
fraction of the area's biotopes, the total 
number of which by far exceeds 100. Inad- 
equate sampling of different biotopes leads 
to erroneous conclusions on the distribution 
of species and the conservation value of 
different areas. Furthermore, underrepresen- 
tation of P-diversity may explain the rela- 
tively low y-diversity reported for the area 
(5). Therefore, in studies like national biodi- 
versity assessments it is imperative to take 
the limits of ecologically comparable patch- 
es into account when planning biological 
field research and extrapolating the results. 
Reliable spatial data, such as maps of vege- 
tation and soil properties, are urgently need- 
ed for precise hypothesis formulation and 
testing in ecology and biogeography and for 
directing conservation efforts to preserve 
representative environments from different 
regions. 
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Interaction of a Peptidomimetic Aminimide 
Inhibitor with Elastase 

Ezra Peisach, David Casebier, Steven L. Gallion, Paul Furth, 
Gregory A. Petsko, Joseph C. Hogan Jr., Dagmar Ringe* 

The crystal structure of an aminimide analog of a dipeptide inhibitor of porcine pancreatic 
elastase bound to its target serine protease has been solved. The peptidomimetic mol- 
ecule binds in the same fashion as the class of dipeptides from which it was derived, 
making similar interactions with the subsites on the elastase surface. Because aminimides 
are readily synthesized from a wide variety of starting materials, they form the basis for 
a combinatorial chemistry approach to rational drug design. 

D r u g  discovery begins with the ~dentifica- 
tion of a lead compound, usually a peptide, 
that possesses actlvity against the desired 
target. Often, target macromolecules are 
proteases, and their peptide substrates pro- 
vide obvious leads. This is true for nrotein 
kinases and phosphatases and receptors for 
which naturally occurring peptide agonists 
or antagonists are known. Phage display ( I )  
and other methods (2 )  for generating and 
screening large libraries of peptide sequenc- 
es make it easy to identify small peptide 
sequences that have micromolar affinity for 
most protein targets, even those that do not 
normally bind peptides. Modifications are 
often necessarv to imvrove a lead com- 
pound's physic'al and iiochemical proper- 
ties. Recently, attempts have been made to 
develop peptidomimetic compounds that 
have backbone structures similar but supe- 
rior to those of peptides. 

Aminimides 2 are a class of peptidomi- 
metics that are hydrazinium hydroxide in- 
ner salts. Aminimides are stable under both 
acidic and basic conditions and are resistant 
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to proteolytic attack. The zwitterionic na- 
ture of aminirnides enhances their solubil- 
ity in protic, aprotic, and nonpolar media 
13): these comvounds are chiral because of , ' ,  

their quaternary hydrazinium centers. Oli- 
gomers based on aminimide linkages can - - 
be synthesized readily. Such compounds 
have an additional atom in their backbone 
but may be able to interact vvith proteins 
like statine-based inhibitors (which have 
two additional backbone atoms ner statine 
residue) or like hydrazlno peptides (which 
have one) (4). 

To determine how aminimide linkages - 
affect side chain and main chain interac- 
tions with the active site of a target enzyme, 
we inhibited the serine protease elastase 
with an aminimide inhibitor based on a 
tr~fluoroacetyl (TFA) dipeptide and deter- 
mined the structure of the complex at high 
resolution by x-ray diffraction. Trifluoro- 
acetyl dipeptide anilides are potent, revers- 
ible inhibitors of porcine pancreatic elas- 
tase. Their inhibition constants iK.'s) are in , L ,  

the low micromolar range; a number of 
different dipeptide sequences have been 
synthesized and characterized (5). 

We have developed here a paradigm for 
structure-based drug design in which the 
complete binding surface of the target pro- 
tein is mapped by crystal structure studies in 
a variety of organic solvents, fcillovved by 
cornbinatorial chemistry to identify and im- 
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prove lead compounds directed at the iden- 
tified sites (6). Like other serine proteases, 
elastase possesses an extended substrate 
binding site, composed of a set of pockets 
along the crevice formed by a domain in- 
terface (7). As many as five substrate resi- 
dues can be accommodated along this cleft 
on the COOH-terminal side of the scissile 
bond, with an additional two or more sub- 
sites thought to occur on the leaving-group 
side. For elastase, solvent mapping identi- 
fies four primary target locations on the acyl 
side of the catalytic triad. Three of these 
(Sl, S2, and S3) are normally occupied by 
the side chains of amino acids in peptide 
inhibitors. The fourth subsite is potentially 
available for exploitation by inhibitors with 
multi~le heads. 

Using information from inhibited com- 
plexes of elastase and solvent mapping, we 
designed a peptidomimetic inhibitor to mim- 
ic the dipeptide TFA-Leu-Phe-Iso. (where 
Iso. is p-isopropylanilide) (1) by modifica- 
tion of Phe to contain an aminimide link- 
age. The new inhibitor TFA-Leu-MBA- 
Iso. (TLMI; where MBA is methyl benzyl 
aminimide [I-benzyl-I-methyl-1-(2-acety1)- 
hydrazinium hydroxide salt]] (2) demon- 
strated both increased solubility and inhibi- 
tion relative to the parent dipeptide (8). 
The TLMI inhibitor had a K: value of 26 
pM, whereas the dipeptide at maximum 
solubility (approximately 20 pM) did not 
inhibit elastase at all (9). 

shows the inhibitor bound in the active site. 
Both the initial and final electron density 
maps are easy to interpret (1 3). 

Porcine pancreatic elastase is a monomer 
of 240 amino acids with two domains (7). It 
has the classical serine Drotease catalvtic 
triad of an aspartic acid, a histidine, and the 
eponymous serine. The overall structure of 
the protein in the complex is the same as 
that of uninhibited elastase, with the follow- 
ing differences. The final electron density 
map clearly shows an alternate conforma- 
tion for the side chain of Arg226 (14), as 
seen in some other inhibited elastase struc- 
tures (1 1). This side chain was refined with 
50% occupancy in the original and new 
conformations. A calcium ion and a sulfate 
ion were found at positions previously re- 
ported; however, the sulfate ion that is often 
found in the active site in native structures 
was absent (1 1 ). There are no other confor- 
mational changes in side chains relative to 
the uninhibited PPE structure. 

Figure 1 shows the fit of the aminimide - 
inhibitor to the electron density in the 
active site. Other structures of noncovalent 
TFA dipeptide inhibitor elastase complexes 
reveal that the inhibitors bind in several 
modes (1 1,  15, 16). In all cases, these in- 
hibitors bind to elastase in the reverse ori- 
entation relative to that ex~ected for sub- 
strates by forming a hydrogen-bonded par- 
allel sheet with the side of the active site. 
Like these inhibitors, the aminimide inhib- 
itor is situated in the active site on the acyl 
group side underneath the catalytic triad. 
For instance, it binds in the same orienta- 
tion and in the same subsites as the dipep- 
tide inhibitor TFA-Leu-Ala-trifluoro- 
methyl anilide (TFLA) (17), except for the 

MBA residue. The benzyl side chain of the 
MBA residue lies in the pocket where the 
Iso. group of the TFA-Lys-Phe-Iso. (TFKF) 
dipeptide inhibitor (15) is found, thereby 
taking advantage of a potentially available 
alternate mode. In essence, this aminimide 

Table 1. Refinement of PPE with the TLMI inhib- 
itor. Diaction data were collected on a Siemens 
X100-A multiwire area detector mounted on an 
Eliot GX-6 rotating anode generator operating at 
24 kV and 25 mA with the use of Ni-filtered Cu K a  
radiation. Data were taken at room temperature, 
with an oscillation angle of 0.2" and 450 s per 
frame. A full 90" of data were collected, and a 
subsequent 84" taken perpendicular to the origi- 
nal orientation. The program XDS (18) was used to 
process and analyze the data, and the program 
XSCALE (18) was used to merge the data from the 
two orientations. I, intensity. 

Total reflections (n) 44,505 
Unique reflections (n) (I/u(O > 0) 39,545 
Completeness of data to 1.8 A (%) 58.7 
Rmerge* (%I 6.3 
Correlation between intensities of 98.3% 

common reflections 
Resolution range (A) 10-1.8 
Rfactort 19.2 
Water molecules (n) 134 
B values (A2) 

Main chain 14.7 
Side chains 19.4 
Inhibitor 40.4 
Waters 31.8 

Deviations observed 
rms, bond lengths (A) 0.01 5 
rms, bond angles (degrees) 2.7 
rms, planar groups) (A) 1 .O 

'R,,,,, = Z I I, - I, I ~ ( I J  (where I, is the observed inten- 
sity and I, is the average intensity), the sums being taken 
over all symmetry-related reflections. tR,a,, = PI Fo 
- F,IE(FJ, the sums being taken over all 
reflections. 

Crystals of porcine pancreatic elastase 
(PPE) were grown, and the aminimide in- 
hibitor TLMI was soaked in as described 
(10). Attempts to cocrystallize or soak the 
dipeptide inhibitor 1 into PPE were unsuc- 
cessful because of the low solubility of this 
inhibitor. Crystals of the TLMI-elastase 
complex are orthorhombic, with space 
group P212121 with one molecule in the 
asymmetric unit, and are isomorphous with 
those of uninhibited PPE and of PPE with 
similar dipeptide in4ibitors bound (a = 
52.16 A, b = 57.68 A, and c = 75.52 A) 
(Table 1) (1 1, 12). The refiaed structure 
(final R factor of 19.2% to 1.8 A resolution) 
of the PPE-aminimide inhibitor complex 

Fig. 1. Stereo view of the aminimide inhibitor in the active site of PPE (19). The catalytic triad is viewed 
horizontally with the extended substrate binding cleft running vertically downward. The backbone of 
peptide substrates forms an antiparallel P sheet with segments of the enzyme that line the crevice 
(residues 222 to 224). This arrangement directs alternate substrate side chains to opposite sides of the 
cleft. Thus, the PI specificity pocket is located just below and to the right of SePm. The P2 binding pocket 
is to the left, underneath HisG0. Continuing the alternation of sites, P3 is located further down, on the right 
side of the crevice. The electron density shown is for the inhibitor only at the 0 . 8 ~  level. Side chains of the 
residues of the catalytic triad (Asplo8, HisM), and Ser203) and selected residues around the active site 
region mentioned in the text are shown. The side chain of ArgzzG is shown in two conformations, which 
appear with approximately equal occupancy. The figure was rendered with the use of MOLSCRIPT (20). 
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interacts with subsites on the enzyme that 
have been observed in two separate dipep- 
tide inhibitors and is therefore a hydra- 
headed inhibitor using multiple binding 
modes simultaneously (Fig. 2). 

The TFA group of the aminimide inhib- 
itor binds in the vicinity of the oxyanion 
hole in the S1 subsite (Fig. 3). The electron 
density for the CF, group is well defined, 
and distinct lobes are observed for the three 
fluorine atoms as in the structures of the 
TFLA inhibitor and the TFA-Lys-X-Iso. in- 
hibitor complexes (where X is Leu, Phe, 
v d  Pro) (I  I). Two fluorine atoms are 3.1 
A from the catalytic Oy of Serzo3. This Ser 
hydroxyl accepts a hydrogen bond (2.8 A) 
from Hisa. One fluorine atom is also 3.2 A 
from the backbone nitrogen of Serzo3. The 
carbonyl oxygen of the TFA group is in van 
der Waals contact (3.6 A) with the back- 
bone nitrogen of GlnzoO. These distances 
are similar to those observed in structures of 
elastase complexes with analogous dipep- 
tide inhibitors (I  I , 17). 

The leucine side chain of the aminimide 
inhibitor is situated in the S2 subsite. The 
backbone nitrogen of this residue makes 
QVO hydrogen bonds: to Oy of Serzo3 (3.2 
A) and to the backbone carbonyl of SerZZZ 
(3.1 A). The carbonyl oxygen at this inhib- 
itor side chain accepts a hydrogen bond 
$om the backbone nitrogen of Valzz4 (2.9 
A). The entire side chain of this leucine is 
in good electron density, and the tip of the 
side chain is clearly visible. In the structure 
of an analogous dipeptide inhibitor com- 
plex, PPE-TFLA (17), the two terminal 
methyl groups of the side chain are rotated 
120" around the CP-C-y bond, which 
moves the side chains of His6' and Serzo3 
out of the way. In the aminimide complex 
structure, there are hydrophobic interac- 
tions between the leucine. side chain and 
the imidazole ring of His6'. Neither Hisa 
nor Serzo3 moved from its native position in 
this complex. Such interactions are ob- 
served in all TFA dipeptide inhibitors that 

Fig. 2. Stereo view of the active site of PPE with the positions of the aminimide inhibitor (gray), 
TFA-Leu-Ala-TFM (where TFM is p-trifluoromethylanilide) (black) (Brookhaven Protein Databank entry 
code 8est), and TFA-Lys-Phe-lso. (white) (19). The view of the active site is the same as for that of Fig. 1. 
Note that the backbones of the aminimide inhibitor and TFA-Leu-Ala-TFM practically superimpose. The 
aminimide inhibitor takes advantage of two binding subsites in a hydra-headed manner, which were 
originally observed individually with the TFA-Leu-Ala-TFM and TFA-Lys-Phe-lso. inhibitor complexes. 
Thus, the isopropyl anilide group of the aminimide inhibitor binds in the same subsite of the methyl anilide 
(black), and the benzyl group of the aminimide binds in the same subsite of the Iso. group of the inhibitor 
(white). The figure was rendered with MOLSCRIPT (20). 

Fig. 3. Schematic diagram of the 
aminimide inhibitor bound to 
PPE. Distances indicated are in 
angstroms. 

+, 
SCIENCE VOL. 269 7 JULY 1995 

have an aliphatic group in this position 
(11). 

The MBA residue, which is the amini- 
mide analog of Phe in the TFA-Leu-Phe- 
Iso. dipeptide inhibitor, is located near the 
S3 subsite. The hydrazinium hydroxide in- 
ternal salt lacks the amide hydrogen and 
therefore cannot form a hydrogen bond 
with any of the surrounding protein matrix 
as similar d i ~ e ~ t i d e  inhibitors do. The extra 

L L 

atom at this position causes the backbone of 
the inhibitor to bulge out slightly away from 
the surface as was predicted by simple con- 
formational analysis of aminimide models. 
This bulge has no effect on the interactions 
of the side chains of the inhibitor with the 
appropriate pockets on the enzyme surface. 
The methyl side chain, which determines 
the chiralitv of this residue. is ~ositioned , . 
trans to the planar carbonyl-aminimide 
linkage. This conformation is energetically 
favored and gives a better fit to the ob- 
served electron density in this region. The 
aminimide linkage shows clearly in the 
electron density maps. The benzyl part of 
the MBA residue ~ o i n t s  toward a ~ocke t  
that is more hydrophilic than hydrophobic. 
The pocket is lined with the side chains of 
 AS^'^^, GlnzoO, and a water molecule on 
one side and the backbones of residues 226 
to 229 on the other. The lack of strong 
interactions with the protein could there- 
fore contribute to the relativelv Door elec- 

r .  

tron density and high temperature factors 
seen for this side chain. Electron densitv in 
this region is also poor for analogous pep- 
tides, which have similar high temperature 
factors (I  I). The orientation of the benzyl 
group corresponds to that of the isopropyl 
anilide functional group in the dipeptide 
inhibitor complex TFA-Lys-Phe-lso., in 
which the orientation of the inhibitor is 
shifted down relative to TFLA. 

The isopropyl anilide, in the putative S4 
subsite, is 5;leld in place with a hydrogen 
bond (3.4 A) between its nitrogen and the 
carbonyl oxygen of Valzz4. This same inter- 
action was observed in dipeptide inhibitors 
that have an Iso. group in this subsite. In 
addition, hydrophobic contacts were ob- 
sewed between the anilide ring and the side 
chains of Trp'79, PheZZ3, and ValIo3, as in 
complexes of PPE with other dipeptide an- 
ilide inhibitors. 

The aminimide molecule is a competi- 
tive inhibitor of PPE with a Ki value in the 
low micromolar range, similar to that of the 
class of corresponding dipeptide inhibitors. 
In contrast to the dipeptide that is its clos- 
est analog (TFA-Leu-Phe-Iso.), the amin- 
imide inhibitor is soluble in aqueous solu- 
tions at concentrations much greater than 
its Ki value. In fact, the dipeptide inhibitor 
is so insoluble in aqueous media that its Ki 
cannot be determined. We found that the 



aminimide inhibitor was able to make near- 
ly all the interactions with the enzyme that 
corresponding dipeptide inhibitors make. 
Although the aminimide contains an extra 
backbone a t a n  relative to conventional 
amino acids, the carbonyl groups of the 
peptidomimetic make the same hydrogen 
bonds, and the side chains of the aminimide 
dipept~de analog bind to the same suhsites 
on  the enzyme. 
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Peptide synthetases involved in the nonribosomal synthesis of peptide secondary me- 
tabolites possess a highly conserved domain structure. The arrangement of these do- 
mains within the multifunctional enzymes determines the number and order of the amino 
acid constituents of the peptide product. A general approach has been developed for 
targeted substitution of amino acid-activating domains within the srfA operon, which 
encodes the protein templates for the synthesis of the lipopeptide antibiotic surfactin in 
Bacillus subtilis. Exchange of domain-coding regions of bacterial and fungal origin led to 
the construction of hybrid genes that encoded peptide synthetases with altered amino 
acid specificities and the production of peptides with modified amino acid sequences. 

Peptide secondary metabolites produced by 
microoganislns exhibit diversity with respect 
to chemical structure and biological activity. 
These metabolites include antibiotics, en- 
zyme inhibitors, plant and animal toxins, 
and immunosuppressants and therefore are 
of importance to medicine, agriculture, and 
biological research (1). Two mechanisms of 
amino acid incorporation into the bioactive 
peptides have been identified. The  multicy- 
clic lantibiotics, for example, are synthesized 
ribosornally from gene-encoded peptide pre- 
cursors, which are extensively modified by 
complex posttranslational processing (1). 
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Other peptides are synthesized on protein 
templates by a nonribosomal mechanism. 
This group contributes to the structural di- 
versity of peptide secondary metabolites. 
These peptides rnay be composed of linear, 
cyclic, or branched peptide chains and may 
contain D-, hydroxy-, or N-methylated ami- 
no acids that rnay be modified by acylation 
or glycosylation (1 , 2). 

Common to these peptides is their mode 
of synthesis by lnultifunctional enzymes that 
use a thioternplate lnechanisln and differ in 
substrate specificity and size (2-6). Distinct 
dolnains represent the functional building 
units of these ~nultifunctional enzymes that 
are responsible for specific amino acid acti- 
vation (including adenylation and thioester 
formation), modification, and peptide bond 
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