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Abstract: A composite template for angiotensin converting enzyme (ACE, EC 3.4.15.1) inhibitors and a hypothetical
model of the active site of neutral endopeptidase (NEP, EC 3.4.24.11) have been constructed and used to guide the
design of dual ACE/NEP inhibitors. For the ACE template, a new computer program was used to flexibly superimpose
potent, conformationally restricted ACE inhibitors. This program, which only considers the structures of the ligands,
generated three possible templates. It was possible to evaluate the plausibility of these templates because new X-ray
data is extending our knowledge of the binding of ligands to zinc metalloproteases. We have found that the available
X-ray structures of inhibitors complexed to different zinc metalloproteases share certain conformational features. In
each complex, the regions between the catalytic zinc and theide chain were found to have almost the same
geometry. This geometry appears to be dictated by the mechanism of catalysis. Only one of the templates displays
this geometry and is, therefore, proposed as a pharmacophore for ACE. To simulate NEP, we used the crystal
structure of the active site of thermolysin (EC 3.4.24.4). These models of ACE and NEP predict that the conformation
an inhibitor must adopt to bind to ACE differs from that required for binding to NEP. We have designed inhibitors

in which conformationally restricted sections are linked by a flexible hinge, allowing the molecules to adapt to the
conformation required by each enzyme. One of these inhibitors, a triaydhéol, 18 (CGS 28106), was found to

inhibit both ACE and NEP with an 1§53 of 40 and 48 nM, respectively. The models predict ttbinds to the g,

S, and Q' subsites of NEP and thermolysin and to the §', and $' subsites of ACE. The predicted mode of
binding of 18 to thermolysin was experimentally verified by the determination of the X-ray crystal structure of the
thermolysinl8 complex. This is the first reported three-dimensional structure ofidhiol bound to a zinc
metalloprotease. Except for a single NEP inhibitor, the models we propose for ACE and NEP are able to differentiate
between active and inactive compounds reported in the present as well as other studies of dual ACE/NEP inhibition.

Introduction EC 3.4.24.11) has been implicated in the enzymatic inactivation
| of ANP in 2iv0.8° Inhibitors of this enzyme potentiate the

The vasoactive peptides angiotensin-ll (Ang-ll) and atria biological properties of ANP and are currently being investigated

natriuretic peptide (ANP) display opposing biological effects. clinically for their ability to induce ANP-like effect® More

The former stimulates vasoconstriction and sodium retention, recently. preclinical results with combinations of ACE and NEP
while the latter produces vasodilation, diuresis, and natriuresis . Y, P

and decreases the levels of plasma renin and aldostéréne. |nhibitcl)rs have indicated. pc.)ss.il.)Ie synergistic effééts? By
Therefore, a blockade of Ang-IlI production concomitant with exploiting some of the S'm"?‘”“es between the_ two enzymes,
a potentiation of endogenous ANP levels could represent a‘;"ﬁa ;E?qut]hh?ﬁé ha;; bf:sn mtthg;eastsg Ilr(]e gg?ﬁ.’g;?genﬁg ACE
beneficial approach to the treatment of various cardiovascular inhibitory activities withi ng : ;

disorders. Both peptides are regulated by distinct zinc metal- B%th ACE a;nd t'.\IEP aae rz]mc metalloprottea?es |W't.h ?mil.ar
loproteases. Angiotensin converting enzyme (ACE, EC.3.4.15.1) ,rAT\]Iter?o anr:StrI?eoth;Cel(()jr']maenns:'ofa:;i,% ?:(t)n:s OSf ;ugtﬂﬁ eSr:mlrzg 'ﬁ:s'
is a critical enzyme in the biosynthetic pathway of Ang-Il. The ug -l : uctu : zy

use of ACE inhibitors is one of the most effective therapeutic \ (7)Y0P|i(e,’\||-\-(Hl-gggiOtenSin Coverting Enzyme InhibitorsWiley-Liss:
. . ew YOork, y .
approaches for the treatment of hypertension and congestive (8) Sonnenberg, J. L.: Sakane, Y. K. Jeng, A. Y.; Koehn, J. A.; Ansell,

heart failure and underscores the physiological importance of j. A;; Wennogle, L. P.; Ghai, R. [Peptides1988 9, 173-180.

this enzymé. On the other hand, neutral endopeptidase (NEP,  (9) Kenny, A. J.; Stephenson, S. EEBS Lett.198§ 232 1-9.
(10) Richards, A. M.; Crozier, |. G.; Kosoglou, T.; Rallings, M.; Espiner,
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as yet been determined, the crystal structures of a significantstructurally different enzymes cannot be totally rigid. To
number of zinc metalloproteases belonging to different families overcome this problem, a molecule can be designed to include
have been elucidated. Comparisons of the available structuresconformationally constrained sections designed to interact with
in the next section reveal striking similarities as well as certain areas in the binding site of each enzyme. These
significant differences. Those regions of the enzymes where structural units can then be connected by a flexible hinge,
catalysis occurs are almost identical: the zinc, the zinc binding allowing the entire molecule to adopt conformations comple-
atoms, and the nearby catalytically important glutamic acid of mentary to the active site of each enzyme.

each enzyme could readily be superimposed on the correspond- |n this work we present a three-dimensional hypothesis of
ing atoms of the other proteases. Most relevant to compoundhow inhibitors bind to ACE and to NEP. Since no actual or
design, those regions of the inhibitor which mimic the scissile model structure of the binding site of ACE was available, we
bond of the substrate also adopt a common conformation. constructed a composite inhibitor template to model ACE
However, beyond this region, the conformation that the inhibitor inhibitors. For NEP we used the crystal structure of thermolysin.
backbone and side chains adopt are significantly different. |n our experience, a model of a binding site is more useful than
These differences reflect the variation in the shapes of the an inhibitor template for compound design as the binding site
binding site of the different enzymes. These variations in contains information about both the allowed and forbidden space
binding site topology are responsible, at least in part, for the available to inhibitors. To construct a good inhibitor template,
differences in substrate specificity. conformationally constrained potent inhibitors are necessary as

ACE is a dipeptidyl carboxypeptidase usually cleaving the well as considerable additional data to map out the binding site.
C-terminal dipeptide residue of its substrates. Potent ACE Such information was available for ACE but not for NEP.
inhibitors have been designed to mimic both di- and tripeptides. However, at the conclusion of this work, we use the new dual
Extensive structure activity studies of ACE inhibitors revealed inhibitor described here to construct an NEP inhibitor template
three important structural features required for tight binding to which gives information about the;Pand B' regions of NEP
ACE: a functional group acting as a zinc binder, an amido inhibitors.

carbonyl group, and a C-terminal carboxylic aéid. The models developed in this work are consistent with the
NEP has a broader substrate specificity than ACE and canknown structural data of different zinc metalloproteases. We

act both as an exopeptidase and as an endopep#&ta3eThis show how the models were used to guide the design of potent,

behavior is reflected in the relatively large structural variations conformationally restricted dual inhibitors and conclude by

observed with NEP inhibitors. Some potent NEP inhibitors testing the models with a wide variety of different inhibitors of

resemble tri- and tetrapeptides, while other smaller inhibitors ACE and NEP.

are dipeptide mimics. The features critical for an NEP inhibitor  structural Similarities of the Catalytic Sites of Zinc

include the following: a zinc binding group, a'Mydrophobic  Metalloproteases. Zinc metalloproteases catalyze the hydroly-
group, and an amide group (or amide surrogate) available for sjs of peptide bonds of protein substrates. The majority of these
forming two hydrogen bonds. A terminal carboxylic acid group - enzymes have a characteristic HEXXH motif and an additional
seems advantageous, although it is not essential nor is its precis@onserved NEXXSD segmefft. The first crystal structure
position as critical as it is for ACE inhibitors. which revealed these motifs was thermoly&inin thermolysin,
Therefore, in order for a single molecule to inhibit both ACE the two histidines of the motif are Hf& and Hig46 which bind
and NEP, it must possess a zinc binding group. The atomsto the zinc. The glutamic acid is Git¥ proposed to be involved
connecting this group to the rest of the inhibitor must be able in the catalytic process. The glutamic acid found in the second
to adopt the common conformation found in the zinc metallo- segment is GIf® which is the third zinc binding residue.
protease X-ray data. In addition, this molecule must include Carboxypeptidase A is a zinc-exopeptidase with a different zinc
the functional groups required for tight binding to each enzyme, binding motif: HXXE. The histidine is H® and the glutamic
and these groups must be able to adopt the conformationacid GIuU2 The third zinc binding residue is Hf, and the
appropriate for the different binding sites. catalytically important glutamic acid is GI(Y .28
Conformational restriction is an attractive strategy to maxi-  Recently, significant advances have been made in the structure
mize the binding of an inhibitor to a specific active site by determination of another family of zinc metalloproteases: the
reducing the loss of conformational entropy experienced when astacing? the matrix metalloproteasé;3¢ adamalysin Il (snake
a flexible molecule is removed from solvent and forced to fit
into a binding site. However, at first glance, this approach does
not appear suited for the design of dual inhibitors. Indeed, an
inhibitor which is to efficiently occupy the binding sites wfo
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venom metalloproteasé),and large bacterial zinc-endopepti-
dases such as serralysiis(Bode et al. have suggested the
name metzincins for this class of enzyni®s.For all of these
enzymes the HEXXH motif could be extended resulting in a
longer consensus sequence HEXXHXXGXXH. Upon solving
the first X-ray structure of an enzyme belonging to this family
(astacin), Bode et al. observed that the catalytic zinc, the active-
site helix Ty#5-Gly®® and the zinc-liganding residues of astacin
can be superimposed onto the corresponding portions of
thermolysin3® Similarities between the binding sites of ther-
molysin with collagenas®, stromelysini® and matrilysif® have
also been noted. To date, the X-ray structures of all of the
metzincins show that, despite low sequence homology, the zinc
binding regions are almost identical and that these families of
zinc metalloproteases show a similar overall féid.

The crystal structures of ACE and NEP have not as yet been
determined. However, the primary sequences are krfévia,
and similarities to other zinc metalloproteases have been found.

Both NEP and ACE have the consensus sequence HEXXH and

EXXD. Devault et al. explored the differences between ther-
molysin and NEP using site-directed mutagenésf8. The
histidines (Hi8%3 and Hi$®” in NEP) are two of the three zinc

TH
2319
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Figure 1. Superimposition of the zinc and nearby atoms of the crystal

binding residues, and the glutamic acid of the second sequencsstructure of thermolysin complexed with ZIFA (4), carboxypeptidase

(GIu®8 in NEP) is the catalytically important glutamic acid.
Fewer assignments have been proposed for the amino acids o

A complexed with ZFW(O)F (5), collagenase complexed wi) and
fnatrilysin complexed witt8. Thiorphan ¢) and CLT () from the

ACE. However, the presence of the same consensus sequenc@ystal structure of these inhibitors bound to thermolysin are also
supports the proposal that the active site(s) of this enzyme mayincluded. Enzyme carbon atoms are shown in gray, whereas inhibitor

also be similar to other zinc metalloprotea$es.

Although the overall topology of thermolysin differs from
carboxypeptidase A and both differ from the new “metzincins”,
we wanted to see if there might be some structural similarity in
the way potent inhibitors bind to these enzymes. Therefore,
we superimposed the zinc and nearby atoms of the crystal
structure of thermolysin complexed with ZRA (4),%¢ carboxy-
peptidase A complexed with ZFYO)F (5),*” collagenase
complexed with3,30 and matrilysin complexed witB.3¢ (See
the Experimental Section for details.) ZR and ZF\VP(O)F
were selected because these are extremely potent inhibitors
ZFPLA inhibits thermolysin with aK; = 68 pM*® and ZF\F-
(O)F inhibits carboxypeptidase A withl§ = 11 fM.4° CLT
(1) from the CLT/thermolysin crystal structfeand thiorphan
(6) from the thiorphan/thermolysin crystal structtir@ere also
included because these inhibitors also inhibit ACE3 Ben-
zylsuccinic acid from its complex with thermolysin, 1HYT,
was added as a comparison to the matrilysin inhibitor. The
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carbons are shown in white. Oxygens are depicted in red, nitrogen in
blue, hydrogens in purple, phosphorus in green, and sulfur in yellow.

The figure shows that the enzymes atoms near the zinc and the inhibitor
atoms between the zinc and thg $ide chains occupy a similar volume

in each of these enzymes.

two matrix metalloproteases, collagenase and matrilysin, rep-
resent the metzincins family.

The resulting superimposition shown in Figure 1 reveals an
interesting pattern. Even though these enzymes differ in the
types of residues which bind to the zinc, the zinc as well as the
enzyme atoms binding the zinc and the nearby catalytically
important glutamic acid all occupy the same relative positions!
In addition, even though these enzymes differ in their specificity,
the inhibitor atoms between the zinc binding group and P
carbonyl side chain all occupy a common volume.

To compare the conformations adopted by inhibitors between
the zinc and the P side chain in the crystal structures of a
large variety of enzyme/inhibitor complexes, three dihedral
angles X, ®, and¥ were measured. These angles are defined,
and the values found are reported in Table 1. The first three
inhibitors listed in Table 1 are most relevant to the subsequent
discussion as these inhibitors are carboxyalkyl dipeptides like
the ACE inhibitor benazepril2t (14, see Figure 3). Two of
these inhibitors are complexed to thermolysin, while the third
is bound to collagenase. No complex of an analogous inhibitor
bound to carboxypeptidase A is available. However, there is
data available for three other inhibitors with a common succiny!
moiety bound to carboxypeptidase A, thermolysin, and matril-
ysin. These are the last three inhibitors listed in Table 1.
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Table 1. Geometry of Zinc Ligand Groups Found in X-ray Structures of Zinc Metallo Protease/Inhibitor Complexes

Enzyme Structure Inhibitor Dihedral Angles (degrees) Resolution  Zinc-
Number X [ b A Carboxylate
Distances, A

COO-
fel
g I(@
U
Thermolysin 1 N -26.62 -77.8 -40.9 1.9 2.0
1TMNSO 2.4

coo,
NQ(N COO-
o w
Thermolysin 2 L -33.42 -75.5 -46.2 1.7 2.0

1THL70 2.8

@A‘,ﬁﬁ@iwo
[o]

Collagenase 3 -50.02 -136.3 148.9 2.4 2.0
1CLG30 2.6
Qo i ¥ L1 w0
Mol T
Thermolysin 4 -15.4b -85.5 -40.9 1.6
4TMN46

o
Tﬁ/ -21.5b -74.2 -39.3 1.6

Thermolysin

5TMN46
o
©\o LR ﬁ coo
E To° o
Thermolysin -13.50 -82.0 -37.9 2.0
6TMN 108
o " o
QOHNJ\“NI/Q‘O coo
Carboxypeptidase A "o o -8.7¢ -85.1 -28.6 2.0
6CPA109

o A\

S¥¥ed Ve

Carboxypeptidase A -3.2¢ -76.8 -39.8 2.0

7CPA47 5
o [e]
@oJLNJ\,(”vE\o o-
o o- o

Carboxypeptidase A
8CPA47

6.2¢ -87.7 -36.2 2.0

Thermolysin 6 ) -35.2d -77.8 -54.4 1.7
Thiorphan51

Thermolysin 7 -62.1d -89.4  -140.7 1.7

Retro»!hiorphan51

Thermolysin o 3768  -77.9  -87.9 1.7 2.2
IHYTS4 2.6
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Table 1 (Continued)

Enzyme Structure Inhibitor Dihedral Angles (degrees) Resolution  Zinc-
Number X [) v A Carboxylate

Distances, A
coo-\,c(co)

Carboxypeptidase A o 18.4€ -78.1 -46.6 2.0 2.3
1cBX110 2.6

o
°°°\/¢‘ N
H _D
Matrilysin 8 17.7¢  -155.5 115.0 2.4 241

1MMQ36 2.4

a X: zinc-C(O0-)-N-CA;®: C(0O0-)-N-CA-CEO). P X: zinc-phosphorus-N-CAp: phosphorus-N-CA-GE0). ¢ X: zinc-phosphorus -O-
CA; ®@: phosphorus-O-CA-G£0). ¢ X: zinc-sulfur-CB-CA;®: sulfur-CB-CA-CEO). ¢ X: zinc-C(O0-)-CB-CA;®: carboxylate carbon-CB-
CA-C(=0)." All ¥ dihedral angles are the angle between thiexRarbon and the Pcarbonyl. For inhibitors with a terminalRcarboxylic acid,
only the dihedral defining one of carboxylic oxygens is given.

Although not analogous to benazeprilat (the dihedral anglestors®” Some of theN-carboxyalkyl dipeptides did inhibit
cannot be used directly as a comparison with any of the thermolysin?2 The crystal structure of one such inhibitor,
inhibitors used to construct the template), the close similarities N-[1(S)-carboxy-3-phenylpropyl]-Leu-Trp (CLTL,), complexed
found in the dihedral angleX and ® of these last three  to thermolysin was determingtdand gave insight into the
inhibitors when binding to three significantly different enzymes interactions such compounds form with the active site of zinc
again demonstrates the geometrical similarity of the catalytic metalloprotease®. The crystal structure revealed that the Leu
site of all of these zinc metalloproteases.

Beyond the P carbonyl, the similarities between the con-
formation adopted by the inhibitors of the different zinc =
metalloproteases ends. The significant differences between the HS HS\/k(N
dihedral angle® of the thermolysin inhibitors with that of
collagenase and matrilysin are shown in Table 1 (inhibitors of
carboxypeptidase end with @'Rarboxylic acid). The same is
true of the Rand B portions of the inhibitors. These differences
reflect the different positions of the subsites of each enzyme
responsible for the enzymes specificity. Several of the complete
inhibitor structures are included in Figure 4B and show the
regions where the inhibitors adopt similar as well as different HS
conformations.

The X-ray structure of an inhibitor bound to neutrophil ¢oo0-
collagenase which does not occupy th¢ &d S’ sites but
instead binds to the;Sand $ regions of the enzyme has also 10
been reporte@® The inhibitor, Pro-Leu-Gly-NHOH, has a weak Composite ACE inhibitor template
binding affinity (K; = 4 x 10-5 M) which may reflect the lack Figure 2. Two potent, conf_ormationa_ll)_/ restricte(_j ACE inhibitoBs,_
of favorable interactions which result from binding only to the and9, were combined forming the original ACE inhibitor composite
solvent accessible unprimed regions of collagenase. The avail-€MPate10.
able X-ray data of zinc metalloproteases shows that it is the S °
subsite of these enzymes which forms deep pockets offering
solvent inaccessible hydrophobic regions for inhibitor binding. A

In conclusion, the above considerations strongly suggests that HS\/H\/N/? AN N
when binding to ACE and NEP, the inhibitor will position the o  coo- o  coo-

P,' side chains into the ;Senzyme subsite, and the regions

between the inhibitor zinc binding group and th¢ $ide chain 1 1238

will adopt the conformation found in the crystal structures of Captopril™® ACEK;=38nM

other zinc metalloprotease/inhibitor complexes. The remaining ACEIC = 10nM*

parts of the inhibitors are likely to be different, adopting the

conformations required by each specific enzyme. Ws o o H

Model for ACE Inhibitors. The crystal structure of car- N X
boxypeptidase A was used to design some of the first ACE ’l‘/\[r © N
inhibitors. Scientists at Squibb developed a hypothetical model W0 coo coo-
of the ACE active site based on carboxypeptidase A and used
knowledge of carboxypeptidase A inhibitors in the design of 81
captopril, 11 (see Figure 3 However, when the design of :\3@ o3 M
ACE inhibitors was extended tbl-carboxyalkyl analogs of e
captopril, resulting in enalaprilat, this model proved ineffectual
as these types of inhibitors are poor carboxypeptidase inhibi-

coo- [o] Coo-

859 960

ACE IC5y=9nM ACEK;=2.6nM

14 i
Benazeprilat5>
ACE ICqy = 6.1 aM®?

(56) Cushman, D. W.; Cheung, H. S.; Sabo, E. F.; Ondetti, M. A. Figure 3. Four potent, conformationally restricted ACE inhibitdt$;-
Biochemistyl977, 16, 5484-549. 14, were used to construct a composite ACE inhibitor template.
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Table 2. Characteristics of the Best Superimpositions Found by TFIT: Geometry of Benazeprilat and Captopril, Volume of the Four
Superimposed Molecules, and Strain Energies of Each Inhibitor

dihedral angles (deg) strain enetdgkJ)

template » @b LY vol.c (A3) 11 12 13 14

Benazeprilat14

1¢ -78.1 —-98.4 —157.9 392.5 1 2 4 5

1-A —78.1 —97.9 —158.1 394.2 4 2 4 5

2 32.1 —51.5 157.0 393.6 1 3 4 8
Captopril,11

1¢ —108.1 —64.4 124.8 3925 1 2 4 5

1-A 99.6 —-171.5 117.4 394.2 4 2 4 5

2 90.6 —65.3 125.0 393.6 1 3 4 8

All W dihedral angles are the angle between thleoPcarbon and the P carbonyl. 2 X: for benzaprilat, zinc-carboxylate carbon-N-CA; for
captopril, zinc-sulfur-CB-CA.P ®: for benazeprilat, carboxylate carbon-N-CA-carbonyl; for captopril, sulfur-CB-CA-carbdrijthe total volume
of the four superimposed inhibitorsThe difference in energy between the global minimum and the energy of the conformation in the superimposition.
€ Superimposition predicted to be the bioactive conformation.

and Trp side chains of the inhibitor bind, respectively, to the
S, and $' subsites of thermolysin. The Ala-Pro analog of this
compoundN-[1(S)-carboxy-3-phenylpropyl]-Ala-Pro, a potent
ACE inhibitor, was found to be a poor inhibitor of thermoly®&in
indicating that the regions betweerl 8nd $' subsites as well

inhibitor using the geometrical parameters obtained from X-ray
crystal diffraction data both of small molecutesind enzyme/
inhibitor complexes. Additional details are given in the
Experimental Section.

To construct the inhibitor template, a computer program,

as the g subsite of thermolysin are not a good general model TFIND,% was used to superimpose all four inhibitors. This
for the corresponding subsites of ACE. program uses an extended force field potential which includes
As none of the available crystal structures make a good modela superposition energy. Conformations of each molecule are
for ACE, we decided on the following strategy: To determine jdentified that simultaneously have low internal strain energy
the conformation of the side chains, we would use the structure gnd are aligned so that upon superimposition the match between
of the inhibitors themselves to construct a template which would atoms of similar type is optimized. Atoms are typed according
indicate the common energetically allowed positions various to hydrophobicity, hydrogen bonding character, and formal
important inhibitor atoms could adopt. However, to determine charge (see Experimental Section). When the four ACE
the orientation close to the zinc, we would only accept a template inhibitors were subjected to the TFIND program, three different
displaying the same conformation as that found in the experi- templates were identified in which the zinc, the hydrophobic
mental X-ray data of zinc metalloproteases. groups, the amido carbonyl, and the C-terminal carboxylic acid

Initially, two potent, conformationally restricted ACE inhibi-
tors previously discovered in our laboratori@8® were
combined to form a three-dimensional ACE inhibitor composite
template. (See Figure 2.) This template defines thieaRd

group of each inhibitor are superimposed onto the equivalent
groups of the other inhibitors. All of the templates are in
agreement in the conformation between thée darbonyl and

the terminal carboxylic acid regions of the inhibitors. However,

P>' regions of the inhibitor. The initial template was used during they suggest different possible orientations between the zinc
the early phases of the project to model macrocyclic dual ACE/ and the P carbonyl. In template 1 and 2 compourt 13,

NEP inhibitorst? When inhibitors were designed to inCOprfate and benazepr“aﬂ_(],’ have essentia”y the same conformation
residues designed to bind in the Sibsite, a more comprehen- a5 in template 1. However, the dihedral anglesind @ of

sive template was required. Therefore, with the development captopril, 11, are in another low-energy conformation. Table
of new computational methods for molecular superimposition, 2 gives the dihedral angles defining the conformations captopril

an expanded template was constructed.
Toward this goal, four potent, conformationally constrained

inhibitors were selected (Figure 3). The criteria used to select

the inhibitors were (1) strong binding to ACK|(less than 40
nM), (2) experimentally determined absolute configuration of
the chiral centers, (3) variation in size, i.e., dipeptide and
tripeptide mimics, and (4) conformational restriction of different
parts of the molecule: the terminal carboxylic acid, the
hydrophobic moieties, and the zinc-binding thiol.

Each inhibitor was constructed using the MACROMODEL
molecular modeling prograf®. The crystal structure of cap-
topril®3 and benazeprilét served as a starting point for the
construction of these two molecules as well as inhibitBrA

zinc atom was connected to the metal binding group of each

(57) Patchett, A. A.; Cordes, E. H. iadv. Enzymol. Meister, A., Ed.;
John Wiley & Sons: New York, NY, 1985; Vol. 57.

(58) Hangauer, D. G.; Monzingo, A. F.; Matthews, B. Blochemistry
1984 23, 5730-5741.

(59) Watthey, J. W. H.; Gavin, T.; Desai, M. Med. Chem1984 27,
816-818.

(60) Stanton, J. L.; Gruenfeld, N.; Babiarz, J. E.; Ackerman, M. H.;
Friedmann, R. C.; Yuan, A. M.; Macchia, W. Med. Chem1983 26,
1267-1277.

(61) Ksander, G.; Bohacek, R. S.; de Jesus, R.; Yuan, A.; Sakane, Y.;

Berry, C.; Ghai, R.; Trapani, A. J. Unpublished results.

and benazprilat adopt in the three templates.

The dihedral angleX and ® of benazeprilat in template 1
were similar to the corresponding dihedral angles found in the
X-ray structures of the first three inhibitors given in Table 1.
When benazeprilat from superimposition 1 was superimposed
on the composite X-ray data, a close match was found in the
regions between the zinc and the¢ Bide chain. Therefore,
template 1 was selected as a pharmacophore for ACE. The four
inhibitors in the conformation they adopt in template 1 are
shown in Figure 4A (both individually and superimposed). The
superimposition of benazeprilat from this template onto the
X-ray structures is given in Figure 4B.

This template was subsequently used to analyze potential

ACE/NEP inhibitors. The computer program TETTvas used

(62) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.;
Lipton, M.; G., C.; Chang, G.; Hendirckson, T.; Still, W. @. Comput.
Chem.199Q 11, 440-467.

(63) Fujinaga, M.; James, M. N. @Gcta Crystallogr.198Q B36, 3196
3199.

(64) Clarke, F. H. Personal communication.

(65) Hausin, R. J.; Codding, P. W. Med. Chem199Q 33, 1940-1947.

(66) McMartin, C.; Bohacek, R. Manuscript in preparation.

(67) McMartin, C.; Bohacek, Rl. Comput.-Aided Mol. DesigtR95 9,
237—-250.
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Figure 4. (A) (top) On the left, the ACE inhibitorsl 1-14, shown in Figure 3 in the conformation each inhibitor adopts to form the ACE inhibitor
template. On the right, result of flexible superimposition of low-energy conformations of the ACE inhibitors superimposed so that the zinc, hydrophobic
moieties, carbonyl oxygen, and terminal carboxylic acid of each inhibitor occupy the same relative positions. (B) (bottom) Benazeprilat in the
conformation obtained by the flexible superimposition of the four ACE inhibitors shown in part A, superimposed onto the X-crystal structure of
thermolysin complexed with ZEA (4), carboxypeptidase A complexed with ZBD)F (5), collagenase complexed wighand matrilysin complexed

with 8 (also shown in Figure 1). The carbon atoms of benazeprilat are shown in white; those of the other inhibitors in brown and those of the

enzymes are shown in gray.

to flexibly match molecules to the template using a superim- test structure superimposed on the template. Two parameters
position force field. The output of the TFIT program is the are also reported: the ligand strain energy which approximates
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the cost in energy required for a test compound to adopt the such as a biphenylmethyl inyPare potent inhibitors of NEP
superimposed conformation and the superimposition energybut do not inhibit thermolysid! Therefore, when using
which is a measure of how closely atoms of the test compound thermolysin as a model for NEP, it is important to know which
can fit onto chemically similar atoms of the template. (See are the areas inferred to be structurally similar to NEP and which
Experimental Section for more details.) parts appear to be significantly different.

Model for NEP. The three-dimensional structure of NEP ~ In this work, the binding of a potential inhibitor to thermol-
has also not as yet been reported. However, in this case, anotheYSIN/NEP was estimated using the MCDOCK module of the
related zinc metalloprotease, thermolysin, for which a number QXP molecular modeling prograffi. The molecule was docked
of high resolution crystal structures are readily available, has Into the thermolysin active site where different conformations
been used successfully as a model for NEP in the design ofand binding modes were explored and then energy minimized.

NEP inhibitors. Recent examples include the macrocyclic thiol "€ output of this program is an ensemble of low-energy
1558 shown in Figure 5, and candoxatrif8t?®an analog o conformations. For each conformation a total energy is reported

o o as well as the ligand strain energy. The total energy (described
There are striking similarities between the type of molecules g b 9y (

hich bi h si h | in the Experimental Section) is useful as a qualitative parameter
which bind to NEP and to thermolysin. Both enzymes display hich,  although it cannot predict binding affinities, does
similar substrate specificity and catalyze the hydrolysis of an jitterentiate between those inhibitors which can form good

amide bond on the amino side of hydrophobic residues. The jyieractions with an enzyme binding site and those that cannot.

type of compounds which inhibit these enzymes is also similar. The strain energy is the difference in energy between the bound
For instance, both enzymes are strongly inhibited by the natural ;gnformation of the ligand and the lowest energy conformation

product phosphoramidof.’ found after an exhaustive conformational search performed in

Some of the important similarities between NEP and ther-
molysin include the stereochemical requirements of the P
residue. Unlike ACE, both NEP and thermolysin are inhibited

the absence of the binding site. A ligand strain energy above
25 kJ is taken to be excessively high indicating that the bound
conformation is not energetically accessible to that molecule.

The final evaluation of a docked structure is visual. After
conformational searching and energy minimization in the
binding site, the structures are scrutinized to determine if they
can form the hydrogen bonds and hydrophobic interactions
found in the crystal structures of numerous thermolysin/inhibitor
complexegd?

Dual Inhibitor Design Strategy. Our design strategy is
outlined in Figure 5.

Thiorphan 6) is a potent inhibitor of NER7?and a somewhat
less potent inhibitor of thermolysif#:2° The crystal structure
of the thermolysin/thiorphan complex has been sdivesleal-
The large increase in th§ of retro-thiorphan) when binding ing that the benzyl substituent of thiorphan fills the Sibsite,
to the GIU%2 mutant compared to small changesKinfor the while the amide forms hydrogen bonds with A%and Asi'?,
retro-thiorphan analog where the C-terminal carboxylic acid had and the C-terminal carboxylic acid forms a hydrogen bond with
been replaced by amine strongly suggests that, similar to Asn'l2
thermolysin, these inhibitors bind to thg' @nd $' subsites of Thiorphan is also a modest inhibitor of ACE.A low-energy
NEP’> The relative orientations of the/'Sand $' subsites are conformation was found which allowed most of the atoms to
also similar in the two enzymes. In thermolysin these pockets superimpose onto the corresponding template atoms. However,
are connected. The crystal structures of several 10-memberedhe region occupied by the top of the phenyl ring is not defined
macrocycles, including5, complexed to thermolysin have been by the template. In the discussion section, it will be shown

by (9- and R)-thiorphan 6), (R)-retro-thiorphanT), and, to a
lesser degree, by[-retro-thiorphart373 This indicates that the
volume around the base of the' Subsite must be similar in
both enzymes. The position of the enzyme atoms which form
hydrogen bonds to the amide group linking # P, are also
likely to be very similar in the two enzymes as inferred from
the ability of thiorphan, retro-thiorphan, and 10-membered ring
lactams such a%5 to inhibit both NEP and thermolysin. Site-
directed mutagenesis has been used to identify'®ms the
residue in NEP which interacts with the C-terminal carboxylate
of substrates and inhibitors binding to thg &d $' subsites?

determined and show that these molecules bind to tharfl
S;' subsites of thermolysiff Sincel5is a very potent NEP
inhibitor 88t can be hypothesized that this macrocycle also binds
to the §' and ' pockets of NEP and that, as in thermolysin,
these subsites form one contiguous accessible volume.

One of the significant differences between thermolysin and
NEP is the size of the;Spocket. Inhibitors with a large group

(68) MacPherson, L. J.; Bayburt, E. K.; Capparelli, M. P.; Bohacek, R.
S.; Clarke, F. H.; Ghai, R. D.; Sakane, Y.; Berry, C. J.; Peppard, J. V,;
Trapani, A. J.J. Med. Chem1993 36, 3821-3828.

(69) Danilewicz, J. C.; Barclay, P. L.; Barnish, I. T.; Brown, D.;
Campbell, S. F.; James, K.; Samuels, G. M. R.; Terrett, N. K.; Wythes, M.
J. Biochem. Biophys. Res. Commuad®889 164, 58—65.

(70) Holland, D. R.; Karclay, P. L.; Danilewicz, J. C.; Matthews, B.
W.; James, KBiochemistryl994 33, 51—60.

(71) Komiyama, T.; Suda, H.; Aoyagi, T.; Takeuchi, T.; Umezawa, H.;
Fujimoto, K.; Umezawa, SArch. Biochem. Biophy4975 171, 727-731.

(72) Suda, H.; Aoyagi, T.; Takeuchi, T.; Umezawa JHAntiobiot.1973
26, 621-623.

(73) Benchetrit, T.; Fourni&aluski, M. C.; Roques, B. PBiochem.
Biophys. Res. Commuh987, 147, 1034-1040.

(74) Bateman, R. C., Jr.; Jackson, D.; Slaughter, C. A.; Unnithan, S.;
Chai, Y. G.; Moomaw, C.; Hersh, L. Bl. Biol. Chem1989 264 6151
6157.

(75) Beaumont, A.; Barbe, B.; LeMoual, H.; Boileau, G.; Crine, P;
Fournie-Zaluski, M.-C.; Roques, B. P. Biol. Chem1992 267, 2138-2141.

that there are other potent ACE inhibitors with a phenyl group
occupying a position close to that of the phenyl of thiorphan.
Thiorphan is a flexible molecule, allowing the carbonyl oxy-
gen and the carboxylic acid group to adopt the conformation
necessary to bind to NEP or ACE. However, it is likely that
the loss of conformational restriction about the carboxylic acid
contributes to the relatively weak binding to ACE. When the
position of the carboxylic acid is fixed in a position ideal for
binding to ACE resulting from the replacement of the glycine
in thiorphan by a proline, the Kgin ACE drops from 0.13M
(thiorphan) to 0.06tM (proline analog). However, the proline
analog places the terminal carboxylic acid in a position not

(76) Bohacek, R. S.; Priestle, J.; Grutter, M. Unpublished results,
manuscript in preparation.

(77) De Lombaert, S.; Erion, M. D.; Tan, J.; Blanchard, L.; EI-Chehabi,
L.; Ghai, R.; Sakane, Y.; Berry, C.; Trapani, AJJ.Med. Chem1994 37,
498-511.

(78) Matthews, B. WAcc. Chem. Red.988 21, 333-340.

(79) NEP activity was measured using the synthetic substrate glutaryl-
Ala-Ala-Phe-2-naphthylamide using the procedure described by Orlowski,
M.; Wilk, S. Biochemistry1981, 20, 4924-4950.

(80) Thermolysin activity was measured using the synthetic substrate
glutaryl-Ala-Ala-Phe-2-naphthylamide using the procedure described by
Pozsgay, M.; Michaud, C.; Liebman, M.; Orlowski, lBiochemistyl986
25, 1292-1299.
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Figure 5. Cartoon outlining the strategy used for the design of a dual ACE/NEP inhibitor with suitable potency and pharmacokinetic profile.
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Thiorphan 6) is the prototype of a potent inhibitor of NEP but displays only moderate ACE inhibition. The potent macrocyclic NEP iritGbitor

contains an additionak-amino acid residue which increases the distance between the terminal carboxylic acid and the internal amide. Such a

relative spatial arrangement is poorly tolerated in ACE. The structural combination of thiog)team(benazeprilatl@), a selective ACE inhibitor,

leads to theg-thiol 16, which possesses the functional groups required for tight binding to each enzyme and is flexible enough to allow these groups

to occupy the position optimum for each enzyme. To further improve the poteridy affused proline residue was incorporated into the C-terminal
portion of the molecule as suggested by the original template. Biticiols such ad6 often display poor pharmacokinetic properties, we envisioned

that a-thiols with their increased steric hindrance around the sulfur, could display improved metabolic stability. Therefore, the thiol was moved

from the f5- to the a-position leading to compount8.

optimal for binding to NEP. While thiorphan inhibits NEP with
a K; of 0.002uM, the proline analog has an 4gof only 22

/AM.Sl

Since bothl5 and thiorphan are potent inhibitors of NEP, we
conclude thaboth positions of the carboxylic acid are allowed
for tight binding to NEP.

Another potent NEP inhibitor is the macrocyclic compound, ~ Not surprising, the macrocycls is a poor ACE inhibitof?
15, which mimics a tripeptide. The crystal structure of the When superimposed onto the inhibitor template, no conforma-
thermolysinl5 complex has recently been determined showing tion could be found which would simultaneously superimpose
that this macrocycle can bind to thermolysin in one of two the hydrophobic parts of the macrocycle, the carbonyl oxygen,
different binding mode€ In one binding mode, similar to that
of thiorphan, the macrocyclic portion occupies the &d S’
subsites, and the amide forms hydrogen bonds wit¥%and
Asnt'2 However,15 has an additional hydroxy proline residue 9!
in the §' subsite, and, therefore, the C-terminal carboxylic acid Figure _5-) ) _
adopts a position different from that of thiorphan: it has shifted  The importance of the orientation of the carbonyl oxygen
to the solvent side of Asf2 Using thermolysin as a model, OptiiTia i ! 4 > /
we hypothesized that thiorphan and the macrocyclic compoundVariation in activity of thiol macrocycles with different ring
15 bind to NEP in the same way, with the terminal carboxylic Sizes. Although 10-membered macrocycles, II& inhibit
acid group of the macrocycle shifted to occupy theshbsite.

(81) Weller, H. N.; Gordon, E. M.; Rom, M. B.; Plusces,Blochem.
Biophys. Res. Commuh984 125 82—89.

and the carboxylic acid onto the corresponding atoms of the
template. Superimposition of only the macrocycle onto tlie P
and R’ portions of the template required significant distortion
of the molecule shown by the excessive strain energy. (See

for optimal binding to ACE and NEP can be illustrated by the

NEP, they are too constrained to allow the carbonyl to adopt

(82) ACE activity was measured using the substrate Hippuryl-His-Leu
using the procedure described by Cushman, D. W.; Cheung, Biddhem.
Pharmacol.1971, 20, 1637-1648.
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When synthesized, it proved to be a potent dual inhibitor of
both ACE and NEP.

To further improve the potency df6, the conformation of
the terminal carboxylic acid group was conformationally
constrained into a position favorable for binding to ACE by
the incorporation of a proline residue as suggested by the
original ACE template. Sincej3-thiols, such asl6, usually
display poor pharmacokinetic properties, we also wanted to
improve this aspect of the compound.

One approach for improving thie vivo stability of such
compounds is to decrease the chemical reactivity of the sulfur.
Therefore, the steric hindrance around the sulfur was increased
by moving the thiol from thes to the o position. o-Thiols
have been shown to inhibit ACEand other zinc metallopro-
tease$3 More recently, Flynn et df’ followed a similar strategy
with the disclosure o7 (MDL 100,173), a potent dual ACE/
NEP inhibitor (ACEK; = 0.11 nM; NEPK; = 0.08 nM)
containing aru-thiol functionality. Low-energy conformations

Figure 6. Compoundl8 superimposed onto ACE inhibitor template.
For clarity, only two of the inhibitors from the template are shown in
yellow: 13 and benazeprilatld).

the position necessary for hydrogen bonding to ACE. However,

larger 13- and 14-membered macrocycles (lacking the hydroxy

proline residue ofL5) inhibit both ACE and NEP. Modeling

these macrocycles in our NEP and ACE models showed that 17

these larger macrocycles are more flexible and allow the

carbonyl oxygen to adopt the positions required by both of 17were identified which superimposed readily onto our ACE

enzymes561 template. When docked into the thermolysin model, a low-
The fact that both thiorphan and macrocyé® are potent energy conformation was found in which the inhibitor occupied

inhibitors of NEP suggests that in NEP the C-terminal carboxylic the §', &', and §' subsites forming the same interactions with

acid can bind in the Sor the §' subsite. The large difference  the enzyme as compouri® and similar to those found in the

in activity of these two compounds in ACE suggests that, for X-ray structures of thermolysin/inhibitor complexes. (Also see

strong binding to ACE, the C-terminal carboxylic acid group Table 4.)

should occupy the Ssubsite preferably fixed at the angle found ~ Incorporating the proline ring and tlethiol functional group

in captopril. Therefore, to design a molecule which places the led to the tricyclica-thiol 18 (CGS 28106). This structure

carboxylic acid in a position suitable for ACE and tolerated by

NEP, the connection between the carboxylic acid portion of the

molecule and the zinc binding portion must be sufficiently o)

flexible to allow binding of the carboxylic acid group in the HS\)LN N

orientation required bgachenzyme. Z & d
oo

Potent ACE inhibitors such as benazeprilb4)f® are known
in which the number of bonds separating the zinc and the
terminal carboxylic acid are similar to that of the macrocycle
15. However,14 does not inhibit NEP to any significant degree. 18
When modeled in the thermolysin model, no low-energy
conformations could be found which would alldl# to form superimposed extremely well onto the ACE template (Figure
the favora_blg mtgracuons with the enzyme atoms found in the 6). The phenyl was superimposed onto the ghenyl of
thermolysin/inhibitor crystal structures. benazeprilat, the amide overlapped the amide3the R’ and

Compound16 replaces the glycine of thiorphan with the p, portions overlapped the corresponding atoms of the template,
bicyclic lactam portion of benazeprilat. When docked into the and the conformationally constrained carboxylic acid was
thermolysin active sitel6 occupies the 8, S;', and §' subsites.  superimposed on the C-terminal carboxylic acids of the template.
This molecule forms good interactions with the enzyme: When subjected to energy minimization in the active site of
similarly to thiorphan the amide bond forms hydrogen bonds thermolysin, this compound formed the same favorable interac-
with Arg2%® and Asr'2 The penultimate carbonyl oxygen of  tions with the enzyme as found in the thermolysin/thiorphan
compoundl6 is in hydrogen bonding distance of AdAand and thermolysirl/5 crystal structures. The phenyl ring occupied
occupies the same position as one of the carboxylate oxygenshe §' subsite, the amide formed hydrogen bonds withZ2¥g
of thiorphan. The terminal carboxylic acid d6 is on the and Asi'2 the penultimate carbonyl made a hydrogen bond
solvent side of AsH2 Compoundl6 also superimposes very  with Asnt!2 and the carboxylic acid group occupied a position
well onto the ACE template. The phenyl group superimposes to the solvent side of Ad#2 Thiol 18 was readily synthesized
onto the R phenyl of benazeprilat, the amide overlaps the amide by acylation of the tricyclic amino ester céfefollowed by
of inhibitor 13 and the P and RB' portions of the molecule  saponification (see supporting information) and found to be a
superimpose onto the corresponding parts of the template.potent inhibitor of both ACE (1o = 40 nM) and NEP (IGy=
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Figure 7. Stereo picture of th&, — F electron density (contoured at three standard deviations above the mean) at 1.9 A resolution showing the
inhibitor 18 bound to thermolysin. The inhibitor is shown in green. The electron density around the sulfur, phenyl group, and amide group is very
clear, indicating tight binding. However, it is less clear around the tricyclic moiety which extends into the solvent.

48 nM) and, to a smaller degree, of thermolysins(& 1.6 with the side chains of Arg 203 and Asnh 122, respectively. Most

uM). of the tricyclic moiety extends out toward the solvent. The poor
The biological activity of compounil7 was also determined  electron density of the tricyclic moiety indicates that its position
under the same conditions as those usedLBresulting with is not well defined in the complex with thermolysin, implying

an 1Gso for 17 of 30 nM in ACE and 14 nM in NEP. Similar  only tenuous interactions with the enzyme. Examination of the
activites for17 in ACE (ICso = 32 nM) and NEP (I = 9 refined isotropic temperature factors (B-factors) of the individual

nM) were reported by Robl et &t. atoms of the inhibitor bears this out. Whereas the B-factors of
X-ray Crystallography. In the absence of structural data, the sulfur atom, phenyl group, and amide group{28 A?)
there has been considerable speculation abouihthviols bind are on the same order as that for the zinc atom, implying little

to zinc metalloproteases. A bidentate mode, with the sulfur movement and tight binding, those for the tricyclic moiety
and the adjacent carbonyl oxygen binding to zinc, has beenincrease to between 3G0 A2
proposed® When modeling the tricyclic thidl8 in the active Figure 8 is a stereo image which shows a comparison between
site of thermolysin, we found that this molecule could form the bound conformation df8 as determined by X-ray crystal-
favorable interactions with the enzyme provided that the sulfur |ography and predicted by molecular modeling. The excellent
interacts with the zinc in a monodentate fashion analogous to agreement supports our working hypothesis.
thiorphan. Thus, even thougtB has one less carbon atom
between the sulfur and the carbonyl than thiorphan, the phenyl Discussion
and amide groups could be modeled to fit into the active site in . . ]
a manner very similar to thiorphan. However, the difference We have described the design strategy leading to the
betweeno- and-thiols is large enough that it was decided to  discovery of a potent dual ACE and NEP inhibitor and proposed
determine experimentally ho#8 actually binds to thermolysin.  the conformations such molecules adopt when they bind to both
Therefore, the three-dimensional structure of this inhibitor bound Of these enzymes. However, without direct experimental
to thermolysin was determined using X-ray crystallography (see gv@gnce such as the X-ray crystal structure of the 'enzyme/
Experimental Section). |nh|b|to_r comple_x or transfer NOE experiments which can

Figure 7 shows the electron density map of the tricyclic determine the b|qact|ve conformatlé_?ut is impossible to be
a-thiol 18 bound to thermolysin. The sulfur binds in a completely certain about the binding modes of ACE/NEP
monodentate fashion. The distance between the sulfur and zindnhibitors. The credibility of computationally derived templates
is 2.3 A, the same distance as was found in the crystal structurec@n be enhanced by considerations of the mechanism of action
of thermolysin inhibited with theg-thiol thiorphan! The and comparlsonslwnh the.avallable structural data, as described
position of the sulfur atom is practically identical in the two above. Comparisons with templates constructed by other
complexes, but, even more interestingly, the positions of the esearchers and rigorous testing of our models to see if they
a-carbons are also very similar. The difference is in theSS can distinguish between the active and inactive compounds
Zn bond angle, which is rather distorted in the thiorphan reported by other groups are additional ways to further evaluate
complex (122 degrees), while in the complex wisthis angle the three-dlmensmr!al mpdels and hypo;he5|s proposed in this
is closer to the value (99 degrees) found in crystal structures of WOrk and are described in the next section.
small molecule$® Comparison to Previously Reported Models of ACE. A

The phenyl ring is located in the hydrophobig Subsite and variety of methods have been previously used to predict the
the carbonyl and NH groups of the amide form hydrogen bonds bioactive conformations of ACE inhibitors. Three research

- - _groups have used conformational analysis to identify all the low-

SOEJ%:’;J-)”YWélr}:_sge_rgig'r’r#égllcéé;{""lnsg“f{ifﬁé_l H.; Blad, M-W. M. anergy conformations of the inhibitors studied in order to

(84) De Lombaert, S.; Blanchard, L.; Stamford, L. B.; Sperbeck, D. M.; identify a common, low-energy conformation available to all
Grim, M. D.; Jenson, T. M.; Rodriguez, H. Retrahedron Lett1994 35,
7513-7516. (86) Gonnella, N.; Bohacek, R. S.; Zhang, X.; Kolossvary, .; Paris, C.

(85) Holmquist, R.; Vallee, B. LProc. Natl. Acad. Sci. U.S.A.979 G.; Melton, R.; Winter, C.; Hu, S.; Ganu, VProc. Natl. Acad. Sci. U.S.A.
76, 6216-6220. 1995 92, 462—466.
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Figure 8. A stereo picture of the dual inhibitdr8 bound to thermolysin. In white is the conformation predicted by molecular modeling and in
green is the conformation subsequently determined by X-ray crystallography. Relevant atoms of the thermolysin binding site are shown in darker

colors.

the molecules in the serié%:®® More recently, a fourth group

(19), ketoace 21), and two analogs with phosphonic acid

suggested that the conformation adopted by four ACE inhibitors zinc binding groups. They then identified low-energy con-

in the solid state as determined by X-ray crystallography could
also be the bioactive conformation in ACE.

One of the first three-dimensional models of the bioactive
conformation of ACE inhibitors was developed by Hassall et
al®" By identifying the positions that the sulfur, carbonyl, and
carboxylic acid atoms adopt in the low-energy conformations
of captopril, Hassall et al. developed a three-dimensional
modef” which they used to design rigid bicyclic inhibitdf.
Molecule12in Figure 2, one of the inhibitors used to construct

our template, is the most potent compound from this series.

formers that could be superimposed onto the thiols. The
exact values of the angles used were not given. Instead stereo
plots of the bioactive conformation predicted for each mole-
cule were presented. We reconstructed the model of Andrews
et al. by constructing the inhibitors to match their pictures
and rigidly superimposing these structures. The result gave
close overlap of the atoms of thg'_And B' regions. How-
ever, in our hands, the;Pportions could not be superim-
posed. Our template was constructed using a superimposition
force field toflexibly fit the molecules. This results in small

Hassall et al. present their results as a mesh indicating positionschanges of the torsion angles leading to a much better
energetically accessible to each of the inhibitors atoms studied.superposition of all parts of the molecules. The conformers,

In agreement with our results, their mesh plot indicated two
allowed positions for the sulfurs: one withdanear 168 and
another (although it is difficult to tell from their plot) neai60°.
The latter is similar to our template.

A thorough conformational analysis of eight ACE inhibitors
was reported by Andrews et #. They used this analysis to
identify a low-energy conformation common to all the inhibi-
tors of the series. Energies were calculated using fixed

however, still maintain low internal energies as reported in
Figure 5 and Table 4. We then used TFIT to flexibly fit the
compounds used by Andrews et al. resulting in a close overlap
of all parts of the inhibitors. This model is similar to template
1, that is, it agrees with our model for the orientation of dhe
andW¥ but has a different conformation for the binding to the
zinc.

A different approach for constructing an ACE inhibitor

bond lengths and bond angles and disregarding electrostatic§emplate was undertaken in the laboratory of Marshall by Mayer

interactions. This is significantly different from the methods
used in this study. The TFIND program used in our analysis
performs a full Cartesian minimization using all the terms of a
potential energy function. The conformational energy contour
map computed by Andrews et al. fab vs W of captopril
revealed results qualitatively similar to those obtained with our
methods: two “global” minima, one & ~ 18C¢°, W ~ 12¢°
and another a® ~ —60°, ¥ ~ 18(C°. In agreement with our
results, Andrews et al. selected the conformation vidith~
—60°.

Andrews et al. constructed the remaining portions of their
ACE inhibitor model by computing contour energy maps of
the torsion bonds defining the Bnd R portions of enalaprilat

COO-
)\r”?
N
W Y,
19

et al® In that study, the enzyme atoms from the ACE active
site which were assumed to bind with the inhibitor atoms were
added to each inhibitor. Thus, a zinc was added to the zinc
binding group, an NH which formed a hydrogen bond was added
to the amide carbonyl, and an arginine-guanidinium ion was
positioned to form an electrostatic interaction with the terminal
carboxylic acid. Low-energy conformations of 28 ACE inhibi-
tors were then identified that possessed the proper relative
orientations of the active site groups common to all ligands.
The results of this study were presented in the form of distances
between key atoms of the template.

To compare this template with ours, we constructed molecule
20with the intermolecular distances given by Mayer et al. When

(87) Hassall, C. H.; Kroehn, A.; Moody, C. J.; Thomas, W.FEBS
Lett. 1982 147, 175-179.

(88) Hassall, C. H.; Kroehn, A.; Moody, C. J.; Thomas, WJAChem.
Soc., Perkin Trans. 1984 155-164.

(89) Andrews, P. R.; Carson, J. M.; Caselli, A.; Spark, M. J.; Woods,
R. J. Med. Chem1985 28, 393-399.

(90) Mayer, D.; Naylor, C. B.; Motoc, |.; Marshall, G. R. Comput.-
Aided Mol. Des1987, 1, 3—16.
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o identifying common conformations of the Bnd B portions
)\\ of the ACE inhibitors which they studied.
N ']J | Evaluation of the NEP Model. The crystal structure of ther-
HS )/N molysin has been useful as a model for NEP. Several novel,
o potent NEP inhibitors have been designed using the thermolysin
COoO- active site as a modé%:5° The crystal structure df8 bound to
20 thermolysin is significant because it shows thatathiol can
bind to a zinc atom in a monodentate manner thus allowing the
this structure is superimposed onto our template, it becomesentire molecule to bind to the;$ S, and S’ subsites of the
apparent that the;Pand B' portions of the templates are similar  enzyme. We propose tha8 binds to NEP in an analogous
but that regions between'Pand the zinc are different. This  manner.
structure ha¥X (Zn—S—C—C angle) of 159, ¢ of 98°, andW Scientists at the Universit&kene Descartes and Rine
of —176°. When20 was fitted to our template with the TFIT ~ Poulenc Rorer have synthesized a series of NEP inhibitors of
program, the best fit had X of —70, ® of —87, andW¥ of the type HS-CH(R;)—CH,—CH(R;)—CONH—CH(R3;)—COOH
178. Because not enough geometrical information is given in to investigate the Ssubsite of NEP! Using the NEP mutant
their paper about the orientation of the portions of ACE in which Arg?%2 has been changed to G they concluded
inhibitors, it is difficult to build their template with our that these inhibitors do not bind to the Subsite but rather that
computational tools. However, it appears that this template isthe R, and R groups bind to the S and ' subsites,
significantly different from the templates we have constructed. respectively, and that the C-terminal residue is in solvent outside
Another study of the biological conformation of ACE of the binding site. In agreement with our model, they
inhibitors was reported by Hausin and Coddfg.They concluded that thiol inhibitors are not well adapted for optimal
determined the crystal structure of two ACE inhibita2¢,and recognition of the $subsite of NEP.
22. Using carefully selected parameters from X-ray crystal  with the discovery of the conformationally restricted NEP
inhibitor 18 described in this work, it is now possible to
construct a template for NEP inhibitors in a manner analogous

H O
Q(NMN O‘y"‘ to that used in this work for ACE. Three potent NEP inhibitors
o = 0 Q'(g o) were used to construct the NEP templa2&a biphenyl analog
o
0]

Ketoace, 21 22

structure data, they added a zinc to the crystal structure
conformation of these two inhibitors as well as to the crystal
structure of captopril and hippuryHhistidyl-L-leucine. They
then found that by not defining the Z28-C—C bond, they
were able to superimpose the crystal structure conformation of 23

all four structures and suggested, based on energy calculations,

that this could be the bioactive conformation of these inhibitors. Of thiorphan (IGo in NEP = 0.0044M), the macrocyclel5,
However, we found that thegid superimposition of the X-ray ~ and the tricyclic dual inhibitor18. Together these inhibitors
crystal structures conformers does not give a good match for provide information about the relatively deep Subsite (likely

the R and B portions of these molecules. When the rigid binding site for the biphenyl moiety) and the orientation of
superimposition of the X-ray structures were subjected to the the §', &', and §' subsites. Low-energy conformations of all
flexible superposition force field, a good match between all parts three inhibitors were identified which allowed for superim-
of the molecules was found, and the resulting conformations Position of chemically similar atoms using the TFIT program.
of the inhibitors was similar to template 3. Table 3 gives the dihedral angles defining the various super-

Codding and Hausin left the Z5—C—C torsion angle impositions found by the program. Superimposition 1 is shown
undefined because of the large variety found for this angle in in Figure 9. The conformation these three compounds adopt is
the X-ray structures of small molecules and the thermolysin/ Very similar to the conformation thiorpha5, and18 adopt
inhibitor complexes. However, by considering the likely mech- When bound to thermolysin as shown by the crystal structure
anism of zinc-metallo proteases and the X-ray data describedOf these inhibitors Complexed with therm()lySin. The agreement
earlier, we believe that it is possible to deduce approximate between these two models for NEP supports our original
values for this angle adopted by inhibitors when binding to ACE. hypothesis.

In conclusion, because potent ACE inhibitors have been To testthe NEP inhibitor template, conformations were sought
designed in which the;Pand B' portions are highly constrained, ~ which would allow retro-thiorphan, an active NEP inhibitor, to
all of the ACE inhibitor templates are in agreement as to the be superimposed onto the template. A low-energy conformation
bioactive conformation of the regions between thlecBrbonyl was readily found. To test the template with an inactive
and the terminal carboxylic acid. However, since previous compound, captopril was fitted onto the NEP template. No low-
researchers did not fully consider the X-ray data of zinc energy conformations of captopril were found which simulta-
metalloproteases for the mechanism of action suggested by thisheously allowed the superimposition of the zinc, methyl side
data, their models differ from each other and from our model chain, carbonyl, and carboxylic acid on the corresponding atoms
in the orientation that the inhibitors display relative to the of the NEP template.
catalytic zinc. In addition, the new flexible superimposition Analysis of the Structure Activity Relationship of Other
program, TFIND, represents a breakthrough in the computationalDual ACE/NEP Inhibitors Using Our Models. Recently,
methods available for superimposing structures which was not other dual ACE/NEP inhibitors have been reported. We used
available to these researchers. Use of the TFIND program the models proposed here to rationalize the structure activity
improved the models proposed by Andrews and Hausin relationships found in other laboratories and to compare our
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Figure 9. On the left, the NEP inhibitorg5, 18, and23 in the conformation each inhibitor adopts to form the NEP template. On the right, result
of flexible superimposition of low-energy conformations superimposed so that chemically similar atoms occupy the same relative positions producing
a composite NEP inhibitor template.

Table 3. NEP Inhibitor Template. Characteristics of the Best enalaprilat in which the phenyl rings, the carbonyl, and terminal
Superimpositions Found by TFIT: Geometry of Thiorphan Analog, carboxylic acid groups could be superimposed. None was
éﬁe\@t’sm; g;gﬁ I‘{I’}Eirgﬁofupenmposed Inhibitors, and Strain found. Next, the TFIT program was used to determine what
low-energy conformers oR4 matched our ACE template.
Although the template does not have substituents which extend
dihedralX ~ dihedral dihedral VE'-"" —_— into the R’ region and, hence, is not a good model for the phenyl

strain energ¥y
(kJ)

superimposition Zn—S—-C—-C (o] y % 15 18 23 - : . . .
P Cp ) methylenedioxy portion oR4, a conformation in which24
1 —728 —630 -685 452 4 4 2 superimposed well on the remaining sections was found.
2 86.1 -700 -737 451 2 6 4 h icvell nhibi d )
3 —945  —169.6 —746 448 4 6 4 However, the potent tricyclic ACE inhibitors/ and28 contain
4 87.4 -166.6 —719 455 4 3 4 a conformationally restricted phenyl ring which, according to
54 —71.0 —626 1288 457 0 11 3 our model, binds to the;Ssubsite of ACE. The superimposition

aThe total volume of the four superimposed inhibitdtShe of these inhibitors onto the ACE_ ter_nplate extends our_knowl-
difference in energy between the global minimum and the energy of €dge of the space available for inhibitor atoms. Considerable
the conformation in the superimpositiocnSuperimposition predicted  overlap of the phenyl group &4 with the template superim-
hand, visual inspection and the superimposition energy showed
models to those proposed by other researchers. All the resultsihat 25, the less activeR-isomer of24, did not fit onto the
are symmgnzed on Table 4. . . _ template quite as well. More significant, there was less overlap
Using thiorphan as a starting point, Gros et“aflesigned  of the phenyl ring 025 with the corresponding phenyl rings of
two new dual ACE/NEP inhibitors, glycopril and alatriopril.  our model 0f17 and28. In conclusion, we predict in contrast
Addition of a methylenedioxy ring to the phenyl of thiorphan o the model proposed by Gros et al., ti2dtbinds to ACE
resulted in glycopril and the substitution of alanine for the with the phenyl methylenedioxy group in the’ Subsite.
terminal glycine of thiorphan and glycopril gave alatriop2. _ Gros et al. proposed that the phenyl methylenedioxy group
(See Table 4.) They proposed that the phenyl methylenedioxy ¢ thejr series binds to the;Spocket of NEP. We could not
moiety binds to the Ssubsite of ACE, as has been proposed se our thermolysin model of NEP to mode# and 25 since
for the phenyl of enalaprilad@).== these compounds have a long side chain in theésition and
To examine their hypothesis, we first used the TFIT Program thermolysin is not a good model for the deepef f®cket of
to determine if there was a common conformatior2éfand NEP. Therefore, we used the NEP inhibitor template. Low-
(91) Gomez-Monterrey, |.; Beaumont, A.; Nemecek, P.; Roques, B. P.; €Nergy conformatipns were iq§ntified by TFIT in which the
FournieZaluski, M. C.J. Med. Chem1994 37, 1865-1873. phenyl methylenedioxy group fit into the'Subsite as suggested
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Table 4. Evaluation of Dual ACE/NEP Inhibitors Using the ACE and NEP Models

ACE Proposed binding mode in Match to ACE NEP Proposed binding mode in NEP Match to NEP
1Cso ACE template ICsy template
(nM) (nM)
Superimposition Superimposition
energy, kJ energy, kJ
Strain energy, kJ Strain energy, kJ
Description Description

Compounds from Gros et al.19

24 98 -239 5.t =290
6 6
Excellent match of all Good match.
except methylene Phenyl superimposes
dioxy moiety. Some on phenyl of 23.
overlap of phenyl with
template l
superimposition of 17 N7 COO
and 28 H
5
25 215 fo) -237 137 -\ -288
Jou : o o
- O
. H n Less satisfactory Mcthylene dioxoy
superimposition than phenyl does not
Little overlap with : H 4.
superimposition of 17 s
and 28.
ACE Proposed binding mode in Match to ACE NEP Proposed binding mode in Docking into
ICsy ACE template ICsp NEP and TLN thermolysin model
(nM) Superimposition {(nM)
energy, kJ Total energy, kJ
Strain energy, kJ Strain energy, kJ
Deseription Description

Compounds from Flynn et al.17

-3832
4

17 0.1t -425 0.08

13

Amost identical to
18/TLN X-ray
structure.

Excellent match.

26 45 -421 0.07 =325
16 5
¢ u
Q Good match but Py o] - Slightly different from
8 N phenyl does not N 18/TLN X-ray
ﬂ superimpose as well 2 H structure.
O coo as 17. S o coo
27 9.8 -436 >10,000 95
13 49
H
[elele} = H
N Excellent match. S No low energy
H 7 N conformation.
% coor 00C™ N
o
COo”
28 2 =316 >300 0.8
2 9
H N
S Good match. Does not form
8 N Tavorable interactions
with enzyme.
® coor
29 7 -303 45 52
3 (-x642)2 24
H
> Good match. Does not form
S N favorable intcractions
8 with enzyme.
° coor -
30 2 -345 5 -15.2
9 (-x71)8 6
H N
o] = Excellent match. [¢} = Similar to 18/TLN X-
3 N N ray structure.
\)LH Htu Does not fill $°
9 coo ) o oo subsite.
Compounds from Robl et al.92-24
31 12 -426 6 319
11 5
Excellent match. Almost identical to
18/TLN X-ray
structure.,
H
o °
32 306 -431 560 -28.4
46 93x)b 9
° (93x) o
- Excellent match. The cycle cannot
H Y Excessive strain NY Nﬁ adopt conformation
- energy. g H 5 coo like that of I8/TLN X

ray structure.
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Table 4 (Continued)
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2 Decrease in potency in comparisor2® the most potent NEP inhibitor in the seri@sDecrease in potency in comparisorth lead compound
in series® Structure 1THL in the Brookhaven Protein Data Bank.

by Gros et al. The superimposition of tieisomer,25, was model that is consistent with our three-dimensional models for
less satisfactory. both ACE and NEP. To further test our models, we explored

Flynn et al'” discovered another series of dual ACE/NEP the structural activity relationships reported by this group. A
inhibitors (modeling of the most active compound from this number of structurally diverse inhibitors from their series were
series 17, has been described above in the section on Inhibitor selected and modeled in thermolysin and with our ACE inhibitor
Design). They proposed models for the bio-active conformation template. As shown in Table 4, low-energy conformations
of these inhibitors based on two energetically allowed confor- which matched the ACE template were found by the TFIT
mations of a hypothetical substrate. In agreement with our program for those compounds which were good ACE inhibitors.
model, they propose that their inhibitors bind to ACE with the  For the compound with poorer activity, superimposition on the

phenyl in the $ subsite of ACE. However, their hypothesis  tempjate required significant distortion as indicated by the high
for how the inhibitors bind to NEP is significantly different from  g49in energy.

ours. They propose that the zinc is on the opposite side of the The thermolvsin model gave results which were reasonabl
scissile bond from our model for NEP and the X-ray data. Since . olys! gave results which w S Y
consistent with the model. The relatively good compounds fit

NEP and thermolysin are so similar in their specificities, we 3 g . . : . .
believe it is unlikely that NEP, in contrast to all of the structural well into the thermolysin active site, formed interactions similar
to those found in the crystal structure 18 bound to thermol-

X-ray data reported for zinc metalloproteases, reverses the*™ ! -
positions of the catalytic site. ysin, and dls_played favorable energies. AI'Fhough poorer
To further test our hypothesis, all the inhibitors reported by inhibitors positioned the # phenyl ring nicely into the §
Flynn et al. were modeled with our models. The results are Subsite of thermolysin, the macrocycles could not adopt
summarized in Table 4. The ACE inhibitor template used in conformations similar to those of the active compounds. The
this study is a good model for their compounds. TFIT found reduction in favorable contacts was reflected in the higher
low-energy conformations of all of their ACE inhibitors which ~ energies of these compounds.
match the template well. The superimposition energy correlated A dual ACE/NEP inhititor 85), structurally significantly
with the differences irK; of stereoisomers. different from those reported by other researchers, was devel-
To determine if our thermolysin model can distinguish oped by Fink et al. at Cib® Because this inhibitor has a
between the active and inactive NEP inhibitors reported by tyrosine in the P subsite, we adde#l to the ACE template.
Flynn et al., we docked each compound into the active site of This inhibitor fits well onto the template. Our model predicts
thermolysin_using _the protocol_ described in the experimgntal that the isopropyl group binds to, Subsite of ACE and the
section. With a single exception, I_ov_v-energ_y conformations cyclo pentyl group binds to the;Ssubsite. Modeling of this
were fognd for. all the potent NEP inhibitors which formed good compound in thermolysin predicted tha6 binds with the
interactions with the binding site atoms and closely resembled isopropyl and cyclopentyl group in the; ®nd §' subsites,

the crystal structure a8 bound to thermolysin. On the other  oqactively. Our model predicts that this is the binding mode
hand, for the inactive compounds, no low-energy conformations ; : ;

; . in which 35 binds to NEP.
were found which were able to form favorable enzyme interac-
tions. _The exception was ComPOUﬁg; Flynn et al. reported (92) Robl, J. A.; Simpkins, L. M.; Sulsky, R.; Sieber-McMaster, E.;
that this compound hasl§ of 45 nM in NEP. Although the Stevenson, J.; Kelly, Y. F.; Sun, C.; Misra, R. J.; Ryono, D. E.; Asaad, M.

interaction energy is somewhat more favorable than that of the M-; Bird, J. E,; Trippodo, N. C.; Karanewsky, D. @ioorg. Med. Chem.
gy Lett. 1994 4, 1795-1800.

less active compoynﬁ& the thermolysin model yvould. predict (93) Robl. J. A Simpkins, L. M. Stevenson, J.; Sun, C.; Murugesan,
that 29 does not bind well to NEP. Although, in their assays N.;Barrish, J. C.; Asaad, M. M.; Bird, J. E.; Schaeffer, T. R.; Trippodo, N.
29is a potent NEP inhibitor, it must be pointed out ti2&tis %:Blaetlfgl& E. W.; Karanewsky, D. @ioorg. Med. Chem. Let1994 4,

almost 650 times less potent than their best compound. It may (94) Delaney, N. G.: Barrish, J. C.: Neubeck, R.; Natarajan, S.: Cohen
also be that the P pocket in NEP is not only longer but also  m.; Rovnyak, G. C.; Huber, G.; Murugesan, N.. Girotra, R.; Sieber-
somewhat wider, and, therefore, thermolysin is not a particularly McMaster, E.; Robl, J. A.; Asaad, M. M.; Cheung, H. S.; Bird, J. E,;
good model for this region of NEP. Waldron, T.; Petrillo, E. W.Bioorg. Med. Chem. Lettl994 4, 1783~

R L 1788.
Another series of dual ACE/NEP inhibitors have beende- (95) Fink, C. A.; Qiao, Y.; Berry, C. J.; Sakane, Y.; Ghai, R. D.; Trapani,

signed by Robl et #2794 They proposed a two-dimensional  A. J.J. Med. Chem1995 38, 5023-5030.
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Conclusions The crystal structures of captogfiland benazepfit served as a
- . o starting point for the construction of these two molecules. Molecule
To aid in the design of dual ACE/NEP inhibitors, a novel 15 yas constructed using MACROMODE®. A conformation was
three-dimensional ACE inhibitor template has been constructed generated which matches a picture of the crystal structure of that
using a new computer program which flexibly matches mol- compound shown in the paper of Has$all.Molecule 13 was
ecules using a superposition force field. The conformation that constructed from the crystal structure of captopril. The cyclohexane
this inhibitor template adopts in the region close to the zinc ring was added with MACROMODEL using the stereochemistry

matches that found in the crystal structures of four different
zinc metalloproteases complexed with potent inhibitors. Com-
pounds known to inhibit ACE, including the new dual ACE/

published by Wellef!
A zinc atom was added to the sulfur of moleculds-13 and to the
carboxylic acid of moleculd@4. A bond length of 2.3 A was used for

NEP inhibitors described here as well those reported by otherthe zinc-sulfur bond based on small molecule crystal structures of

groups, readily matched this template, whereas inactive com-
pounds could not be superimposed. The crystallographically

determined binding site of thermolsyin was found to be a good
model for most NEP inhibitors.

These three-dimensional models predict tiediiol tripeptide
mimics bind to the § S, and $' subsites of ACE and in a
different binding mode to the;S S, and ' subsites of NEP.

relevant compounds from Cambridge Structural Database given by
Hausin and Coddiné They reported that the ziresulfur—carbon
bond angle was found to vary between 9la#d 104.8 in the crystal
structure of small molecules. Therefore, we chose the value ¢f 100
In the crystal structures of the thiorphan/thermolysin and retro-thiorphan/
thermolysin complexes, this bond angle was found to bé MHereas

in the a-thiol 18/thermolysin complex structure reported in this work,
this bond angle was found to be Q9ndicating that some variability

The usefulness of these models has been demonstrated byn zinc—sulfur—carbon bond angle is likely upon binding to the enzyme.

providing an insight on the specific binding modesl8f(CGS
28106), a potent dual ACE/NEP inhibitor currently under
pharmacological investigation. These powerful tools should

prove very valuable for the structure-based design of even more

potent inhibitors.

The X-ray crystal structure of aa-thiol bound to a zinc
metalloprotease has been reported for the first time.
predicted by modeling, the-thiol, 18, occupies the S S,
and S' subsites of thermolysin. The X-ray structure showed
that the sulfur andw-carbon positions are very similar to those
found in the structure of thes-thiol thiorphan bound to
thermolysin. However, the ZaS—C bond angles are signifi-
cantly different. When compared to thiorphan, the C-terminal
carboxylic acid group has shifted occupying the Sibsite on
the solvent side of ASA2 These findings support our hypoth-
esis regarding how these types of inhibitors bind to NEP.

As

During the flexible fitting process, all bond angles are allowed small
variations according to the AMBER force field and additional
parameters added for the interactions between zinc and zinc binding
groups?®

The geometry for the zinc-carboxylic acid interaction were based
on X-ray diffraction data of zinc metalloprotease/inhibitors. Since all
of the enzymel/inhibitor structures show the carboxylic acid to bind to
zinc in a bidentate manner, this orientation of the oxygens was used
for the template. Table 1 gives the bond lengths between the oxygens
of the carboxylic acid zinc binding group and the zinc from different
X-ray structures. The bond lengths from two other structures were
also included: carboxypeptidase complexed with the ligand B22Phe
and the “potato” inhibitot® The distances between the zinc and the
two carboxylate atoms were 2.2 and 2.7 for the Bz-Phe ligand and 1.8
and 3.2 for the “potato” inhibito?* The average values of 2.1 and 2.6
A was, therefore, taken for the ziroxygen distances for benazaprilat
and all other molecules with the zinc binding carboxylate moeity.

After the addition of the zinc atom, the molecules were minimized

Based on these findings, an NEP inhibitor template was sing the AMBER force field®* Adjustments were made to restore
constructed which also discriminated between the active andhe zinc geometry as described above.

inactive compounds tested.

To make a composite ACE inhibitor template, low-energy conforma-

The successful application of these techniques will be applied tions of each molecule were sought which allow the superimposition

to the further design of enzyme inhibitors.

Experimental Section

Superimposition of the Active Site of Zinc Metalloprotease
Crystal Structures. Four crystal structures were used to construct the
superimposition shown on Figure 1: the thermolysin structure 4TMN,
the collagenase structure 1C&Lthe matrilysin structure IMM®
and the carboxypeptidase structure 7CPALhe relevant atoms of the
1MMQ structure were obtained directly from the X-ray crystallographer,
Dr. Browner. The remaining structures came from the Brookhaven
Data Bank?®%7

Using the MACROMODEE? interactive molecular modeling pro-
gram, the following atoms were superimposed: the zinc, His 222, and

of the four molecules so that the chemically equivalent atoms occupy
the same location. The computer program, TFI¥Qyas used to
identify these conformations. The output of TFIND is a set of
superimposed molecules.

TFIND and TFIT. Template making and template fitting were
performed using a program called QXP (quick expl&Péy. This pro-
gram has been developed to rapidly perform conformational searches.
It carries out conformational explorations in torsion space and has a
rapid energy minimizer, which works in torsion space, as well as a
fast Cartesian energy minimizer. The program uses application scripts
which define a sequence of operations which are performed on the
submitted molecular structure. The application scripts for template
making is called TFIND and that for template fitting is TFIT.

His 218 of collagenase were superimposed on the zinc, His 142 and Or template making and template fitting the program uses an
His 146 of thermolysin; zinc, His 206, and His 218 of matrilysin were €Xtended force field potential which includes a superposition energy.
superimposed onto the zinc His 142 and His 146 of thermolysin; zinc, YWhen superposition energy is switched on, atoms which are close to
inhibitor phosphorus, and ND1 and CE1 of His 196 of carboxypeptidase each other in space and of similar chemical type but belong to different
A onto the zinc, inhibitor phosphorous, and ND1 and CE1 of His 142 molecules receive an attractive potential which forces them to

of thermolysin.

Construction of an ACE Inhibitor Template. The following com-
pounds were used to construct a template for ACE inhibitors: captopril
(12),%8 octahydropyridazo [1,2]pyrazinedionesX(2),8” 2-mercaptocy-
clohexanecarbonyl-Ala-Prd 8),8' and benazeprilatlé)®® (see Figure 3).

superimpose. Atoms are typed according to hydrophobicity, hydrogen
bonding character, and formal charge.

The internal energies of the molecules are also computed, but the
normal van der Waals and electrostatic intermolecular energies are
switched off. The searches of TFIND, therefore, result in structures

(96) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.;
Brice, M. D.; Rodgers, J. R.; Kennard, T.; Shinamoucchi, T.; Tasumi, M.
J. Mol. Biol. 1977, 112, 535-542.

(97) Abol, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng,
J. In Crystallographic Databases-Information Content, Software Systems,
Scientific ApplicationsAllen, F. H., Bergerhoff, G., Sievers, R., Eds.; Data
Commission of the International Union of Crystallography: Bonn/Cambridge/
Chester, 1987; pp 167132.

(98) Guida, W. C.; Bohacek, R. S.; Erion, M. D.Comput. Cheni992
13, 214-228.

(99) Christianson, D. W.; Lipscomb, W. N.. Am. Chem. Sod 987,
109, 5536-5538.

(100) Rees, D. C.; Lipscomb, W. N. Mol. Biol. 1982 160, 475-498.

(101) Weiner, S. J.; Kollman, P. A.; Case, D. A,; Singh, U. C.; Ghio,
C.; Alagona, G.; Profeta, S.; Weiner, P. K.Am. Chem. S0d.984 106,
765-784.
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of low internal strain energy which are aligned to optimize the match Table 5. Crystallographic and Stereochemical Parameters of the

between atoms. Refined Structure of Thermolysin Complexed with the Inhibitdr
For template finding, several molecules are submitted. All the resolution 6.0-1.9 A
molecules are allowed to translate, rotate, and alter their conformations no. of reflections 20236
in torsion space. Various conformations of the cyclic parts of the R-factor 0.156
molecules are also generated. RMSD
TFIT is used once a proposed template or pharmacophore has been bond lengths 0.013 A
found. The template is kept fixed, and a single test molecule is fitted bond angles 2.26 deg
to it using the superimposition plus internal energy as a guide. TFIT dihedral angles 23.0 deg
explores the fit of different conformations of cyclic molecules by non-hydrogen atoms in structure
generating a set of low-energy conformations (Monte Carlo search with thermolysin 2432
; L - . inhibitor CGS 28106 29
internal energy minimization) and then fitting all the conformations calcium ions 4
using torsional, rotational, and transitional degrees of freedom. zinc atom 1
The output of TFIT is a set of superimposed molecules. Several 1 DMSO molecule 4
parameters are also reported. The most important is the cost in energy water molecules 241
required of the test compound to form the superimposition conforma- total 2711

tion. This is approximated by taking the difference between the
energy of the superimposition conformation and the global minimum

internal energy of the compound in vacuum. Another parameter interaction energy is the sum of the van der Waals energy, electrostatic
reported by TFIT is the superimposition energy. This energy is & energy, and an approximate term for hydrophobic attraction between
measure of the match between the test compound and the template. lthe enzyme and the ligaril. Although we have not found a quantitative
is defined so that when an atom of the ligand approaches an atom of correlation between the total energy and experimental binding affinities,
the template, an attractive force is experienced. The superimposition thig energy has been found to be useful in a qualitative way to
energy reaches a minimum value when two atoms of the same type gistinguish between the ligands which form good interactions with the
are superimposed. This term is a useful measure for comparing thebinding site and those that cannot.
degree of superimposition that test compounds with closely similar e final steps of the evaluation of a docked structure is visual.
structures can achieve. ) _ o After conformational searching and energy minimization in the binding
_Modeling of Compounds in Thermolysin. A model of the binding  site, the structures are scrutinized to determine if they can form the
site of thermolysin was constructed using the_crystal structure of Cbz- hydrogen bonds and hydrophobic interactions known to occur in the
Gly™Leu-Leu (“Gly” = NHCH;PQ,—) bound with thermolysif®The thermolysin/inhibitor crystal structures of similar inhibitors.
structure, labeled STMN, was obtained from the Brookhaven Protein  x_ray Crystallography. Thermolysin (Merck, Darmstadt) was
Data Bank?*” Only those binding site residues which are near the (rystallized according to the procedure of Matthews é#%alCrystals
inhibitors were included in the calculation. The following residues \yere stored in a mother liquor composed of 0.01 M calcium acetate

ste;fginé:uﬂgd;wA;fjjl'VAsllrjllz’TAl?;g’(;hg?' Jr:glats |_Asurf3136’ ,SI{;Z 0.01 M tris acetate, and 5% (v/v) dimethyl sulfoxide, pH 7.2. Native
er™, Gly*=, Metr<, val=, lyr—=s Gly* , Leuw, ASp—, i i ini -
Vall®s Valto Algt, Fig?, Hisi4 Hisie Tyris”, Sefs) Asp, GILss cryst.alstV\I/er7e s,\;)al;ed in thedl BS?mi hmc:hgr Illquor tcclmtalnlng dap
GILS, 16158 Giy159, Giy150 Valis2 Tyri% Latto? Argi™ As?s Va2 proximately 7 mM of compound8for 1 h. A single crystal was use

. _52311 ) ¥32v ) ) ) ) ) ) to collect data. This procedure was tested by collecting three-
Val*, His*, and Va#* dimensional diffraction data with a home X-ray source (Nonius FR

Itis known from the cr_ystal structures of different inhibitors bound 571 generator and FAST area detector). A difference electron density
to thermolysin that there is not a great deal of movement of the enzyme map for data to 2.5 A resolution provided clear density for the inhibitor.
atoms upon binding with different inhibitors. Several residues have The same soaking procedure was used to prepare a single crystal for
been found to display small changes in their conformation with the data collection at a synchrotron X-ray source. Diffraction data was
different inhibitors. To include this enzyme flexibility in our model,  collected on the wiggler beam line on the synchrotron at the EMBL
residues which displayed the most movement were allowed to move gygstation at the Deusche Elektronen Synchrotron (DESY) in Hamburg,
freely during the energy minimization step. Residues found near the Germany. A monochromatic beam with a wavelength of 0.875A was
inhibitor that show smaller amounts of movement were constrained selected. The detection system was an 18-cm diameter image plate
only by small amounts, i.e., 0.5 and 1.0 kJ. The remaining residues system (MarResearch, Hamburg). The crystal to film distance was 18
which form a shell around the more flexible residues were constrained ¢m corresponding to a resolution of 1.8 A at the edge of the image
with a force constant of 500.0 kJ. plate. A large, single crystal of thermolysin into whitB had been

To determine if a molecule can fit into the active site of thermolysin, allowed to soak was mounted with the 6-fold symmetry axis roughly
each molecule was constructed using the interactive molecular modelingparallel to the spindle axis and 40 degrees of diffraction data were
program, MACROMODEL®? The conformation of thiorphan from the  collected with a rotation range of 1 degree per plate exposure. Exposure
thiorphan/thermolysin crystal structure served as a starting point. The times were dependent on the current beam strength but averaged around
sulfur atom was bound to the zinc with a zero order bond. The structure 1 min per degree. The images could not be satisfactorily processed
was then energy minimized using the AMBER force fiéidas on site and were later processed at the Biocentre (Basle) with the XDS
implemented by the QXP prograif. The Monte Carlo/energy  processing program of Kabsé¥. Reflections with a scaled and merged
minimization protocol of the MCDOCK module of the QXP program intensity of less than zero were rejected. Useful data extended to 1.9
was used with 150 search and energy minimization cycles resulting in A resolution with an average multiplicity of 3.2 and a completeness of
a thorough conformational search assuring the exploration of a variety 76.7%. The overalRnmerge(S/li-IVSli, summed over all symmetrically
of different binding modes. Previous work using the BATCHMAN  equivalent reflections) was 8.6% with 35% for the outermost shell
program of MACROMODEL describes the binding site model and gives (1.95-1.90 A). The structure of thermolysin from Holmes and
the parameters used for the zirgulfur geometry? Matthewd% was taken from the Brookhaven Protein Data Bank,

After energy minimization within the active site, a conformational accession number 3TLN, since superseded by 8TLN. This structure
search was conducted to determine the lowest energy conformation ofproved to be isomorphous with our crystal form.
the molecule in the absence of thg enzyme. The difference between The starting crystallographiB-factor (S§F, — F|/SR,) was 0.317.
the energy of the bound conformation and the energy of the conforma- Partial refinement of the structure without the inhibitor was carried
tion minimized outside the binding sites was taken as a measure of theout using the molecular dynamics refinement program X-PEoBRut
ligand strain energy. A ligand strain energy above 25 kJ is taken to :
be excessively high indicating that the bound conformation is not _ (102) Matthews, B. W.; Jansonius, J. N.; Colman, P. M.; Shoenborn, B.
energetically accessible to that molecule. P.; Dupourque, DNature New Biol 1972 238 37-41.

. I . . 103) Kabsch, WJ. Appl. Cryst.1988 21, 916-924.
The total energy between the ligand and the binding site atoms is 5104)) Hglrr?gs M. A r\agtthe?\g B. V\?l Mol. Biol. 1982 160, 623-639.

also reported. This energy is defined as the sum of the interaction (105) Brunger, A. T.; Kuryan, J.; Karp]usy Nbciencel 987, 235, 458—
energy, the enzyme strain energy, and ligand strain energies. The460.
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