynamic properties incompatible with solution-NMR 
analysis.6 Transferred NOESY methods can in prin
ciple sidestep this difficulty by virtue of looking only at 
the ligand, but this experiment is limited to ligands of 
relatively low affinity.11 
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In recent years, several solid-state NMR methods 
have been developed that supply structural information 
in situations where other methods are not practical.12-16 

Rotational echo double-resonance (REDOR) NMR is a 
solid-state, magic angle-spinning experiment that mea
sures heteronuclear dipolar coupling between pairs of 
labeled nuclei and allows interatomic separation to be 
determined on the basis of the r~3 distance dependence 
of dipolar coupling.1718 We have previously demon
strated the ability of REDOR NMR to measure ac
curately interatomic distances in preparations of helical 
peptides.1920 REDOR NMR has been applied to a 
limited number of proteins and protein/ligand complexes 
for which X-ray or solution NMR information is un
available.142122 

In our continuing efforts to demonstrate the versatil
ity of REDOR as a method for generating structural 
information, we have measured internuclear distances 
in a specifically labeled inhibitor bound to thermolysin. 
This enzyme is a 34.6-kDa zinc endoproteinase from 
Bacillus thermoproteolyticus.23 The metalloproteinases 
have diverse roles in regulating biological processes,24 

and several members of this family (angiotensin -
converting enzyme,25 matrix metalloproteinases,26-28 

and neutral endopeptidase29) have served as targets for 
drug-design efforts. As the first metalloproteinase to 
be characterized in atomic detail,30 thermolysin has 
served an important role in comparative analyses 
designed to aid in understanding the mechanism and 
specificity of other zinc proteases and their inhibitors.31-35 

Several high-resolution structures of thermolysin bound 
to a variety of inhibitors are now available.36,37 These 
include phosphoramidates38 and phosphonamidates39 

which are presumed to be stable analogs of the tetra-
hedral transition state formed during peptide hydroly
sis. In this study, we report REDOR measurements of 
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internuclear distances in bound Cbz-Glyp-[l-13C]Leu-
[15N,2-13C]Ala (ZGPLA), a phosphonamidate transition-
state analog inhibitor of thermolysin (Ki = 16.5 nM40). 
The superscript "P" indicates replacement of the planar 
carbonyl group by tetrahedral phosphorous. The ob
served 31p— 13C and 31P—15N distances are in good 
agreement with crystallographic observations for these 
inhibitors and demonstrate the utility of REDOR NMR 
in providing structural information. 

E x p e r i m e n t a l M e t h o d s 

Materials. Thermolysin (~20% acetate salts) was pur
chased from Sigma. [1-13C, 99%]Leu and [15N,1-13C, 99%]Ala 
were obtained from Cambridge Isotopes, Inc. Analytical HPLC 
was performed using a Vydac Cis column, 254 nm detection, 
flow rate of 1.0 mL/min, and solvents A (5% AcCN in 0.1 M 
H2C03/Et3N buffer, pH 7.5-7.6) and B (80% AcCN in 0.1 M 
H2C03/Et3N buffer, pH 7.5). 

Synthesis of ZGPLA. Methyl hydrogen [[iV-(benzyloxy-
carbonyl)amino]methyl]phosphonate[Z-NH-CH2-P(0)(OCH3)-
(OH)] was prepared as described previously by Jacobsen and 
Bartlett.41 Boc-[l-13C]Leu and [15N,2-13C]Ala-OMe were pre
pared from the respective free amino acids using standard 
methods4243 and coupled using isobutyl chloroformate in a 
mixed anhydride procedure.43-45 The resulting Boc-[l-13C]Leu-
[15N,2-13C]Ala-OMe was treated with 1 N HCL/dioxane to yield 
HCHl-13C]Leu-[15N,2-13C]Ala-OMe. 

Z-NH-CH2-P(0)(OCH3)(OH) (0.259 g, 1.0 mmol) and triphen-
ylphosphine (0.262 g, 1 mmol) in CCl4:AcCN (1:1, 2 mL) were 
stirred at room temperature for 1.5 h. HCl-[l-13C]Leu-[15N,2-
13C]Ala-OMe (0.268 g, 1.0 mmol) and triethylamine (0.42 mL, 
3 mmol) were added, and stirring was continued for 2 h. After 
evaporation to dryness, the residue was dissolved in chloroform 
and washed as a neutral product (10% H2SO4, water, 0.5 N 
NaHC03, water). After drying over MgSGt, the solvent was 
evaporated and the crude product (Z-NH-CH2-P(0)(OCH3)-[l-
13C]Leu-[15N,2-13C]Ala-OMe) was purified by flash chromatog
raphy in CH2Cl2/MeOH (gradient from 98:2 to 96:4): yield 
0.312 g (68%);A/-0.158 (96:4 CHaCla/MeOH); analytical HPLC 
(gradient of 5-60% solvent B in 25 min) <R 20.56, 21.28 min 
(two diastereomers), purity 99.3%. 

Z-NH-CH2-P(O)(OCH3)-[l-
13C]Leu-[15N,2-13C]Ala-OMe(0.45 

g, 0.1 mmol) was suspended in AcCN (0.2 mL), and 1.5 N LiOH 
(0.2 mL, 0.3 mmol) was added. After stirring at room tem
perature for 12 h, the mixture was lyophilized. The residue 
was dissolved in 2 mL of water and the pH adjusted to 8.5. 
The crude peptide was purifed by HPLC using a Vydac Cis 
column and a gradient of solvent B (5-60% in 40 min). The 
pure sample (30 mg, 63% yield) was dissolved in water and 
the pH adjusted to 8.5 with 1 N LiOH prior to a final 
lyophilization: analytical HPLC (gradient of 5-60% solvent 
B in 25 min) *R 12.19 min, purity 99%. Solution 31P and *H 
NMR were consistent with the previously reported product 
ZGPLA (Z-NH-CH2-P(0)(OLi)-Leu-Ala-OLi),40 and FABMS 
revealed the incorporation of three additional mass units 
(Ci613C2H26N215N07PLi2 mlz 445, MH+). 

Solid-State NMR Sample Preparation and Experimen
tal Parameters. Thermolysin (346 mg, ~8 Mmol) was dis
solved in 600 ,aL of buffer (45% DMSO, v/v, 0.05 M Tris, pH 
7.5, 2.5 M CsCl) and recrystallized by vapor diffusion against 
water as described previously.30-46 After 3 weeks, crystals were 
recovered by centrifugation and resuspended in a solution of 
ZGPLA (14.7 /^mol) in 600 nL of buffer (7% DMSO, v/v, 0.01 M 
Tris, pH 7.3, 0.01 M CaCl2). After 24-48 h, the suspension 
containing ~200 mg of crystalline protein was transferred to 
a 7-mm i.d. zirconia rotor for NMR experiments. The rotor 
was centrifuged, and excess inhibitor solution was removed 
by pipette. Kel-F endcaps and spacers were used to seal the 
rotor. 

Experiments were performed on a home-built, four-channel 
spectrometer operating at 4.7 T (200 MHz for 1H, 81 MHz for 
31P, 50 MHz for 13C, and 20 MHz for 15N NMR) which has been 
described previously.1947 Preliminary experiments at room 
temperature showed sample deterioration due to inductive 
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Figure 1. Theoretical curve showing the relationship between 
AS/S0 measured by REDOR and the dimensionless parameter 
AD. Because the number of rotor cycles for which the dephasing 
pulses are applied (iVc) and the rotor period (7V = 1/spinning 
speed, in s) are known, determination of the dipolar coupling 
CD, in Hz) from the experimental AS/S0 is direct. 

heating. For data reported here, the sample was cooled 
through the use of an FTS compressor (to generate cooled air, 
-15 to -20 °C) and a Chemagnetics variable-temperature 
probe stack (to transfer the cold air to the probe). The sample 
temperature was approximately 10 °C. Cross-polarization 
transfers were performed at 38 kHz and proton decoupling at 
80 kHz. Cross-polarization contact times were 1.0 ms for 31P-
and 2.0 ms for 13C-observed experiments, and the recycle delay 
was 2.0 s. Sample spinning speeds of 4274 and 5000 Hz were 
used. Spectra were referenced to external standards (phos-
phocreatine for 31P NMR and [4-13C]Asn at 175.1 ppm for 13C 
NMR) and processed with a line broadening of 20 Hz. 

31P-Observed, 15N-Dephased REDOR. REDOR utilizes 
magic angle spinning and measures directly the heteronuclear 
dipolar coupling between isolated pairs of labeled nuclei. In 
a solid with 31P—15N dipolar coupling, the 31P rotational spin 
echoes which form each rotor period following a 1H- 3 1P cross-
polarization transfer can be prevented from reaching full 
intensity by inserting rotor-synchronized ,T pulses on the 15N 
channel. REDOR(xy-8) has ,T pulses on the observing channel 
(31P) at the completion of each rotor period to refocus isotropic 
chemical shifts and .1 pulses on the other channel (16N) at one-
half the rotor period to dephase the transverse 31P magnetiza
tion coupled to 15N. The xy-8 phase-cycling scheme is used 
for both rare-spin channels.14-22-48 The difference (AS) between 
the 31P NMR spectrum obtained under these conditions (S) 
and the one obtained with no 15N .T pulses (S0) depends on the 
strength of the dipolar coupling (D), the number of rotor cycles 
over which dephasing occurs (Nc), and the rotor period (Tr = 
1/spinning speed).18 The ratio AS/S0 was measured for several 
values of iVc to determine AD (see Figure 1) which specifies D. 
The interatomic distance, r, is calculated from the 31P— 15N 
dipolar coupling using the well-known relationship D = y-^yph/ 
27trz, where /N and yp are the gyromagnetic ratios of 15N and 
31P, respectively, and h is Planck's constant. A small correction 
to r compensates for residual motion in the solid.22 The low 
natural abundance contribution for 15N meant that the dipolar 
coupling could be calculated directly from AS/S0 without any 
correction for background contribution. The total acquisition 
time for the REDOR data obtained by this method (sum
marized in Table 1) was 22.8 h. 

13C-Observed, 15N-Dephased, 31P-Dephased Double 
REDOR. A 13C-observed, 31P-dephased REDOR experiment 
analogous to the experiments described above could in prin
ciple yield the desired 13C—31P distances. However, natural 
abundance 13C contributions to the full-echo signal are a 
potential source of error in measurement of these distances.49 

This limitation can be circumvented by incorporating a nearby 
15N and using it to select the 13C signal(s) of interest.19-47 In 
this study, we have elected to use double REDOR and the 15N 
label between the two 13C nuclei of interest to select their 
signal from the large background of 13C resonances arising 
from natural abundance 13C. In this double-REDOR applica
tion, two REDOR experiments are performed successively. The 
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Figure 2. Double-REDOR pulse sequence. The data are 
collected as a set of two alternate-block experiments with the 
dephasing pulses turned off for the full-echo signal. Either 15N 
or 31P pulses are on for a given experiment. The dashed lines 
indicate a loop in the sequence with n being an integer loop 
counter whose smallest value (n = 1) corresponds to eight rotor 
cycles of 31P-dephasing pulses. The l5N dephasing is always 
eight rotor cycles and r is [4(n - 1) + 1] rotor periods. Thus, 
the 15N-dephased and 3lP-dephased experiments have the 
same total evolution time and have full-echo signals with the 
same intensity. The xy-8 phase cycling of the ,T pulses 
minimizes errors due to pulse imperfections and was used for 
both 16N-dephased and 31P-dephased experiments. The central 
13C n pulse refocuses isotropic chemical shifts. 

first experiment uses 15N n pulses to dephase the 13C signal 
and serves to select the 13C signal of interest. Because the 
16N-13C pair is so closely positioned (in this case directly 
bonded), their interaction dominates the 15N-13C dipolar 
coupling in the sample. The difference signal from this 
experiment defines S0 for the specifically labeled 13C atoms. 
In the second REDOR experiment, 31P-dephasing pulses result 
in a difference signal, AS, from which the 13C-31P dipolar 
interaction can be calculated using S0 as determined from the 
first experiment. 

The double-REDOR experiment pulse sequence is shown in 
Figure 2. The presence of two nearby carbon-13 atoms with 
a large isotropic shift difference in the labeled ZG^LA prohibits 
use of REDOR(xy-8) due to the SEDRA effect.60 The single 
13C pulse in the center (Figure 2) adequately refocuses isotropic 
chemical shifts if the number of rotor cycles is not too large. 
Thus, this version of REDOR is acceptable when the dipolar 
coupling is reasonably strong (> 50 Hz). The experiments were 
performed with (4274 Hz spinning speed) and without (5000 
Hz spinning speed) CEDRA conditions61 to prove the absence 
of SEDRA distortions in the signal intensities. Separate, 
interleaved experiments were run with either 31P dephasing 
or 16N dephasing. The dephasing pulses were turned off every 
other scan to collect the full-echo signal. Measurements were 
made with different numbers of rotor cycles of 31P dephasing. 
The 15N dephasing was always over 8 rotor periods, but r was 
changed so the total evolution time was identical to that of 
the corresponding 31P-dephase experiment. The total acquisi
tion time for the REDOR data obtained by this method 
(summarized in Table 2) was 147.2 h. 

Molecular Modeling. Coordinates for thermolysin/inhibi-
tor complexes were obtained from the Brookhaven Protein 
Data Bank,52 and coordinates for small molecules were re
trieved from the Cambridge Structural Database.53 Coordi
nates were imported into SYBYL54 for measurement of inter-
nuclear distances. 

R e s u l t s a n d D i s c u s s i o n 
3 1 P-Observed , 1 5 N - D e p h a s e d R E D O R D i s t a n c e 

M e a s u r e m e n t s . A 3 1P REDOR spect rum of ZG^LA 
complexed to thermolysin with Nc = 24 is shown in 
Figure 3. The full-echo spect rum (bottom) consists 
primari ly of the bound form of the inhibitor at 31.6 ppm 

REDOR 
difference | difference 

spinning 
ideband 

• bound 

,unbound 

,hydrolyzed 

60 30 

<5P 

0 PPM 

Figure 3. 31P REDOR spectrum of ZGPLA (Cbz-Glyp-[l-13C]-
Leu-[15N,2-13C]Ala) complexed to thermolysin with 24 rotor 
cycles of 16N dephasing. The full echo is shown at the bottom, 
with the 15N-dephased REDOR difference spectrum shown 
above. The spinning speed was 4274 Hz. 

Table 1. Summary of Distances Measured by REDOR NMR in 
ZGPLA (Cbz-Glyp-[l-13C]Leu-[15N,2-13C]Ala) Complexed with 
Thermolysin 

dephasing observed rotor cycles REDOR 
nucleus nucleus of dephasing AS/S„ "AD distance (A) 

AlaN 16 
24 
32 

0.09 0.30 
0.24 0.50 
0.34 0.61 

3.98 
3.79 
3.89 

with i ts associated spinning sidebands. In order to 
assign the observed peaks, a complex of ZG^LA and 
thermolysin using a four-fold excess of inhibitor was 
prepared and solubilized us ing a previously reported 
protocol.55 A solution 3 1P NMR analysis (not shown) 
was comparable to previously reported solution spectra 
of ZG^LA bound to thermolysin.56 This study confirmed 
the identi ty of t h e bound inhibitor peak as well as a 
small peak a t 24.4 ppm aris ing from unbound inhibitor 
and a doublet a t 20/21 ppm arising from hydrolyzed 
inhibitor (Figure 3, bottom). Dephasing of the 3 1P echo 
by 15N yielded the difference spectrum (AS) shown in 
Figure 3 (top). Several 31P-observed, 1 5N-dephased 
REDOR measu remen t s were made using different 
numbers of rotor cycles of dephasing, and the resul ts 
are summarized in Table 1. 

1 3C-Observed, 1 5 N-Dephased, 3 1 P-Dephased Dou-
ble -REDOR D i s t a n c e M e a s u r e m e n t s . The 13C full-
echo spectrum of ZG^LA complexed to thermolysin is 
shown in Figure 4 (bottom). Sharp , intense peaks a t 
48.6 and 175.9 ppm are consistent with the incorporated 
labels; however, the na tu ra l abundance contribution to 
the spectrum from the many carbon atoms in the 
complex is evident. The 13C-observed, 1 5N-dephased 
REDOR difference spect rum (Figure 4, middle) wi th 
Nc = 8 selects only the two specifically labeled carbon 
atoms and effectively eliminates the na tu ra l abundance 
background. Because the 15N is directly bonded to both 
13C atoms, i ts dipolar coupling to these two atoms is 
s t rong and the REDOR difference maximizes (AS/S0 ~ 
1) a t a small number of rotor cycles of dephasing.1 8 In 
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Double REDOR 

P dephose 

160 120 30 40 PPM 

Figure 4 . 18C double-REDOR spectra of ZGPLA (Cbz-Glyp-
[l-13C]Leu-[15N,2-13C]Ala) complexed to thermolysin. Bottom: 
l3C full-echo spectrum with 4274-Hz magic angle spinning. 
Middle: l3C-Observed, 15N-dephased REDOR difference spec
trum, with eight rotor cycles of 15N dephasing and 16 plus 2 
rotor cycles with no dephasing (see caption of Figure 2). The 
strong dipolar coupling between the directly bonded 1 3C-1 5N 
pairs was used to select the specifically labeled carbons from 
the background of natural abundance 13C. Top: 13C-Observed, 
31P-dephased REDOR difference spectrum, Nc = 24. C - P 
dipolar couplings free from contributions due to natural 
abundance background were determined from AS/S0 where AS 
is the 13C-observed, 3 lP-dephased REDOR difference and S„ 
is the 13C-observed, 15N-dephased REDOR difference. 

Table 2. Summary of Distances Measured by Double-REDOR 
NMR in ZGPLA (Cbz-Gly,,-[l-13ClLeu-[15N,2-13ClAla) Complexed 
with Thermolysin 

dephasing observed 
nucleus nucleus 

P C of Leu 

P Co. of Ala 

rotor 
spinning 

speed" (Hz) 

v>:i 
4274 
4274 
4274 
4274 
4274 
5000 
5000 
5000 

rotor 
cycles of 

dephasing 

8 
Hi 

16 
21 

32 
48 
24 
4(1 

56 

e>s/st 
0.24 
0.61 
0.11 
0.19 
0.30 
0.53 
0.13 
0.29 
0.60 

'•D 

0.50 
0.89 
0.33 
0.44 
0.57 
0.81 
0.36 
0.56 
0.88 

REDOR 
distance 

(A) 
3.54 
3.68 
5.13 
5.33 
5.39 
5.49 
5.41 
5.54 
5.33 

" Analyses at 4274 Hz were done under CEDRA conditions, 
t h i s case , b a c k g r o u n d 13C c o n t r i b u t i o n s to A S a r e 
negl igible b e c a u s e t h e y a r i s e from w e a k (i.e., longer 
d i s t ance ) d ipo la r coupl ings which h a v e no t evolved 
s ignif icant ly for t h e sma l l n u m b e r of ro to r cycles of 
d e p h a s i n g u sed . 

T h e 1 3 C-observed, 3 1 P - d e p h a s e d R E D O R difference 
s p e c t r u m (F igu re 4, top) w i t h Nc = 24 h a s s ign i f ican t 
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Table 3. Intraligand Distances for Inhibitors Bound to 
Thermolysin Determined by X-ray Diffraction and Solid-State 
NMR 

atom 
pair 

P-R,'C 
P-R2'N 
P - R / C o . 

phosphor-
amidon" 

3.59 
3.97 
5.27 

X 

P-Leu-
NH2° 

3.57 
3.84 
NAd 

-ray (A 

ZFP-
LA» 

3.62 
4.06 
5.28 

,) 
ZGP-
LL» 

3.52 
3.77 
4.97 

average 

3.58 : 0.04 
3.91 ± 0 . 1 3 
5.17 ± 0 . 1 8 

REDOR (A) 
ZGpLA' 

3.61 ± 0 . 1 0 
3.89 ± 0.12 
5.37 ± 0.13 

' Measured from X-ray coordinates reported in ref 38. b Mea
sured from X-ray coordinates reported in ref 39 . ' Averaged values 
from Tables 1 and 2, measured by REDOR NMR. '' NA, not 
applicable. 

i n t e n s i t y only from t h e specifically labe led c a r b o n 
a t o m s . As n a t u r a l a b u n d a n c e c o n t r i b u t i o n s to t h e full 
echo (F igu re 4, bo t tom) can in t roduce e r ro r s in calculat 
ing C - P d i s t a n c e s , t h e C - P d ipo la r coup l ings w e r e 
d e t e r m i n e d u s i n g t h e 1 3 C-observed, 3 1 P - d e p h a s e d R E 
D O R difference for A S a n d t h e 1 3 C-observed, 1 5N-
d e p h a s e d R E D O R dif ference for S„. S e v e r a l 1 3 C-
observed , 1 5 N - d e p h a s e d , 3 1 P - d e p h a s e d d o u b l e - R E D O R 
d i s t a n c e m e a s u r e m e n t s were m a d e u s i n g Nc = 8 for 1 5 N 
d e p h a s i n g a n d a v a r i a b l e n u m b e r of r o t o r cycles of 3 1 P 
d e p h a s i n g . T h e r e s u l t s a r e s u m m a r i z e d in T a b l e 2. 

C o m p a r i s o n o f R E D O R - M e a s u r e d D i s t a n c e s w i t h 
C r y s t a l l o g r a p h i c O b s e r v a t i o n s . A l t h o u g h no X-ray 
coo rd ina t e s h a v e b e e n r e p o r t e d for Z G P I J A bound to 
t h e r m o l y s i n , a s u r v e y of t h e B r o o k h a v e n P r o t e i n D a t a 
B a n k 0 2 r evea l ed four r e l e v a n t e n z y m e / i n h i b i t o r com
plexes h a v i n g al l or m o s t of t h e a t o m s involved i n t h e 
R E D O R d i s t a n c e m e a s u r e m e n t s . T h e i n h i b i t o r s i n 
these complexes a r e ZFPLA (Cbz-Phep-Leu-Ala; 4TMN 3 9 ) , 
Z C L L (Cbz-Gly p -Leu-Leu; 5 T M N 3 9 ) , P - L e u - N H 2 (N-
phosphory l leuc inamide) ; 2TMN 3 8 ) , a n d p h o s p h o r a m i d o n 
(AT-(a -L- rhamnopyranosy loxyhydroxyphosphiny l ) -Leu-
T r p ; 1TLP 3 8 ) . All a r e p h o s p h o r u s - b a s e d , t r a n s i t i o n -
s t a t e a n a l o g i nh ib i t o r s of t h e r m o l y s i n i n wh ich t h e 
t e t r a h e d r a l p h o s p h o r u s mi mi c s t h e t e t r a h e d r a l i n t e r 
m e d i a t e formed a t t h e scissi le a m i d e bond. In al l four 
cases , L e u a d j a c e n t to t h e p h o s p h o r u s b i n d s in t h e S i ' 
s u b s i t e , wh ich is c o n s i s t e n t w i t h t h e k n o w n specificity 
of the rmolys in . 5 7 - 5 8 

T h e s t r u c t u r e s of t h e s e four i nh ib i t o r s w h e n b o u n d 
to t h e r m o l y s i n a r e s h o w n in F i g u r e 5. T h e s t r u c t u r e s 
h a v e b e e n over la id a n d fit u s i n g t h e a t o m s involved in 
t h e R E D O R a n a l y s i s (P, R i ' C , R 2 'N , a n d R2 'CcO. T h e 
s i m i l a r i t y of t h e b a c k b o n e confo rma t ion i n t h i s r eg ion 
is ev iden t . I n t e r a t o m i c d i s t a n c e s in t h e s e s t r u c t u r e s 
c o r r e s p o n d i n g to t h o s e m e a s u r e d by R E D O R a r e s u m 
m a r i z e d in T a b l e 3 . No tab ly , t h e b o u n d conformat ion 
of t h e four i n h i b i t o r s d ive rges on ly a t t h e N - t e r m i n a l 
s ide of t h e p h o s p h o r u s cen te r . I n t h e case of ZF P LA, 

F i g u r e 5. Crossed stereoview overlay of four phosphorylamide/phosphonamidate inhibitors bound to thermolysin as determined 
by X-ray diffraction. The four inhibitors are phosphorhamidon, P-Leu-NH2, ZFPLA, and ZGpLL. The side chains which occupy the 
Si ' and Sa' binding pockets in thermolysin are indicated by Ri' and R/ . Coordinates were taken from the references listed in 
Table 3. The P, R i 'C , R2'N, and R'2Ca atomic coordinates (corresponding to atoms involved in REDOR analyses) were aligned for 
best fit. Backbone atoms shared by the inhibitors are shown in gray. 
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the slow on-rate of the inhibitor has been linked to a 
conformation at the Ri site that differs from that seen 
in ZGPLL.39-59 The inhibitor in this study (ZG^LA) is 
kinetically similar to ZG^LL in its rapid binding to the 
enzyme.40 

Of the four X-ray structures, all but one (1TLP at 2.3 
A) have a reported resolution less than 2.0 A. Careful 
examination of the structures reveals bond angles and 
bond lengths in the inhibitors that are not consistent 
with the expected ground-state structure. These devia
tions are possibly a consequence of the refinement 
protocol, in which covalent constraints involving the 
inhibitors were relaxed.3839 For example, P - N bond 
lengths in the ZFPLA (1.899 A) and P-Leu-NH2 (1.849 
A) structures are significantly longer than the average 
value of 1.62 ± 0.03 A observed in crystal structures of 
analogous small molecules (refcodes CRUFOM, DAN-
HIJ, KEZTEO, PALPHS, PELRAZ, and TAFHIR in the 
Cambridge Structural Database53). It has been argued 
that Leu N is protonated in the bound inhibitor, thereby 
reducing the P - N double-bond character and elongating 
the P - N bond. Independent solid-state NMR measure
ments,56 however, suggest that the P - N bond length 
for ZFPLA and ZG^LA is the same when bound to the 
enzyme and in solution and compares favorably (~1.65 
A) to the value cited above. In addition, the protonation 
state of Leu N in ZG^LA and ZFPLA does not change 
upon binding.56 The size of the zinc coordination sphere 
varies among these inhibitors and is correlated with the 
reported P - N bond length. In P-Leu-NH2 and ZFPLA, 
both oxygens of the phosphorus moiety ligate to the 
pentacoordinate zinc. For phosphoramidon and ZG^LL, 
only a single oxygen of the inhibitor is associated with 
the tetrahedral zinc. The different behavior is a con
sequence of rotation about the P - N bond. 

As the bond angles and bond lengths which connect 
atoms in the backbone are significant factors in deter
mining internuclear distances, a comparison of the 
internuclear distances measured by REDOR NMR in 
bound ZGPLA to any one of the enzyme/inhibitor com
plexes may not be valid. In this case it is more 
appropriate to compare the distances measured by 
REDOR NMR to the average of the internuclear dis
tances in all four reported enzyme/inhibitor complexes. 
In doing so, anomalies in the individual X-ray structures 
are smoothed. The internuclear distances determined 
by X-ray averaged over all four structures are reported 
in Table 3. Comparison of these values with the 
REDOR-measured distances reveals good agreement 
between the two methods. 

Previous applications of REDOR NMR to biological 
samples have demonstrated the ability to measure 
accurately and precisely interatomic distances in pure 
preparations of peptides whose conformational state was 
known.19,20 In this study, we have demonstrated the 
utility of REDOR NMR to provide similar high-quality 
structural data for a molecule bound to a receptor. Our 
results make it clear that REDOR NMR has the ability 
to provide information on the receptor-bound conforma
tion of a ligand equivalent to that obtainable by solution-
state NMR and X-ray methods. REDOR NMR, particu
larly because it can analyze complexes which are 
unapproachable by these more traditional methods, 
represents an addition to the repertoire of tools which 

can provide structural information essential to rational 
drug-design efforts. 
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