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Abstract: The full cycle of design, synthesis, and enzymatic and crystallographic evaluation of a structure-based inhibitor 
of thermolysin is described. Using the structure of the complex of thermolysin with Cbz-GlyP-Leu-Leu (Ki = 9 nM; 
"GlyP" = NHCHzPOz-) as the starting point, we designed the macrocyclic phosphonamidate (S,S)-1 as a conformationally 
constrained derivative. The chroman linking unit was designed to rigidify the peptide analog while avoiding unfavorable 
steric interactions with the enzyme. (S,S)-1 was synthesized by a route that provided all of the stereoisomers in pure 
form; the acyclic control compounds 2 and 3 were also prepared. The binding affinity of (S,S)-1 (Ki = 4 nM) is 
enhanced by 2.3 kcal/mol in comparison to 3 (Ki = 190 nM); the other diastereomers of 1 are considerably less potent 
(Ki L 500 nM). Crystallographic analysis of the complexes between thermolysin and (S,S)-1 and (572 demonstrated 
that the anticipated mode of binding of (S,S)-l was fundamentally correct, while revealing some discrepancies with 
the original model. The structural studies also showed that the chroman moiety in the acyclic analog (29-2 binds in 
a different orientation than in the macrocycle, an observation that is important for interpreting the differences in affinity 
between the macrocyclic inhibitor and the control compounds. 

Traditional approaches to the "rational" design of enzyme 
inhibitors have usually been founded on an understanding of the 
mechanism of the catalyzed reaction, as exemplified by the 
transition-state analog' and suicide inhibitor2 strategies. Recently, 
advances in structural biology, computer graphics, and theory 
have stimulated approaches to the design of biologically active 
compounds based on structural, rather than mechanistic con- 
siderations.3 These strategies not only rely on the increasing 
availability of protein crystal structures and of N M R  structures 
of bound and free ligands but also build on the growing body of 
information on the changes in binding energy that result from 
specific alterations in the structure or conformational properties 
of small molecule inhibitors or protein binding sites.4~5 This 
information is most useful when the structural consequences and 
theoretical implications of such alterations can be verified. 

A central tenet in structure-based design is that the binding 
affinity of a ligand will be improved if its conformational motion 
can be restricted to that of the bound state.4a~b Provided that the 
structural elements that impose this restriction do not introduce 
additional, unfavorable interactions, there will be a comparatively 
smaller entropy loss on binding the constrained analog and a 
more favorable free energy change as a result. Estimations of 
the advantage to be gained by constraining a freely rotating bond 
are complicated by choice of suitable control compounds and 
vary with the system analyzed, but appear to be on the order of 
1.2-1.6 kcal/mol a t  room temperature.6 A further consequence 
of enhancing the binding of an inhibitor through cyclization is 
the potential for reducing its size; a small inhibitor may make up 
from cyclization what it loses from removal of a side chain or 
subunit. 
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Aside from the inherent attraction of a novel approach to a 
longstanding problem, structure-based design offers potential 
solutions to some of the challenges encountered in optimizing the 
biological activity of peptides and peptide analogs. The use of 
peptides as lead compounds cannot progress without the devel- 
opment of methods for maximizing their binding affinity, altering 
their receptor selectivity, and reducing their susceptibility to 
metabolic degradation. These goals are frequently sought and 
sometimes achieved through classical approaches to cyclic 
peptides; although it is not often the case that the cyclization is 
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Figure 1. The active site region of the complex of Cbz-Glyp-Leu-Leu (color-coded) with thermolysin (light blue). The zinc atom is represented by 
the yellow sphere; hydrogen bonding and other polar interactions to the heteroatoms in the GlyP-Leu-Leu segment are indicated by yellow lines. The 
Cbz moiety is truncated by the front clipping plane in this view. The dot surface of the protein represents the solvent-acassible surface according to 
Connolly." 

plannedor its effect verified through three-dimensional structural 
studies? 

The complexes between the zinc endopeptidase thermolysin 
and a series of phasphonate peptide inhibitors presented an unusual 
chance to probe a number of these questions. Because the 
structuresofthesecomplexes have beendetermined throughx-ray 
crystallography? they represent systems in which the bound 
conformation of a flexible peptide analog is known accurately. 
This system represented an opportunity to evaluate methods for 
structurebased design and thevalueofconformational restriction, 
andit alsoprovidedachancetojudgetheirsuccess through three- 
dimensional structural studies. 

Design of a Cyclic Inbibitor 
The complex between thermolysin and Cbz-GlyP-Leu-Leu (Ki 

= 9 nM; 'GlyP represents thephosphonic acid analog of glycine) 
was chosen as the starting point for design (Figure In the 
activesite, this inhibitor adopts a @-turn-like conformation between 
the two leucine residues, with the side chains occupying the SI' 
and Si binding pockets. In addition to this hydrophobic binding, 
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all of the polar atoms in the inhibitor are involved in specific 
interactions with the enzyme: the anionic phosphorus oxygens 
arecoordinated to theactivesitezinccationand tothesidechains 
of Glu-143 and His-231; there are hydrogen bonds from the 
phosphonamidate N H  to the carbonyl oxygen of Ala-1 13, from 
the N H  of the terminal leucine to the side chain oxygen of Asn- 
112,to thecarbonyloxygenofthePl'leucinefrom thesidechain 
of Arg-203, and to the terminal carboxylate from the side chain 
N H 2  of Asn-1 12. These hydrogen bonds not only position the 
inhibitor in the active site but are also important energetically, 
sincethey counteract the effect ofdesolvatingthetwocomponents 
when binding occurs. 

In addition to the geometric complementarity that exists 
between the enzyme and Cbz-GlyP-Leu-Leu, there are steric 
constraintsin the activesite region between theends of the@-turn. 
The imidazole of His-231 and the side-chain carboxamide of 
Asn- 112, both of which have key interactions with the inhibitor, 
are only 6.3 A apart in the thermolysin/Cbz-Glyp-Leu-Leu 
complex. The position of these side chains should presumably 
not be disrupted, since their polar bonds to the inhibitor appear 
to he important.4f.12 Thus, any design that would increase the 
bulk of the inhibitor in this region must contend with the steric 
constriction that these residues present. 

To constrain this inhibitor so that, throughout the critical region 
of interaction, it would adopt the conformation observed in the 
crystal structure, we focused our attention on designing a linking 
group to connect the carbon a to the phosphorus atom with the 
terminal carboxylate to form a macrocyclic structure. There 
were several factors toconsider indevisingthe bridging unit: ( I )  
it should preserve the distance between the C a  carbons of the PI 
and P; residues and not introduce any torsional interactions that 
would perturb the conformation of the inhibitor backbone; (2) 
it should, itself, be conformationally rigid; (3) it should bc 
accommodated in the narrow entrance to the active site, as 
described above. 

The bridgingunitthatwedevisedis the2(S),B-Iinkedchroman 
as shown in structure (S,S)-l (Figure 2). The anticipated 
conformation and orientation for this moleculein the thermolysin 
active site are shown in Figure 3. The bicyclic moiety appeared 
to satisfy the criteria listed above and also to offer the ether 
oxygen as a potential hydrogen bond acceptor in place of the 
carboxylate moiety. The Cbz-NH moiety of Cbz-GlyP-Lcu-Leu 
was not incorporated in this design since interaction with the Sz 
suhsite of thermolysin is not necessary for tight binding inhibi- 
tors.13 The aromatic methyl substituent was added to the design 

(I I )  Connolly. M. L. J. Appi. Cryaallogr. 1983.16.548-558, Gmnolly, 

(12) Phillip, M. A.; Kaplan, A. P.; Rutt~r, W. 1.: Bartlett, P. A. 

(13)Powers. J. C.; Kam, C. M.; Norikaza. N. Biochemistry 1979, 18, 

M. L. Science 1983,221, 109-111. 

Biochemistry 1992.31, 959-962. 

3032-3038. 



Inhibitor of the Zinc Peptidase Thermolysin J .  Am. Chem. SOC., Vol. 116, No. 8, 1994 3253 

reduction of methoxime 9,16 followed by protection as the benzyl 
carbamate 10; the overall yield is 45-60% from ketone 8. 
Attempts to carry out this reductive amination asymmetrically, 
for example, via borane reduction of the methoxime in the presence 
of d iphenyl~a l inol ,~~  were not successful when performed on the 
mixture of syn and anti isomers of methoxime 9; separation of 
these isomers proved to be impractical. 

At  this stage, the two racemic diastereomers can be separated 
by chromatography and carried on in subsequent reactions in 
parallel. Partial deprotection of the dimethyl phosphonate is 
achieved in refluxing tert-butylamine;18 anion and cation exchange 
provide the sodium salt 11 which is used in the subsequent coupling 
step. The phosphonate is activated by conversion to the acid 
chloride with oxalyl chloride and treated with an  excess of the 
free base of L-leucine benzyl ester to give phosphonamidate 12 
in 50-70% yield from diester 10. Two more stereocenters are 
introduced into the molecule by this coupling reaction, but the 
resulting diastereomers are not separated until after deprotection 
and cyclization. Hydrogenolysis of the benzyl protecting groups 
provides the zwitterionic amine-acids as a mixture of four 
diastereomers in both cases. The macrocyclization reaction is 
performed on these mixtures with diphenylphosphoryl azide 
(DPPA) and NaHCOs in dimethylformamide under dilute 
conditions and proceeds in 5040% yield for the two steps.19 

From each cyclization mixture only three diastereomers of 13 
could be isolated, suggesting that one of the isomers in each case 
fails tocyclize under the conditions. In both series, the macrocyclic 
lactam 13 could be partially separated by chromatography into 
a single, less polar diastereomer and a pair of more polar 
diastereomers. Preparative separation of the latter pairs of isomers 
was unnecessary, since in both cases they are converted to the 
same compound on cleavage of the phosphonate methyl ester. 
For two of the isomeric fractions of 13, ester hydrolysis can be 
accomplished by hydrolysis with lithium hydroxide in acetonitrile; 
for the other two, demethylation with trimethylsilyl bromide in 
benzene with pyridine20 is required. The stages a t  which the 
various isomers are separated in this sequence is represented 
schematically in Figure 4. 

This sequence provided pure samplesof all of thediastereomers 
of 1. The synthetic route dictates that the R,S- and S,R- isomers 
are separated from the R,R- and S,S-isomers a t  step C (Figure 
4) and that chromatography of the cyclic products (step F) 
separates the R,S- from the S,R-isomer and likewise the R,R- 
from the S,S-. However, which was which could not be inferred 
from thesynthesis; nor were weable tocomplete thestereochemical 
assignments by NMR.  Although we made tentative assignments 
on the basis of their binding affinities, the configuration of the 
S,S-isomer was eventually determined by crystallographic analysis 
of a complex with thermolysin (see below). We do not have a 
firm basis for assignment of the R,S- and S,R-isomers. 

The simple acyclic control 3 is prepared by phosphonylation 
of leucine 3-methylbutylamide with methyl methylphospho- 
nochloridate, followed by hydrolysis with lithium hydroxide. 
Synthesis of the control 2 is outlined in Scheme 2. The methyl- 
substituted chroman 14 is formed by reduction of lactone 5 and 
cyclization via the primary bromide.21 Friedel-Crafts acylation, 

3 4 
I 

Figure 2. Structures of cyclic inhibitor and acyclic control compounds. 

to make it easier to synthesize. No impact on binding was 
anticipated from this addition, since this region of the bridge was 
not expected to interact with the enzyme. 

Several control compounds were designed to assess the success 
of our design and to gauge the binding enhancement it produced 
(Figure 2). The acyclic analogs (S)-2 and 3 were designed to 
measure the effect of cyclization and to control for the influence 
of the bridge itself. The simple analogue 3 contains the basic 
N-phosphonyl leucine amide unit without the bicyclic bridge, 
while (S)-2 differs from 1 by cleavage of the bond /3 to phosphorus. 
The latter control was chosen over an  alternative structure in 
which the other linking bond is eliminated (e.g., 4), since we 
anticipated that rotation around the P-Ca bond would lead to 
a different mode of binding, with the chroman moiety in the Sz 
pocket of thermolysin. 

Synthesis 
The synthesis of 1 and its stereoisomers from p-cresol is outlined 

in Scheme 1. The lactone 5 was prepared from Lewis acid- 
catalyzed addition of p-cresol to acrylonitrile according to the 
published pr0~edure . I~  Treatment with dimethyl lithiometh- 
ylphosphonate gives the ketophosphonate 6 in 95% yield as an 
equilibrium mixture of hemiketal and hydroxyketone isomers. 
Reduction of this mixture with triethylsilane in the presence of 
boron trifluoride traps the cyclic form and provides racemic ether 
7 in 89% yield.*5 The phenone 8, formed in 90% yield by Friedel- 
Crafts acylation of 7 with isovaleryl chloride and titanium 
tetrachloride, was subjected to a number of procedures for 
reductive amination. The most efficient proved to be borane 
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M. M. Tetrahedron L e r r .  1989, 30, 3757-3760. 
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Figure 3. Superposition of the modeled orientation of (S,S)-1 (atoms color coded) and the experimental structure of Cbz-GlyP-Leu-Leu (yellow) in 
the active site of thermolysin. 

Scheme 1 

TiCI,+ 8 CbzCl+ 10 - - - 
2. HzNOMe 2. LiOH 

0 Y = O  10: Rz = Me2 
9 Y = NOMe cIcococI; 11: Rz = Me,Li 

7 5 

J HzNLeuOBn 

1. Hz/Pd 

2. DPPA+ 13 
3. IiOH or MqSiBr; 

Lit ion exchange 

1 3 R = M e  
1 : R = L i  

......................................... 
(S,R) ............ m i  if (RS) 

A B C D E F G  
Figwe 4. Schematic representation of the synthesis of 1, showing steps 
in which stereccenters are formed or removed or diastereomers are 
separated. Eachlinereprsscntsasinglestermisomer; compound numbers 
are shown across the top: A and B, introduction of first and second 
stereocenten; C, separation of diasterwmers of 10 D, generation of 
stereocenter at phosphorus; E, cyclization and loss of two diastereomers; 
F, separation of diaslerwmers of macrocycle 13; G, 106s of stereocenter 
at phosphorus on hydrolysis. 

formation of the methoximes 16, reduction to the racemic amine, 
and coupling with N-Cbz-leucine to give 17 parallels the route 
used for preparation of the macrocyclic analogs. The diaster- 

(21) Bradsher,C. K.;Reames, D.C. J.  Or$. Chem. 1981.46.138~1388. 
Hirsfh.1.A.: Sehwartzkopf,G. 3. Orz. Chem. 1973,38,3534-3536. Houry, 
S.; Garesh. S.; Shani. A. Is,. J.  Chem. 1973, 11, 805-817. 

12 

eomers of 17 can be separated on reverse-phase HPLC. Deprc- 
tection, phosphooylation, and hydrolysis of the separate diaster- 
eomers of 18 then complete the synthesis of the controls (R)-2 
and (9 -2 .  

The diastereomers of 17 were tentatively assigned as (R)-17 
([elD (MeOH) +24.7') and (S)-17 ([elD (MeOH) -33.7') by 
chiroptical comparison to the authentic diastereomers of N-(Cbz)- 
leucine I-phenylethylamide: ( (R)- l9  [ e ] ~  (MeOH) + 1.2', 
and (S)-19 [elD (MeOH) -16.4O). Supporting evidence was 
obtained by asymmetric reduction of the E-oxime of 16 with the 
borane/ @)-diphen ylvalinol complex, which forms the S-isomer 
selectively in related systems." With this reagent, a 70% 
diastereomeric excess of the (S)-leucinamide (S)-17 is obtained 
after acylation. 

Finally, the crystal structure of the complex k tween ther- 
molysin and (S)-2 provided unambiguous evidence for this 
assignment. 

Enzymatic Evaluation 
The inhibition constants of the various stereoisomers of 1, 2, 

and 3 were determined a t  pH 7.0 a t  25 OC under standard 
conditionszz (Table 1). The macrocyclic analogue (S,S)-1 is a 
potent inhibitor of thermolysin, with a Kj value of 4 nM at pH 
7.5. Comparison of this value with the inhibition constants for 

(22) Bartlett, P. A,; Marlowe, C. K. Bioehomisfry 1983,22,4618-4624. 
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Table 1. Inhibition of Thermolysin by Cyclic and Acyclic 
Phosphonamidates’ 

Determined at 25 OC, pH 7.5, as described in ref 21. Tentative 
stereochemical assignment. 

Table 2. Data Collection and Refinement Statistics 
inhibitor complex 

(SS-1) ( 9 - 2  
Data Collection 

resolution (A) 1.65 1.80 
no. of independent reflcns 33083 26699 
completeness of data (%) 86.6 85.1 
Rmcrgc (%la 7.0 3.8 
av isomorphous difference (%) 13.0 12.6 

Refinement 
resolution 1.70 1.82 
reflctns included 32986 26548 
residual (%) 16.8 17.0 

Aaang~s (deg) 2.2 2.3 

0 Rmcrgc gives the average agreement between independently measured 
intensities; the average isomorphous difference gives the average difference 
between the measured structure amplitudes of the inhibitor complex and 
that of the native crystals; Abn& and Aangls give the average discrepancies 
between the bond lengths and angles in the final refined model and the 
values expected for “ideal” stereochemistry. 

the stereoisomers of 1 and for the various control compounds 
(Table 1) indicates that incorporation of the correct bridging 
unit leads to a significant enhancement in binding affinity. The 
most potent isomer of 1 was presumed to be the desired (S,S)- 
diastereomer, an assignment that was confirmed by the crystal- 
lographic studies described below. The synthetic scheme dictates 
that the isomer of modest affinity (ki = 500 nM) differs from 
(S,S)-1 a t  one stereocenter, either having the opposite configura- 
tion p to the phosphorus or a t  the benzylic position. The 125-fold 
difference in affinity is comparable to that shown by thermolysin 
for L- versus D-configured amino acids a t  the Pz’ positionz3 (and 
compare (S)- and (R)-2) ,  hence we have provisionally assigned 

(A) 0.015 0.0 17 

B 

8 8 

Figure 5. Initial map showing the electron density corresponding to the 
bound inhibitors. Coefficients (FprFc)  whereFp1 is theobservedstructure 
amplitude of the protein-inhibitor complex and FC is the amplitude 
calculated from the refined model of thermolysinZ5 with solvent molecules 
removed from the active site region. Phases, +c, correspond to the 
amplitudes Fc. Map contoured at 3.0~ where u is the root-mean-square 
density throughout the unit cell. Refined inhibitor model is superim- 
posed: (a, top) inhibitor (S ,S) - l .  (b, bottom) inhibitor (S)-2. 

the (S,R)-configuration to the 500-nM inhibitor. However, we 
cannot rule out the possibility that this inhibitor has the (R,S)- 
configuration. The remaining two isomers of 1 show little 
inhibition, even a t  concentrations above 10 pM, indicating that 
the stereoisomers with the (R)-configuration a t  the chroman 
linkage must adopt a relatively high-energy conformation if they 
are to fit into the active site a t  all. 

Although we anticipated that these inhibitors could be slow- 
binding, in view of their reduced flexibility, the kinetic assays 
gave no evidence of the cyclic analogues binding more slowly to 
thermolysin than is observed for typical substituted phosphonate 
peptide  derivative^.^^ 

Structural Evaluation 
Crystallographic analysis of the complexes of the macrocycle 

(S,S)-1 and the acyclic control (S)-2 confirmed the tentative 
stereochemical assignments described above (Figures 5-7). In 
addition, (S,S)-1 can be compared in its binding with (9 -2 ,  with 
the original inhibitor Cbz-GlyP-Leu-Leu, and with the original 
model design. For the most part, the common components of 
these inhibitors adopt nearly identical orientations within the 
thermolysin active site (Figures 6 and 7); however, there are 
some important differences. 

From the Cru-carbon of the phosphonate residue to the Ca-  
carbon of the P2‘ moiety, the backbone and side-chain atoms of 
the three inhibitors adopt similar orientations in the active site 
and engage in similar polar and steric contacts with the protein. 

(23) Morihara, K.; Tsuzuki, H. Eur. J .  Eiochem. 1970, 15, 374-380. 
(24) Bartlett, P. A.; Marlowe, C. K. Biochemistry, 1987,26,8553-8561. 

Izquierdo-Martin, M.; Stein, R. L. J .  Am. Chem. SOC. 1992,114, 1527-1528. 
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Flyre 6, Comparison of modeled (orange) and observed (colorcoded) conformations of (S,S)-1 in active site of thermolysin (blue) (the pmethyl 
substituent is absent in modeled structure). The protein structure is taken from the complex with Cbz-GlyP-Leu-Leu; color-ded representations of 
theside-chainsofHis-231 and Asn-I12 (aboveandbelowtheinhibitor, respectively) indicate thedifferentorientationstheyadopt inthe(SS)-lcomplex. 

Figure 1. Comparison of bound conformations of cyclic inhibitor (S,S)-l (red) and acyclic control (S)-2 (color-mded). 

In comparison to the original modeled structure for the macro- 
cyclicinhibitor,theplaneofthe bridgingchromanunitin (SS)-l 
is rotated by 12O, which brings it closer and more parallel to the 
imidazole of His-231. This displacement is accommodated in 
part hya0.4-AmovementoftheHis-231 sidechain itself,relative 
to its position in the Cbz-GlyP-Leu-Leu complex, which leads to 
a wider opening to the active site. The different orientation of 
the chroman unit corresponds to a rotation of 17” about the 
NH-to-Ca bond of the pseudo P; residue, forcing the appended 
isobutyl group closer to the Asn-112 carboxamide. To reduce 
this steric interaction, a different conformation is adopted by the 
isobutyl side chain, involving a rotation of 138O about the C a  to 
Cg bond and 163O about the Cg-Cy bond. This distortion 
indicates that the chroman unit is not perfect in its ability to 
bridge theends ofthe inhibitor without clashing with the enzyme. 
Our original modeling effortx would not have uncovered the 
different binding orientation, since alternative energy minima 
were not explored at  that time. 

One of the consequences of replacing the terminal carboxylate 
group of Cbz-GlyP-Leu-Leu with the neutral chroman unit in 1 
isdisruptionofthehydrogenbondbetween thecarboxylatemoiety 
andtheside-chainamideofAsn-112. Inthecomplexwith(S,S)- 
1, the protein accommodates this structural change by a 24’ 
rotation of the Asn side chain about the CB-Cy bond, enabling 
the carboxamide to donate a hydrogen bond to the ether oxygen 
ofthebridge(N-Odistanceof3.1 A),whilecontinuingtoaccept 
a hydrogen bond from the inhibitor amide nitrogen. The 
orientation of this amide linkage suggests that it provides a 
bifurcated hydrogenbondtothe Asn-1 l2sidechain (N-O distance 
of 3.3 A) and transannularly to the ether oxygen (N-O distance 
of 2.6 A). 

Determination of the bound conformation of the acycliccontrol 
(9-Zshows that backboneand side-chainatomsof this analogue 
arevirtually superimposable with thecorresponding atoms in the 
complex with the macrocyclic inhibitor (SS)-l (rms deviation 
0.25 A). However, the chroman unit of (S)-2 is rotated 168’ in 

comparison with that in (SJ)-1 (Figure 6). In contrast with 
(S,S)-l, the distal part of the chroman unit in (S)-2 is exposed 
tosolvent and makes nocontacts either with therest ofthe inhibitor 
or with the thermolysin molecule. The chroman oxygen forfeits 
an intramolecular hydrogen bond with the backbone nitrogen of 
the inhibitor but does hydrogen bond to a locally ordered solvent 
molecule. 

Chemically, the acyclic control differs from the macrocycle 
only by the addition of two hydrogens in place of a carbon- 
carbon bond. However, from a structural point of view, this 
alteration rcquuesthatthecarbon~rbondistance increase from 
the covalent bond length of 1.5 A to the van der Waals contact 
distance of C H  groups, i.e., about 3.8 A. Apparently, there is 
not enough leeway in the thermolysin active site, particularly in 
the region between Asn-1 12 and His-231, to accommodate this 
increase in distance without the observed reorientation of the 
chroman moiety. 

Appraisal of the Approach 

Incorporation of the chroman moiety in the macrocyclic 
phosphonamidate (S,S)-l results in a 50-fold increase in affinity 
for thermolysin in comparison with the basic inhibitor 3. This 
increase comes both from the inherent affinity of the chroman 
unit itselfand from itsconstraint ofthe peptidechain. Theacyclic 
control (S)-2 was designed to distinguish the respective contribu- 
tions from these two factors. However, the bicyclic moiety in 
(S)-2 adopts a different position in the active site (“exo”) than 
the macrocycle (S,S)-l, which means that the 20-fold difference 
in affinity between these two molecules is not simply the result 
of cyclization. The differential binding affinity of the chroman 
unit versus hydrogen may be larger or smaller than the observed 
difference of 0.5 kcal/mol between 3 and (S)-2. Although it is 
temptingtosuggest that a hydrogenbond between theether oxygen 
and Asn-112 would favor an “endomorientation of the chroman 
unit (in the absence of steric interference with a phosphorus- 



Inhibitor of the Zinc Peptidase Thermolysin 

carbon substituent), it is possible that steric interference from 
the active site would offset this favorable effect. 

The diastereomeric macrocycle (R,S)-l, with a Ki value more 
than three orders of magnitude higher than that for 3, demon- 
strates the penalty exacted for incorrect constraint. Although 
this structure can be modeled into the active site of thermolysin 
without significant steric interactions with the protein, it must 
adopt a high-energy conformation with an  eclipsed relationship 
between the adjacent C-P and C-0  bonds. 

No direct evidence for the conformation of (S,S)-1 in solution 
was obtained from the N M R  spectrum, since N O E  interactions 
could not be observed between the nonexchangeable spin systems 
of the left and right halves of the molecule. However, the 
carboxamide hydrogen of (S,S)-1 is slow to exchange in CD30D, 
suggesting that this molecule adopts an internally hydrogen- 
bonded conformation in solution like that in the active site, where 
the amide N-H donates a bifurcated hydrogen bond to the ether 
oxygen and Asn-112. Similar slow exchange is seen for the acyclic 
control (S)-2, but not 3.26 

Structure-based design approaches, whether they involve de 
novo design, design of a mimic, or conformational restriction of 
a known ligand, have generally pursued complementarity between 
the static structures of ligand and binding site, Le., the 'lock and 
key" mode1.27 However, even in their complex, the ligand and 
the receptor are not rigid.28 Residual thermal motion in the 
complex tends to reduce the enthalpy of binding as the atoms 
involved in various polar and van der Waals interactions move 
from their equilibrium positions; however, the entropy associated 
with this residual motion is favorable, and to inhibit it would tend 
to reduce the free energy of binding. Thus, optimizing thedesign 
of a conformationally constrained ligand presents a dilemma. 
Should the unbound ligand be rigidified only to the extent that 
it is confined in the complex, in order to allow for similar residual 
motion? O r  should it be made as inflexible as possible, in order 
to optimize the enthalpic interactions with the binding site? It 
is conceivable that a mismatch in the dynamical characteristics 
of ligand and receptor could limit receptor motion,*9 leading to 
the seemingly incongruous result that over-rigidification of the 
inhibitor may lead to an unfavorable rather than a favorable 
contribution to the entropy of binding. Theimportance to binding 
affinity of dynamical complementarity between ligand and 
receptor has, to our knowledge, not yet been addressed, either 
experimentally or computationally, but it may prove to be an 
important consideration in structure-based design. 

A separate but related issue is that of slow-binding behavior.30 
While slow-binding is often attributed to slow interconversion of 
protein conformational states, it may also arise if the normal 
pathway for association requires a number of ligand conformations 
not available to a constrained inhibitor.31 However, while 
phosphonamidates and related analogues are generally slow- 
binding inhibitors of t h e r m o l y ~ i n , ~ ~  it is interesting to note that 
the macrocyclic inhibitor (S,S)-l is not unusual in this respect. 
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(25) Holmes, M. A.; Matthews, B. W. J .  Mol. Biol. 1982,160,623-629. 
(26) 2D NOESY spectra (Bodenhausen, G.; Kogler, K.; Ernst, R. R. J.  

Magn. Reson. 1984,58,370) of thediastereomeric intermediates 10, obtained 
in CDCl3 solution in the course of trying to assign their configurations, showed 
an NOE interaction between the carbamate hydrogen and the hydrogen a to 
the ether in b t h  diastereomers, which is also consistent with an internally 
hydrogen bonded structure. 

(27) Fischer, E. Chem. Ber. 1894, 27, 2985-2993. 
(28) Rime, D.; Petsko, G .  A. Pros  Biophys. Molec. Biol. 1985,45, 197- 

235. Roberts, G .  C. K. In Host-Guesi Molecular Interactions: From 
Chemistry to Biology; Chadwick, D. J., Widdows, K., Eds.; John Wiley & 
Sons: New York, 1991; pp 169-182. 

(29) See, for example: Somogyi, B.; Matko, J.; Rosenberg, A. Acta Biochim. 
Biophys. Hung. 1988, 23, 135-148. Cross, A. J.; Fleming, G .  R. Biophys. 
J .  1986,50,507-512. Maliwal, B. P.; Lakowicz, J. R. Biophys. Chem. 1984, 
19,337-344. James,M.N.G.;Sielecki,A.;Salituro,F.;Rich,D.H.;Hofmann, 
T. Proc. Narl. Acad. Sci. U.S.A. 1982, 79, 6137-6141. 

(30) Schloss, J. V. Accr. Chem. Research 1988, 21, 348-353. Morrison, 
J.  F.; Walsh, C. T. Adv. Enzymol. Relat. AreasMol. Biol. 1987,61,201-301. 

(31) Mao, B. Bi0chem.J. 1992,288,109-116. Burgen, A.S. V.; Roberts, 
G. C. K.; Feeney, J. Nature 1975, 253, 753-755. 

A close coupling of binding studies and structure determination 
will become increasingly important for the advancement of 
structure-based design of enzyme inhibitors and ligands for other 
macromolecular receptors. Binding studies require appropriate 
control or comparison compounds to provide insight into the basis 
of the observed affinity. However, the interpretation of these 
binding effects remains speculative without structural charac- 
terization of the protein-ligand complexes themselves. Further- 
more, structural information provides a necessary foundation for 
further design enhancements. The successful design of the 
macrocyclic thermolysin inhibitor demonstrates the power of this 
combined approach. 

Experimental Sec t i ~ n ~ ~  
Modeling Studies. The inhibitor (S,S)-l was designed before we had 

very much experience with or access to molecular modeling systems. 
Dreiding models, MM2 calculations (improperly parametrized for 
phosphonates) on a PC, and stereo slides taken with the assistance of the 
Computer Graphics Laboratory using the Midas progra& at the 
University of California, San Francisco, were all used to enhance 
(rationalize?) our intuition. Additional modeling was performed with 
PSSHOW (Dearing, A. MOGLI Version 2.2, Evans and Sutherland 
Corporation) and M a ~ r o M o d e l ~ ~  Versions 2.0 and 2.5 (Still, W. C., et 
al., Columbia University) on an Evans and Sutherland PS350 graphics 
system. More recent modeling efforts were performed on a Silicon 
Graphics 4D-70 workstation using MacroMcdel Version 3.0 and BioGraf 
Version 2.0 (Molecular Simulations, Inc.), implementing the Dreiding 
force field.33 The inhibitor (S,S)-l was constructed from the enzyme- 
bound conformation of Cbz-GlyP-Leu-Leu (5TMN in the Protein 
Databank36) and minimized in the active site. During the minimization, 
the phosphonateoxygens of theinhibitor wereconstrained tothe respective 
distances observed in the Cbz-GlyP-Leu-Leu complex, and the protein 
was kept rigid. The result of this minimization is shown in Figure 6. 

Synthesis of Cyclic Inhibitors. [2R-(2R*,69,9R*)]-3,4,5,6,8,9- 
Hexabydro-4-hydroxy-1 l-methyl-6,9-bis( 2-metbylpropyl)-2,13-ethano- 
1,5,8,4-benzoxadiazapb~phacycloundecin-7(2~-on~~o~de, Mono- 
lithium Salt, (R,R)-1. A solution of 2.5 mg (0.006 mmol) of (R,R)-13 
in 200 pL of CH3CN with 30 pL of 1 N LiOH was stirred for 48 h. The 
reaction mixture was concentrated to a white solid which was purified 
by anion exchange chromatography over Sephadex DEAE with a linear 
gradient from 1 : 1 MeOH/H20 to 1 : 1 MeOH/ 1 M TBK buffer, followed 
by cation exchange chromatography (Dowex in MeOH, Li+ form). 
Concentration from CH3OH resulted in 2.5 mg (100%) of (R,R)-1 as 

(32) The following abbreviations are used: triethylammonium bicarbonate 
(TBK), 1-hydroxybenzotriazole hydrate (HOBT), ethyl dimethylaminoeth- 
ylcarbodiimide (EDC), and diisopropylethylamine (DIEA). Unless otherwise 
noted, materials were used as obtained from commercial suppliers. Methylene 
chloride, acetonitrile, and tert-butylamine were dried by distillation from CaHz 
under N2, tetrahydrofuran (THF) was freshly distilled from sodium/ 
benzophenone under N2, and dimethylformamide was distilled from calcium 
oxide at 35 mmHg vacuum and stored over 3A molecular sieves. TBK buffer 
was prepared by bubbling C02gas through an aqueous solution of triethylamine 
until the desired pH was attained. IH NMR spectra are presented as follows: 
chemical shift on the 6 scale (multiplicity, number of hydrogens, coupling 
constant(s) in hertz). IH NMR spectra measured in CD3OD or DzO are 
referenced to methanol as 3.30 ppm; I3C NMR spectra are referenced to 
CDCI3 (77.0 ppm) or CDSOD (49.0 ppm); 3lP NMR spectra are reported 
downfield from trimethyl phosphate as 3.086 ppm. IR spectra were obtained 
on neat films unless otherwise indicated. Spectral and analytical character- 
ization obtained for the synthetic intermediates are indicated at the end of 
each experimental description; full details are provided in the supplementary 
material. 

(33) Ferrin, T. E.; Huang, C. C.; Jarvis, L. E.; Langridge, R. J .  Mol. 
GraDhics 1988.6. 13-37. 

fi4) Mohomadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, 
M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J .  Comput. Chem. 
1990 4 44-67 ____. ., . . _  

(35) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., 111 J .  Phys. Chem. 

(36) Bernstein, F. L.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; 
Brice, M. D.; Rodgers, J. R.; Kennard, 0.; Shimanouchi, T.; Tasumi, M. J.  

(37) Henderson, P. J. F. Biochem. J.  1972, 127, 321-333. 
(38) Weaver, L. H.; Kester, W. R.; Matthews, B. W. J. Mol. Btol. 1987, 

(39) Xuong, N. H.; Nielsen, C.; Hamlin, R.; Anderson, D. J .  Appl. Cryst. 

(40) Tronrud, D. E.; Ten Eyck, L. F.; Matthews, B. W. Acta Crystallogr. 
1987, A43,489-503. Tronrud, D. E. Acta Crystallogr. 1992, A48,912-916. 

1990, 94, 8897-8909. 

Mol. Biol. 1977, 185, 535-542. 

114, 119-132. 

1985, 181, 342-350. 
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dissolved in 10 mL of H20 and extracted with EtOAc (3 X 25 mL). The 
combined organic layers were washed with saturated NaCI, dried 
(MgSOd), and concentrated to yield a yellow oil. Flash chromatography 
(80% EtOAc/hexane) over silica yielded 327 mg (93%) of 6 as a colorless 
oil: IR, IH NMR; N M R  MS (FAB); Anal. 
3,4-Dihydro-2-[ (dimethoxyphosphinyl)methyl]-6-methyl-2& l-ben- 

zopyran, 7. To a stirring solution of 200 mg of 6 (1.05 mmol) and 1.34 
mL of triethylsilane (8.40 mmol) in 53 mL of CH2CIz at -78 "C, under 
a nitrogen atmosphere, was added 0.78 mL of BF3.OEt (6.32 mmol). The 
solution was stirred at -78 OC for 1 h, warmed to room temperature, and 
stirred anadditional 12 h. Thereactionmixture wastreatedwith saturated 
NaHCO3 (0.5 mL) and diluted with 200 mL of CH2C12. The organic 
layer was washed with saturated NaHCOa, dried (MgSOd), and 
concentrated to yield a yellow oil. Flash chromatography (80% EtOAc/ 
hexane) over silica afforded 250 mg (89%) of 7 as a white solid: mp = 
65.0-65.8 OC; lH NMR; 13C N M R  
3,4-Dihydro-2-[ (dimethoxyphospbinyI)methyl]-6-methyl-8- (4-methyl- 

l-oxobutyl)-2Nl-benzopyran, 8. To a stirring solution of 100 mg of 7 
(0.36 mmol) and 68 pL of isovaleryl chloride (0.56 mmol) in 2.0 mL of 
nitromethane at 0 "C, under an argon atmosphere, was added 105 pL 
of titanium tetrachloride (TiC14). The reaction mixture was stirred for 
30 min at 0 "C, allowed to warm to room temperature, and stirred an 
additional 2 h. The solution was cooled to 0 "C, treated with saturated 
NaHC03 (0.5 mL) and then diluted with 20 mL of HzO and 20 mL of 
EtOAc. After stirring for 30 min, the resulting emulsion was centrifuged, 
and the aqueous layer was extracted with EtOAc (3 X 25 mL). The 
combined organic solutions were dried (NazS04) and concentrated to 
give a yellow oil. Flash chromatography (85% EtOAc/hexane) over 
silica yielded 108 mg (82%) of 8 as a yellow oil: IR, IH NMR; I3C NMR, 
3iP N M R  MS (FAB); Anal. 
3,4-Dihydro-2-[ (dimethoxyphosphinyl)methyl]-6-methyl-8-[4-methyl- 

l-(methoxyimino)butyI]-2H-l-benzopyran, 9. To a stirring mixture of 
606 mg of 8 (1.7 mmol) in 9.0 mL of CH30H at room temperature was 
added 709 mg of KHCOa (5.1 mmol) and 607 mg of methoxyamine 
hydrochloride (7.3 mmol). The resulting mixture was refluxed for 2 h 
under a nitrogen atmosphere and then cooled to room temperature and 
filtered. The filtrate was concentrated to dryness and purified by flash 
chromatography (85% EtOAc/hexane) to yield 651 mg (99%) of 9 as 
a colorless oil and as a mixture of 2 diastereomers (approximately 60% 
onti: 40% syn): I R  IH NMR, I3C NMR, NMR; MS (FAB); Anal. 
3,4-Dihydro-2-[ (dimetboxyph~phinyl)methyl]-6-methyl-8-[4-methyl- 

l-[[(phenylmethoxy)carbonyl]amino]butyl]-2~-l-benzopyran, (It*$*)- 
10 and (R*,S*)-10. To a stirring solution of 1 1  g of 9 (28.7 mmol) in 
300 mL of THF at 0 OC was added 145 mL of 1 M BHa/THF (145 
mmol). The solution was warmed to room temperature, then refluxed 
under argon for 16 h, then cooled to 0 "C, and treated with 300 mL of 
dry MeOH. This mixture was concentrated under reduced pressure to 
a colorless oil, which was dissolved in CH3OH and concentrated under 
reduced pressure (5X) toa white solid. The solid was partitioned between 
Et20 and cold 1 N H2SO4, and the organic layer was extracted with cold 
1 N HzS04. The combined aqueous layer was cooled to0 "C, made basic 
with saturated NH40H, and extracted with CH2C12 (3 X 100 mL). The 
CHlCll solution was first dried over MgSO4, then over 3 A molecular 
sieves at 0 "C for 24 h. To this solution was added 12.4 mLof triethylamine 
and 17.3 mL of benzyl chloroformate (CbzCI), and the resulting mixture 
was stirred for 8 h as it warmed to room temperature. The reaction 
mixture was concentrated and partitioned between H2O and EtOAc, and 
the organic layer was dried (MgSO4) and concentrated to a colorless oil. 
Flash chromatography (85% EtOAc/hexane) over silica yielded three 
fractions: 870 mg of (R*,R*)-10,6 g of an (R*,R*)-10 and (R*,S*)-10 
mixture, and 120 mg of (R*,S*)-10 (50% total yield). (R*,R*)-10 IR; 

31P NMR. (R*,R*)-10 and (R*,S*)-lO mixture: MS (FAB); HRMS 

3,4-Dihydro-2R*-[[methoxy(oxy)phosphinyl]methyl]-6-methyl-8-[4- 

dium Salt, (R*,R*)-11. Compound (R*,R*)-10 (1.75 g, 3.57 mmol) was 
dissolved in 150 mL of freshly distilled rert-butylamine, and the resultant 
solutionwasrefluxedunder argonfor 72 h. Thesolutionwasconcentrated 
to a white solid, which was purified by anion exchange chromatography 
over Sephadex DEAE with a linear gradient from 1:l CH>OH/H20 to 
1:l CHJOH/l M TBK buffer, followed by cation exchange chroma- 
tography (Dowex, Li+ form) and lyophilization to give 1.62 g (93%) of 
(R*,R*)-llasawhitesolid 1HNMR13CNMR31PNMR,MS(FAB): 
HRMS (FAB); Calcd for NaC2&3NO6P, 498.2021; found 498.2014. 

NMR; MS (FAB); Anal. 

'H NMR, "C NMR, 31P NMR. (R*,S*)-IO: IR, 'H N M R  

(FAB); calcd for C26H,6N06P, 490.2358, found, 490.2372. 

N M R  

methyl-lRq ( p b e n y l m e t h o x y ) ~ y l ~ o p l u t y l ~ 2 ~  1-benzopyran so- 

a white solid: IR (5% MeOH/CHC13) 3340, 2960, 1655, 1450, 1423, 
1325, 1042 cm-l; lH NMR (400 MHz, CD30D) 6 [0.908 (d, J = 6.5) 
and0.916(d,J=6.5),6H],l.OO(d,J=6.2)and1.02(d,J=6.2),6H], 
1.28-1.35 (m, 3), 1.39-1.47 (m, l), 1.53-1.92 (m, 5), 1.98-2.08 (m, l), 
2.22 (s, 3), 2.67-2.88 (m, 2), 3.43-3.50 (m, l), 3.60-3.66 (m, l), 4.29- 
4.50 (m, l), 6.77 (s, l), 6.85 (s, 1); 31P NMR (123 MHz, CD3OD) 6 
20.47; MS (FAB) m/z 429 (MH)+; HRMS (FAB) calcd for 
LiC22H34N204P. 429.2495, found, 429.2501. 
[2R-( 2RS,65*,9S*)]-3,4,5,6,8,9-Hexahydro-4-hydroxy-ll-methyl-6,9- 

bis( 2-methylpropyl)-2,13-ethano-1,5,8,4-benzoxadiazaphosphacycloun- 
decin-7(2H)-one-4-oxide,MonolithiumSalt, ( R a - 1 .  Asdescribedabove 
for the (R,R)-isomer, 8.9 mg (0.02 mmol) of (R,S)-13 was converted to 
4.7 mg (54%) of (R,S)-l as a white solid: IR (5% MeOH/CHCls) 3300, 
2960, 1650, 1478, 1430, 1045 cm-I; lH NMR (400 MHz, CD30D) 6 
[0.925 (d, J = 6.5), 0.946 (d, J = 5.0), 0.951 (d, J = 5.0), and 0.976 (d, 
J = 6.3), 12H], 1.28-1.67 (m, 6), 1.73-1.84 (m, 2), 1.88-1.95 (m, l), 
2.13-2.20 (m) and 1.95 (s, 4), 2.67 (dd, 1, J =  5.8, 17.0), 2.73-2.81 (m, 
1),3.49-3.63(m,2),4.67-4.73(m,1),6.74(s,2),9.19(d,l,J=lO.l); 
'IPNMR(123 MHz,CDoOD) 621.82;UV287 nm(c2350);MS(FAB) 
m / z  429 (MH)+; HRMS (FAB) calcd for L ~ C ~ ~ H ~ ~ N Z O ~ P ,  429.2495, 
found, 429.2505. Anal. Calcd for LiC22H34N204P P, 7.23. Found: 
P, 4.63 (64% of the solid is inhibitor). 
[2S(2R*,6R*,9R*)]-3,4,5,6,8,9-Hexahydro-4-hydroxy-l l-methyl-6,9- 

bis(2-methylpropyl)-2,13-ethano- 1,5,8,4-benzoxadiazaphosphacycloun- 
decin-7(2H)-one-4-oxide, Monolithium Salt, (S,@-l. To a solution of 3 
mL of benzene, saturated with isobutylene gas at 12 OC, was added 1.4 
mL of pyridine and 320 pL of trimethylsilyl bromide. A solution of 35 
mg (0.09 mmol) of (S,S)-13 in 2 mL of 1:l CH2Clz/benzene was added, 
and the solution was stirred at 12 OC for 1 h and then warmed to room 
temperature for an additional hour. The reaction mixture was frozen 
and lyophilized to a white solid. This solid was dissolved in MeOH, 
filtered though a Dowex cation exchange column (MeOH, Li+ form) to 
remove the pyridinium salts, and then concentrated to a white solid. 
After dissolution in water, the salt was purified by anion exchange 
chromatography over Sephadex DEAE with a linear gradient from 1:l 
MeOH/H20 to 1 :1 MeOH/ 1 M TBK buffer, followed by cation exchange 
chromatography (Dowex in MeOH, Li+ form). Concentration from CH3- 
OH provided 28.6 mg (83%) of (S,S)-1 as a white solid: lH NMR (400 
MHz, CD30D) 6 [0.941 (d, J = 6.5) and 0.947 (d, J = 6.6), 9H], 0.997 
(d, 3,J = 6.5), 1.37-1.45 (m, 2), 1.65-1.76 (m, 3), 1.80-2.12 (m, 5). 2.19 
(s, 3), 2.74 (dd, 1, J = 5.5, 16.7), 2.83-2.92 (m, l), 3.89 (dt, 1, J = 3.3, 
l0.6), 4.09 (dd, 1, J =  10.4,21.2), 4.76-4.82 (m, l), 6.67 (s, l), 6.73 (s, 

22.10, 23.67, 24.01, 25.55, 25.94, 26.01, 31.35 (d, J = 15.7), 38.85 (d, 
J = 131), 45.09, 47.62, 52.70, 56.90 (d, J = 10.2), 75.50 (d, J = 5.6), 
125.03, 127.89, 129.61, 130.43, 130.86, 152.87, 177.93 (d , J  = 4.5); 31P 
NMR (I23 MHz, CD30D) 6 20.47; MS (FAB) m / z  429 (MH)+; HRMS 
(FAB) calcd for L ~ C ~ ~ H ~ ~ N Z O ~ P ,  429.2495; found, 429.2495. 

[zS( 2R5,6R*,9S+))3,4,5,6,8,9-Hexahydro-4-hydroxy-l l-methyl-6,9- 
bis( 2-methylpropyl)-2,13-ethano-l,5,8,4-benzoxadiazaphosphacycloun- 
decin-7(2H)-one-4-oxide,MowlithiumSalt, (S,R)-l. As described above 
for the (S,S)-isomer, 10 mg (0.026 mmol) of (S,R)-13 was converted to 
9.4 mg (84%) of (S,R)-l as a white solid: IR (5% MeOH/CHC13) 3300, 
2960,1650,1470,1450,1175,1045 cm-l; IHNMR (400 MHz, CD30D) 
6 [0.918 (d, J = 6.7), 0.929 (d, J = 6.6), 0.936 (d, J = 7.3), and 0.972 
(d, J = 6.6), 12H], 1.30-1.53 (m, 4), 1.65-1.88 (m, 4), 1.96-2.13 (m, 
2), 2.18 (s, 3), 2.63-2.75 (m, 2), 3.80 (dd, 1, J = 7.6, 16.9), 4.64 (dd, 
1, J = 5.5, 9.9), 4.76 (t. 1, J = 11.2), 6.71 (s, l), 6.76 (s, 1); 31P NMR 
(123 MHz, CD30D) 6 20.44; MS (FAB) m/z429 (MH)+; HRMS (FAB) 
calcd for LiCz2H34NzO4P1 429.2495, found, 429.2502. 

K [  lS[I[ 1S( 3,4-Dihydro-6-methyl-2Bl-benzopyran-8-yl)-3-methyl- 
butyl]amino]carbonyl]-3-methylbutyl]-~-methylphosphonamidic Acid, 
Lithium Salt, (8-2, the Diastereomer (R)-2, and N-[Methyl(oxy)- 
phosphinyll-~-1eucine 3-Methylbutylamide, Lithium Salt, 3. Synthesis 
and characterization of these control compounds are described in the 
supplementary material. 

2-[4-Dimethoxyphosphinyl)-3-oxobutyl]-4-methylphenol, 6. Dimethyl 
methylphosphonate (2.52 mmol) was added to a stirring solution of 2.54 
mmol of lithium diisopropylamide in 25 mL of THF at -78 OC, under 
a nitrogen atmosphere, and the reaction mixture was stirred for 2 h; the 
formation of a white precipitate was observed. A solution of 1.23 mmol 
of 4-methyldihydrocoumarin, 5,14 in 3 mL of THF was added dropwise 
to the reaction mixture, while the temperature was kept at -78 OC. The 
mixture was stirred at -78 "C for 4 h, warmed to room temperature, and 
stirred an additional 12 h. The reaction mixture was treated with 0.5 mL 
of saturated NHdCl and evaporated to dryness, and the residue was 

l), 8.97 (d, 1, J =  10.0); "C NMR (102 MHz, CD3OD) 6 20.65, 22.08, 
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3,4-Dihydro-ZR*-[[methoxy( oxy)phosphinyl]methyI]-6-methyl-8-[4- 
methyl- lS-~(phenylmethoxy)carbonyllaminoputyl]-2~-l-be~py~ So- 
dium Salt, (I?*,@-11. As described above for the (R*,R*)-isomer, 2.0 
g (4.09 mmol) of (R*,S*)-10 was converted to 1.89 g (91% yield) of 

calcd for N ~ C ~ S H ~ ~ N O ~ P ,  498.2021, found, 498.2017. 
N-n[3,4-Dihydro-amethyl-8-( ImethyI-lR*-[[(phenyImethoxy)carbo- 

nyl~minolbutyl+2H- l-benzopyran-2R*-yl]l~ethoxyphosph~- 
leucine Phenylmethyl Ester, (R*,R*)-12. The tosylate salt of leucine 
benzyl ester (3.0 g, 4.1 mmol) was mixed with 10 mL of EtOAc and 20 
mL of 10% K2CO3. The aqueous layer was removed and the organic 
layer was washed with saturated NaCI, dried (MgS04), diluted with 5 
mL of EtOAc, and placed over 3A molecular sieves for 24 h. To this 
solution was added 13 mL of DIEA, and the resultant solution was cooled 
to -78 OC. To a stirred solution of 381 mg of (R*,R*)-11 (0.75 mmol) 
in 7.6 mL of benzene and 150 pL of DMF under argon was added 145 
pL of oxalyl chloride; extensive bubbling and formation of a white 
precipitate was observed. The reaction mixture was stirred for 15 min, 
then frozen, and lyophilized. The resultant solid was dissolved in benzene, 
under argon, frozen, and lyophilized once again. The resultant white 
solid was dissolved in 3.8 mL of CHaCN and cooled to -20 "C under 
argon. To this mixture was added, via a cannula, the leucine benzyl 
ester/DIEA/EtOAc solution at-78 OC. The reaction mixture was stirred 
at -20 OC for 30 min, then warmed to room temperature, and stirred an 
additional 10 h. The reaction mixture was concentrated to a white oily 
solid, which was purified by flash chromatography over silica (twice; 
90% EtOAc/hexane then 75% EtOAc/hexane) to give 365 mg (72%) of 
a colorless oil (R*,R*)-12 (as a mixture of four diastereomers): IR; 'H 
NMR; 31P NMR; MS (FAB); HRMS (FAB); calcd for C38H51N207P1 
679.3516, found, 679.3518. 

KC[[3,4-Dihydro-6-methyl-8- ($methyl- 1R*-[[ (pheny1methoxy)carbo- 
nyl~mino]butyl]-2B1-benzopyran-2S-yl]methyl]methoxyphosp~nyl]-~- 
leucine Phenylmethyl Ester, (R*,S)-12.  As described above for the 
R*,R*-isomer, 294 mg (0.59 mmol) of (R*,S*)-11 was converted to 205 
mg of (R*,S*)-12 (52% yield; four diastereomers): IR, 'H NMR; 
NMR; MS (FAB): HRMS (FAB): calcd for C ~ ~ H S ~ N Z O ~ P ,  679.3516, 
found, 679.3514. 

[ 2R-( ZR*,W,9S)+3,4,5,~8,9-Hexahydr0-4-methoxy-l l-methyl-6,9- 
bis( 2-methylpropyl)-2,13-ethano- 1,5,8,4-benzodiazaphosphacycloundecin- 
7(2H)-one-4-oxide, (R,@-13, and the 2S,9R-Isomer (S,R)-13. To a 
solution of 65 mg of (R*,S*)-12 (0.1 mmol) and 30 mg of NaHCO3 in 
5 mL of degassed CHlOH was added 20 mg of 5% Pd/C. The resultant 
mixture was stirred, at atmospheric pressure, under a H2 atmosphere for 
60 min. This mixture was filtered through a Millipore filter (0.45 pm 
pore size) and concentrated to a white solid. This solid was lyophilized 
from benzene to remove any residual CH30H, then dissolved in 12.5 mL 
of dry DMF, and cooled to -5 "C. The reaction mixture was stirred 
vigorously, and 100 pL of diphenyl phosphoryl azide (DPPA, 0.5 mmol) 
and 84 mg of solid NaHCO3 (1 mmol) were added sequentially. At 24-h 
intervals, an additional 100 r L  of DPPA and 42 mg of solid NaHCO3 
were added sequentially (two additional additions), while the vigorous 
stirring and-5 OC temperature were maintained. After 96 h, the reaction 
mixture was concentrated to a white solid. This material was dissolved 
in 10 mL of H20, and the aqueous mixture was extracted with EtOAc 
(3 X 20 mL). The combined organic layer was dried (MgS04) and 
concentrated to a whitesolid, which was purified by flash chromatography 
over silica (stepwise gradient: 2% CH30H/EtOAc, 5% CH30H/EtOAc, 
10% CH,OH/EtOAc, amd 20% CH,OH/EtOAc) to give 5 mg of (S,R)- 
13 (one diastereomer at phosphorus) and 17.2 mg of (R,S)-13 (two 
diastereomers at phosphorus), both as white solids (51% total yield). 
(R,S)-13: IR, IH NMR; 31P NMR; MS (FAB); HRMS (FAB); calcd 
for C Z ~ H ~ ~ N ~ O ~ P ,  437.2569, found 437.2579. (S,R)-13: IR; lH NMR; 
31P NMR; MS (FAB); HRMS (FAB); found, 437.2563. 

[2R-( ZR*,6S,9R*)+3,4,5,6,8,9-Hexahydro-4-methoxy-l l-methyl-69- 
bis( 2-methylpropyl)-2,13e~n~1,5,8,4-benzodiazaphop~cycloundeein- 
7(2H)-one-4-oxide, (R,R)-13, and the 2S,9SIsomer (S,@-13. As 
described above for cyclization of the (R*,S*)-isomer, 68 mg (0.1 mmol) 
of (R*,R*)-12 was converted to 9.0 mg of (R,R)-13 (one diastereomer 
at phosphorus) and 15 mg of (S,S)-13 (twodiastereomers at phosphorus), 
both as white solids (55% yield). (R,R)-13: 'H N M R  "C N M R  
NMR; MS (FAB): HRMS (FAB); calcd for C23H37N204P1 437.2569, 
found,437.2564. (S,S)-13: IHNMR; 13CNMR;31PNMR;MS (FAB); 
HRMS (FAB); found, 437.2567. 

Enzymology GeneralMethods. All stocksolutions were prepared with 
doubly distilled water and filtered through Millipore filters (0.45 pm 
poresize). The standard buffer for all assays wasO.l M 3-(N-morpholino)- 

(R*,S*)-ll: 'H NMR; "CNMR; 31PNMR MS (FAB);HRMS (FAB); 
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propanesulfonic acid (MOPS), 2.5 M NaBr, 10 mM CaCl2, and 2.5% 
(v/v) DMF at pH 7.0. Buffers were prepared and adjusted to pH at 
room temperature. Assays were performed on a Uvikon 860 spectro- 
photometer. A Lauda Model RM 20 circulating constant-temperature 
bath connected toa water-jacketed sample holder was used for temperature 
regulation (25 & 0.2 "C). All inhibitors were shown to be free of any 
organic or phosphorus-containing impurities by high field lH and 3lP 
NMR spectroscopy. Concentration of inhibitors (R,S)-1 and control 
compounds 2 and 3 were determined by careful dilution of a precisely 
weighed sample of the inhibitor and correction for the percent phosphorus 
detd. by elemental analysis. Concentrations of inhibitors (S,S)-l ,  (R,R)- 
1, and (S,R)-1 were determined by UV absorbance based on the e value 
determined for (R,S)-l .  Thermolysin was obtained from Cal Biochem 
(3X recrystallized) and used without further purification. Enzyme 
concentration was determined by UV absorbance and was between 10 
and 20 nM. The thermolysin substrate furanacryloyl-glycyl-leucinamide 
(faGLa) was obtained from Sigma and used without further purification. 
Stock substrate concentration was determined by UV absorbance (€345 

766). Assays were performed at 25 OC, monitored by absorbance change 
at 345 nm, and followed for 510% of the total reaction. 

Kinetic Parameters for Thermolysin Hydrolysis of Furanacryloyl- 
Glycyl-Leucinamide. Assays werecarriedout with 10-20 nM thermolysin 
and 0.10-8.0 mM faGLa. Short pathlength cells (2 and 5 mm) were 
used for the higher concentrations of substrate to keep the total absorbance 
of the solution below 2.5 AU. At each concentration of substrate, the 
difference in molar extinction coefficient (A€ = 345) was determined and 
shown to vary by less than 8%. 

Determination of 4 ' s .  The assay was initiated by the addition of 
faGLa (2 mM) and differences in molar extinction coefficients (Ae = 
345) measured. All velocities were determined for 510% reaction and 
were reproducible within i8%. Inhibitors (S,S)-1, (R,S)-1, (R)-2, and 
(S)-2 were initially dissolved in methanol at concentrations around 0.01 
M and then diluted to stock concentrations (1 X 10-5-5 X M) with 
assay buffer. The Ki values for (S,S)- l ,  (R,S)-1, 3, (R)-2, and (S)-2 
were determined from uo/ui versus [I] plots (uo/ui =I [I]/Ki(l+ [SI/&,) 
+ 1) with six or more different concentrations of I over a range of at least 
' /z  X Ki to 10 X Ki. For (S,S)-l ,  the data were also analyzed by the 
method of Henderson37 to ensure that inhibitor depletion at low [I] did 
not lead to an overestimation of the Ki value obtained. The kinetic plots 
are reproduced in the supplementary material. 

Crystallography. Thermolysin (Calbiochem) was crystallizedZ5 and 
stored in a mother liquor (M7) comprised of 0.01 M calcium acetate, 
0.01 M Tris-acetate, and 7% (v/v) dimethyl sulfoxide, pH 7.25. Crystals 
of the thermolysin-inhibitor complexes were formed by soaking the native 
crystals in solutions of the inhibitor in M7. The extent of binding was 
assessed by calculating (h01)  difference density projections between the 
native crystals and the inhibitor complex.38 Optimal binding for each 
inhibitor, coupled with minimal crystal cracking, required slow equilibra- 
tion (over 2 days) of a thermolysin crystal to a final inhibitor concentration 
of 1 mM, followed by an additional soaking period of 3 days. 

The same datacollection strategy was used for both inhibitor complexes. 
In each case, a single crystal was used to collect three-dimensional data 
on a Xuong-Hamlin area detector39 using graphite-monochromated CuK, 
radiation from a Rigaku RU2OO rotating anode generator. Intensity 
statistics are given in Table 2. 

The initial electron density maps for each inhibitor complex are shown 
in Figure 5a,b. A complete starting model for each inhibitor molecule 
was built into the initial map based on the positive 3u density and used 
in subsequent refinement. In both cases, this map clearly outlined the 
shape and position of the inhibitor bound within the active site cleft. 
Positions for all the atoms of inhibitor (S)-2 were well defined in this 
initial map. Although inhibitor (S,S)-1 was initially somewhat less well 
defined in the vicinity of each of the leucine side chains (Figure 5a), these 
regions were quite clear in the final (2Fp1-Fc) map using the fully refined 
model (not shown). 

Each protein-inhibitor complex model was refined using the TNT 
package.40 Both thermal factors and coordinates were refined simul- 
taneously, starting with relaxed geometry and later increasing the 
constraints to impose expected stereochemistry. Each "residue" of each 
inhibitor was successively omitted from the model prior to a round 
refinement, and the resulting (FPI-Fc) difference map was used to verify 
or adjust the position of each of the corresponding atoms. No inhibitor 
atoms proved to be troublesome to fit. A (2Fp1-Fc) map calculated 
using the fully refined models showed continuous density covering all 
inhibitor atoms at la. With an average of approximately 15A2 for both 
inhibitors, final thermal factors suggest that each inhibitor is well localized 
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in the active site with mobility comparable to the protein atoms in the 
same vicinity. Once an inhibitor was fully refined, well-ordered water 
molecules were added back into the active site region of the model at 
positions suggested by the difference electron density maps. A final 
crystallographic R-factor of 16.8% was achieved for each model (Table 
2). Coordinates have been deposited in the Brookhaven Protein Data 
Bank. 
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