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Background: The increasing interest in combinatorial 
chemistry as a tool for the development of therapeutics 
has led to many new methods of creating molecular 
libraries of potential lead compounds. Current methods 
have made it possible to develop libraries of several 
million compounds. As a result, the limiting factor in the 
screening of libraries has become the identification and 
characterization of active species. We have recently 
described a method for generating libraries of water- 
soluble compounds containing mixtures of 10” to IUS dif- 
ferent small organic molecules by using generally 
applicable solution phase chemistry. We set out to develop 
new methods to characterize and decode these libraries. 
Results: Libraries were generated by condensing a multi- 
acid-chloride core molecule with various amines, pro- 
ducing molecules with functional groups about a rigid 
backbone. Composition and complexity of the libraries 
was evaluated using electrospray mass spectrometry to 

analyze model libraries containing up to 55 different 
molecules. The number of peaks obtained in mass spec- 
trometry is directly correlated with the complexity of 
the library, and we were therefore able to deduce which 
of the expected compounds had in fact been formed in 
the library, and which of the building blocks in the 
library were not efficiently used. An iterative selection 
procedure was developed using this information, which 
allowed the screening of libraries of up to 50,000 chemi- 
cal species to produce a competitive inhibitor of the 
enzyme trypsin. 
Conclusions: Our strategy for the identification of 
active species should be broadly applicable to other 
methods of generating complex libraries of small mole- 
cules.The selection from the library of a compound with 
desired biological properties augurs well for the potential 
value of generating and screening complex mixtures of 
small molecules in solution. 
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Introduction 
In the past decade, researchers have been intrigued by 
the promise of combinatorial chemistry to allow rapid 
access to vast numbers of new chemical entities. 
Whereas traditional organic chemistry produces single 
compounds of high purity in a labor-intensive synthetic 
process, combinatorial chemistry offers the means to 
generate a large number of different chemicals simulta- 
neously. Modern analytical methods allow the screening 
of such combinatorial libraries to select with alacrity 
those species in the generated pool which possess desir- 
able properties [I]. The first attempts at combinatorial 
synthesis involved peptides, and include the ‘pin- 
method’ devised by Geysen et al. [2,3] and the ‘tea-bag’ 
procedure invented in the Houghten group [4,5]. Both 
techniques allow the preparation of up to 300 individual 
peptides at the same time.With the introduction of the 
‘split-bead technology’ of Furka et al. [6-91, the parallel 
synthesis of peptides was increased dramatically to 
several million compounds in a library of molecules 
supported on polymer beads. As a result, the limiting 
factor in the successful screening of libraries has become 

the characterization of active species; the amount of any 
individual compound present in a library of millions is 
too minute for its structure to be determined using 
conventional spectrometric methods [I 01. 

To overcome the problems associated with structure 
determination, some researchers have focused on the 
development of oligonucleotide libraries (in which the 
active species can be amplified by the polymerase chain 
reaction prior to structure determination) [ll-131 and 
on the preparation of oligopeptide libraries (in which the 
structure of an active peptide can be elucidated by direct 
sequencing) [8,9]. A new trend in combinatorial chen- 
istry is the development of coding schemes. By using 
either an oligonucleotide code 114-161 or a chemical 
‘barcode’ readable by gas chromatography [17-191, it is 
likely that it will be possible to efficiently determine the 
structure of non-peptide active species that are available 
in only picomolar quantities in the near future; this tech- 
nology has already been applied successfully to peptides. 
Despite these recent advances in combinatorial chen- 
istry, the production and screening of large libraries has 
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to date not revolutionized the world of drug discovery. 
One reason may be that the libraries so far investigated 
have consisted predominantly of oligopeptides and 
oligonucleotides.The nature of these linear molecules - 
which are relatively unrestricted in conformation and of 
low bioavailability - is such that even very active species 
are often of limited use in the development of new 
therapeutics. As a result, more drug-related compounds 
such as benzodiazepines [20], peptoids [21-231, oligocar- 
bamates [24-261 and other synthetic compounds 
recently termed ‘diversomers’ [27,28] are now being 
investigated for their use in combinatorial chemistry.The 
ideal combinatorial method for the discovery of pharma- 
ceutically valuable chemicals would produce large 
libraries of small organic molecules with a drug-related 
structure, yet would still lend itself to rapid synthesis, 
screening and compound structure determination. 

Results 
Synthesis of combinatorial libraries 
We recently reported a procedure which approaches this 
goal of the ideal library [29,30]. In a two-step synthetic 
procedure, mixtures of small organic molecules with a 
complexity of lo”-IO5 different compounds were effi- 
ciently generated. As our libraries were not made 
sequentially on a solid support, we were unable to make 
use of available bead-selection strategies 16-9, 17-191 or 
coding schemes 114-191. Instead, an iterative selection 
procedure was designed through modification and gen- 
eralization of a screening method first employed by 
Houghten and colleagues 131,321 for the identification 
of active peptides in a hexapeptide library solution.This 
approach trades the speed by which compounds can be 
identified when tagging procedures are employed for the 
broadened scope of organic reactions available in solu- 
tion-phase chemistry. Selection and identification of the 
structure of an active compound from the new libraries 
were nevertheless achieved in a period of several weeks. 

Ironically, the new approach to library production and 

selection represents a departure from the teachings of 
organic synthesis; instead of synthesizing single com- 
pounds of high purity, 3 large mixture of small mole- 
cules was synthesized in a single solution. The 
procedure, described schematically in Fig. 1, involves the 
coating of a rigid core molecule with a variety of 

Core-molecule Building blocks Molecular library 
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Fig. 1. Schematic representation of the procedure used to gener- 
ate libraries of small organic molecules. 
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Fig. 2. Core molecules used to generate diverse molecular libraries. 

building blocks in a stochastic process. By reacting the 
rigid core structure in solution with a mixture of small 
molecules able to form covalent bonds at the attach- 
ment sites of the core, libraries were produced in which 
all molecules possess the same overall shape (as deter- 
mined by the architecture of the core) yet display a wide 
array of functionality (as determined by the functional 
groups of the building blocks). 

As core molecules, we investigated the three acid chlo- 
rides 1, 2, and 3 shown in Fig. 2. We chose relatively 
rigid core structures from which functional groups 
would radiate outward, presuming that likely lead com- 
pounds would be small organic tnolecules with convex 

shapes able to complement the concave surfaces of 
macromolecular targets such as enzyme active sites. 
receptor cavities, or nucleic-acid grooves. The highly 
symmetric and compact cubane derivative (1) displays 
its four acid-chloride groups in a tetrahedral array. 
while the larger xanthene core molecule (2) presents a 
less symmetric arrangement and is planar in overall 
shape. The benzene triacid chloride (3) sweeps out a 
different shape-space in orientation of its functional 
groups frotn the xanthene or cubane molecules, being 
less rigid than either. 

The cubane compourld 1 was prepared from cubane 
mono-acid by photolysis in oxalyl chloride [33]. The 
xanthene 2 was prepared from commercial xanthenone 
via methylation of the 9 position (toluene, trimethylalu- 
minum, 12 h, room temperature (r.t.)), followed by tetra- 
bromination (Br2, cat. Fe-powder, CH,Cl,, 2 h, 20 “C, 
4 h reflux). Br/CN exchange (CuCN, N-methyl-2- 
pyrrolidinone, 2 h, reflux; 20 o/o nitric acid 10 h, reflux) 
and subsequent hydrolysis of the tetracyano compound 
(NaOH, water, 14 h, reflux) provided 9,9-dimethyl xan- 
thene-2,4,5,7-tetracarboxylic acid, which was converted 

to the tetraacid chloride with oxalyl chloride (CH,Cl,, 
cat. N,N-dimethyl formamide (DMF), reflux, 4 h). The 
benzene compound 3 was prepared from 1,3,5-tris-car- 
boxymethylbenzene [34] with oxalyl chloride (CH,Cl,, 
cat. DMF, reflux, 4 h). 

The theoretical number of different molecules created by 
reaction of an acid-chloride core with a mixture of 
amine nucleophiles under ideal reaction conditions 
(identical reactivity and equimolarity of all building 
blocks) can be calculated from the combinatorial rule 
(3.51 and a set of symmetry factors.These factors depend 
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on the symmetry of the core and are determined indi- 
vidually for each core; the higher the symmetry of the 
core structure, the fewer compounds are generated with 
a given set of building blocks. For example, 19 different 
building blocks combined with the highly symmetric 
cubane core molecule would theoretically generate 
I I I91 possible compounds, while the same building 
blocks, when combined with the xanthene core, theo- 
retically generate 65 341 compounds. (Details of the 
xanthene calculations are given in the Materials and 
methods section.) 

For the preparation of the libraries, a two-step proce- 
dure of synthesis and deprotection was employed 
[29,30]. First, one equivalent of each acid-chloride core 
molecule was reacted with three or four equivalents 
(depending on the number of acid chlorides on the 
core) of an amine mixture. The amine mixtures con- 
tained equimolar mixtures of four to twenty building 
blocks (listed in Materials and methods). These building 
blocks were L-amino acid derivatives, although clearly a 
wide variety of nucleophiles could be used in this 
context. The L-amino acids represent a natural set of 
biologically relevant functionalities commercially avail- 
able in their protected forms, and were therefore 
selected to establish a methodology for our chemistry. 

To ensure that all building blocks reacted with the core 
molecules in high yields, we reacted the xanthene core 
molecule 2 sequentially with the 20 amines. Each amine 
listed gave the expected tetra-functionalized product in 
excellent yield within 30 min reaction time. Additional 
functional groups in the building blocks other than the 
desired amines which might react with acid chlorides 
(for example, the Ser side chain) were blocked with acid- 
labile protecting groups [36,37]. The hydrophobic nature 
of the libraries produced with the protected building 
blocks allowed their separation from unreacted amines 
and hydrolyzed core material by extraction with solu- 
tions of citric acid and sodium hydrogen carbonate.The 
resulting protected libraries were obtained as white 
powders even though they contained large mixtures of 
molecules. In the second step of library production, the 
protected libraries were treated with reagent K (a 
trifluoroacetic acid based reagent) [38] that cleaved the 
various tert-butyl, trityl, Boc, and Mtr protecting groups. 
Precipitation with ether gave white powders with solu- 
bility in 1O:l water/dimethylsulfoxide sufficient for 
screening purposes. 

Mass-spectrometric determination of diversity 
Electrospray ionization (ESI) mass spectrometry was used 
to establish that a sizable fraction of the expected com- 
pounds are produced in the above synthesis of water- 
soluble molecular libraries. Experiments were designed 
to determine if the combination of a xanthene acid 
chloride core with a set of amines results in the forma- 
tion of a mixture in which all of the expected com- 
pounds are present above a certain concentration 
threshold. Direct observation of a library of 65 341 
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Fig. 3. Truncated core molecule 4 for mass-spectrometric deter- 
mination of model-library diversity 

compounds was out of the question, and even a library 
of 136 compounds (only four building blocks) appeared 
daunting in size. Therefore, smaller yet representative 
libraries were constructed. Mass spectrometric analysis of 
these model libraries allowed us to probe the effective- 
ness of the general synthesis in forming complex mix- 
tures of molecules. For an investigation of oligopeptide 
libraries with ion-spray mass spectroscopy, see [39]. 

Based on three criteria, the diacid chloride 4 (Fig. 3) was 
selected to serve as a core molecule for the model 
libraries [40]. First, condensation of compound 4 with 
ten amines leads to only 55 disubstituted compounds, a 
seemingly manageable number. Second, the two amides 
formed are at the four and five positions of the xanthene 
scaffold. As these positions are most susceptible to prob- 
lems of steric crowding about the xanthene core, com- 
pound 4 provided a realistic test for determining any 
building-block combinations which, because of their 
bulk, would be disfavored in the synthesis. Third, the two 
tert-butyl groups occupying the two and seven position 
allowed examination of the precipitation behavior of 
highly hydrophobic library compounds in the final 
treatment with ether/n-hexane. 

For the synthesis of the model libraries, six sets of build- 
ing blocks were selected from the 20 building blocks: 
three sets of eight amines, two of nine amines, and one of 
ten amines. Condensation of these sets of amines with 
the core molecule 4 was expected to give libraries of 36, 
45 and 55 compounds, respectively. With the help of a 
simple computer program, the building blocks were 
grouped in sets such that nearly all of the compounds 
produced from a given set would possess a unique mole- 
cular weight. This simplified individual detection of each 
compound present in the libraries.After their formation, 
the protected model libraries were deprotected with 
reagent K [38], then further treated with a solution of 
trifluoroacetic acid/dichloromethane (4:l) to ensure that 
all protection groups were cleaved. Finally, the water- 
soluble model libraries were precipitated with ether and 
n-hexane to give white powders. 

To investigate the mass-spectrornetric behavior of these 
disubstituted molecules, several pure xanthene-diamino 
acids and test mixtures of three compounds (prepared by 
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condensing the core molecule 4 with one amine or with 
a mixture of two amines) were analyzed. The ES1 nrass 
spectra showed negligible fragmentation under the ion 
optics settings used, and revealed that ionization effi- 
ciency of the xanthene derivatives for a given mode of 
detection was determined by the nature of the attached 
amino acids. In positive-ion mode, the derivatives of pos- 
itively charged amino acids (Lys, Arg, His) gave responses 
up to ten times higher than negatively- or non-charged 
derivatives. For mass spectra acquired in negative-ion 
mode, the opposite picture was observed. 

All six model libraries were analyzed in both positive- 
and negative-ion modes. Taken together, the tnolecular 
ion peaks obtained from these measurements are a set of 
data directly correlated to the diversity of a given molec- 
ular library. Since fragmentation was not a factor, we 
were able to compare the molecular ion peaks in the 
mass spectra with the molecular weights expected for 
each model library, and conclude which compounds had 
been formed and which had not. Because the composi- 
tion of the model libraries was chosen such that most of 
the compounds were expected products in more than 
one model library, the presence or absence of most com- 
binations was checked at least twice. Molecules were 
considered present if the signal-to-noise ratios of their 
molecular ion peaks exceeded l&l; the most intense 
signals observed had signal-to-noise ratios of 600:l. 

Results of the mass spectroscopy (MS) analysis of three 
model libraries are compiled in Fig. 4. Library Ll was 
generated by condensation of the truncated core mole- 
cule 4 with ten of the twenty amine building blocks; 

libraries L2 and L3 were generated with eight of the 
building blocks. On the x- and y-axes are the abbrevia- 
tions of the building blocks used. Each filled square in 
the charts represents the presence of one of the expected 
compounds in that model library. Because the truncated 
core molecule possesses C,, symmetry, only half of the 
possible building block combinations give rise to new 
compounds. The color of the squares indicates whether 
the corresponding compound was detected as its positive 
ion (red), its negative ion (blue) or with tandem mass 
spectrometry (gray). An exemplary mass spectrum of 
model library L2 is shown in Fig. 5. 

Out of 55 expected compounds in model library Ll ,43 
(78 “A) were detected. Missing were predominantly those 
compounds which contained the arginine-p-benzylamide 
building block (ArgA). Of ten expected signals, only the 
molecular ion peak of His-ArgA fell within limits of 
detection. As a result of these findings, the ArgA amine 
was removed from the set of building blocks used to 
prepare large libraries for screening purposes. Only three 
other combinations in model library Ll, the Gly-Gly, 
Gly-Tyr, and Tyr-Tyr compounds, could not be detected. 
Whereas the Tyr-Tyr combination could be detected in 
two other libraries (for example, L2), the Gly-Gly combi- 
nation was missing in all other model libraries we tested. 
This indicated that in the large libraries used for screen- 
ing purposes, compounds with two or more Gly building 
blocks might not be present. The Gly-Tyr combination 
was tested only in model library Ll. 

Apart from the compounds containing ArgA, 93 ‘%, of the 
expected compomids are present in model library Ll. A 

Fig. 4. Mass-spectrometric analysis of 
libraries Ll (top), L2 (bottom left), and 
L3 (bottom right). Red: detected as posi- 
tive ion. Blue: detected as negative ion. 
Red-blue striped: detected as both posi- 
tive and negative ion. Gray: detected 
through MS/MS experiment. 
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Fig. 5. Negative ion scan (M/Z) of 
library L2, consisting of the xanthene 
compound 4 (see Fig. 3) disubstituted 
with various amino acids. Expected 
peaks are marked by their molecular 
weights (M-l) or by a dot (0) for clarity: 
Ala-Ala (552), Ala-Pro (578), Ala-Asn 
(595), Ala-Asp (596), Pro-Pro (604), Pro- 
Asn (621), Pro-Asp (622), Ala-Lys (623), 
Ala-Met (626), Asn-Asn (638), Asn-Asp 
(639), Asp-Asp (640), Pro-Lys (649), Pro- 
Met (652), Ala-Tyr (658), Asn-Lys (666), 
Asp-Lys (667), Asn-Met (669), Asp-Met 
(670), Ala-Trp (681), Pro-Tyr (684), Asn- 
Tyr (701), Asp-Tyr (702). Not shown: 
Tyr-Tyr (764). The peak at 610 does not 
match any of the expected products for 
library L2. 

r 
1 

very similar picture was obtained from the analysis of 
libraries L2 and L3. Here, only one more troublesome 
building block, tryptophanr-methyl ester, was found; less 
than 50 o/o of the expected Trp compounds were 
detected. Nevertheless, in libraries L2 and L3, both of 
which theoretically contained 36 different compounds, 
86 !X and 83 o/o of the expected compounds were 
present. The absence ofTrp compounds may be due to 
degradation;Trp is an amino acid known to be vulner- 
able to strongly acidic deprotection conditions. However, 
as each model library contained some of the expected 
Trp-substituted xanthenes, this building block was 
included in the set of building blocks eventually used for 
large libraries. 

One problem which we foresaw in the analysis of the 
model libraries by positive-ion ES1 was the possible 
overlap, due to C 13 isotope contribution, of ion peaks 
differentiated by only one or two atomic mass units 
(amu). In most of OUT model libraries, this problem \N;~s 
overcome by the use of negative-ion ES1 as a second 
dimension. AS the GK~OXY~ group was the only acidic 
group in the model libraries, none of the compounds di- 
substituted with methylester building blocks appeared in 

negative-ion nrass spectra. Thus, many peaks obscured in 
positive-ion mass spectra were clearly seen in negative- 
ion mode. Any remaining ambiguities were resolved 
through tandem mass spectrometry (MS/MS) experi- 
ments. The molecular ions of the xanthene-diamino 
acids underwent collisionally induced fragmentation to 
form characteristic daughter ions, allowing unambiguous 
assignment of library compounds via MS/MS even in 
cases of isobaric molecular ion peaks. For example, 
MS/MS experiments were applied to model library Ll, 
in which the disubstituted xanthene pairs Arg-Val/Leu- 
Lys and Lys-Lys/His-Phe had isobaric molecular weights 
665 and 694, respectively. In both cases, the resulting 
MS/MS spectra contained the characteristic fragments of 
both molecules, confirming the presence of each in the 
model library. Although unnecessary for our model 
libraries, chromatographic techniques coupled online to 
MS can be used to add another dimension of resolving 
power to the system. Investigation of more complex 
libraries is under way using capillary electrophoresis 
coupled to MS (CEMS). 

The mass-spectrometric analyses of- the model libraries 
revealed that most of the amines chosen as building 
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blocks generate the expected condensation products 
with the truncated core molecule 4. Exceptions are 
arginine-p-benzylamide, which was removed from 
future sets of building blocks, and tryptophane-methyl 
ester. If one makes the reasonable assumption that reac- 
tion at the 2 and 7 positions of 2 is no more difficult 
than reaction at the 4 and 5 positions of 4, it follows 
that most of the compounds expected in a large tetra- 
acid chloride based library will be formed. The com- 
pounds which are most probably absent in such libraries 
contain one or more Trp or multiple Gly building 
blocks. However, even if 75 % of the expected Trp- 
containing compounds are absent in a condensation of 
2 with 19 building blocks (see screening libraries 
below), the water-soluble library created still contains 
over 50 000 different molecules. Mass-spectrometric 
analysis of the libraries revealed further that very non- 
polar library molecules are generally present in lower 
amounts than polar compounds. This effect is probably 
caused by the final isolation step in which the library 
material is precipitated with ether and n-hexane. 
However, these non-polar molecules were found to be 
present in high enough concentrations for the selection 
assays described below. 

In the synthesis of a large mixture of molecules, the gen- 
eration of some side products was inevitable. MS and 
MS/MS analyses of the model libraries indicate that rela- 
tively few side products were formed in the deprotected, 
ether/n-hexane-precipitated material, however. In the six 
model libraries, only seven significant peaks were 
observed that did not match the expected molecular ion 
peaks for disubstituted xanthenes. The structures of the 
side products were tentatively assigned from MS/MS 
data, and include a xanthene-mono-histidine-tnono-acid 
derivative and two mono-amino-acid-mono-alkylamine 
variants each of His, Lys and Arg. The fragmentation 
behavior of the xanthene diamino acids and the structure 
determination of the side products present in the mix- 
tures will be reported elsewhere.Very low concentrations 
of incompletely deprotected xanthene-diamino acids 
could also be detected. Overall, however, we estimate a 
level of side products below 10 % of the total number of 
compounds in a given library. 

Even though the quantitative analysis of mixtures with a 
diversity of 10” to lo5 is not yet possible, the preparation 
of specifically designed model libraries and their investi- 
gation by ES1 mass spectrometry has proven to be a 
useful technique for the analysis of mixtures of struc- 
turally related compounds. With the above mass-spectro- 
metric data in hand, we were confident that our 
synthetic methodology produced highly diverse libraries 
of well-defined composition, and we were able to put 
faith in the results of subsequent screening assays. 

Screening of combinatorial libraries against trypsin 
We chose to test our system of combinatorial library 
generation against the readily available enzyme trypsin 
(for information on screening a peptide library against 

trypsin, see [41]).Trypsin is a digestive enzyme which is a 
member of the important class of serine proteases 
involved in biological functions such as blood clotting 
(for example, thrombin [42,43]), and blood-pressure 
regulation (for example, renin). Thrombin inhibitors have 
been isolated from DNA aptamer libraries [44]. Our goal 
was to isolate one or more active compounds from our 
libraries through an iterative selection process. 
Specifically, we sought to isolate a compound able to 
inhibit the trypsin-catalyzed cleavage of the amide bond 
in N”-benzoyl-l]L-arginine-p-nitroanilide [26,42-461. 

The results of the screening procedure, described briefly 
in our previous comtnunications [29,30], are reviewed 
and expanded upon below. For screening purposes, we 
created three libraries, Al-A3, based on core molecules 
1-3, respectively. Each acid-chloride core was condensed 
with 19 of the amino-acid derivatives (omitting ArgA). 
This procedure gave three libraries, theoretically contain- 
ing 11 191 (cubane core), 65 341 (xanthene core) and 
1 330 (benzene core) different compounds. To evaluate 
the potency of each library, 2.5 mg of a given library was 
added to the trypsin assay and its inhibitory activity was 
correlated inversely to the rate of p-nitroaniline released 
from trypsin-catalyzed hydrolysis. The results of this 
experiment are depicted in round A ofTable 1. 

Only the xanthene-based library, A2, caused a significant 
reduction of the enzyme’s activity (-30 %).To determine 
which of the 19 building blocks were most responsible 
for this interaction, six sublibraries were synthesized. 
First, cysteine (an amino acid known to cause artifactual 
results in some enzyme assays) was removed summarily 
from the set of building blocks, leaving 18 amines. 
Sublibraries Bl-B6 were then prepared with the xan- 
thene core molecule 2 and fifteen of the 18 building 
blocks, each sublibrary missing three specific amines. 
Each sublibrary was calculated to consist, in theory, of 
25 425 different tetrasubstituted xanthenes. 

The screening results of the six mixtures are depicted in 
round B of Table 1, and show that the sublibrary B3, 
generated without the building blocks Arg, Lys and His, 
did not inhibit enzyme activity. This result was not 
entirely unexpected, given the known preference of 
trypsin for Lys and Arg at the carbonyl side of the scissile 
amide bond (often referred to as the Pl position) [47]. 
Sublibraries Bl and B2 (generated without Gly, Ala,Val 
and Leu, Ile, Pro respectively) showed the next highest 
activities.The nine building blocks missing in sublibraries 
Bl-B3 were therefore deemed to be most responsible for 
the presence of inhibitors in the initial library A2. 

As a control for this result, library Cl was constructed 
with the nine building blocks Gly, Ala,Val, Leu, Ile, Pro, 
Arg, Lys and His. Activity of the control library was 
measured relative to other libraries, C2-C7, generated 
with a random set of 9 to 12 of the 19 amines initially 
used in library A2. Round C in Table 1 clearly shows 
that only the control library, Cl, possesses significant 
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Table 1. Screening of combinatorial libraries for inhibition of trypsin, 

Round A 

Library A (rel) 

Blank 100 
Al Cubane 91 
A2 Xanthene 66 x 
A3 Benzene 98 

Round E 

Round B Round C Round D 

Library A (rel) Library A (rel) Library A (rel) 

Blank 100 Blank 100 Blank 100 
Bl -Gly,Ala,Val 79 x Cl 31 x Dl -Arg 28 

85 X c2 90 93 x B2 -Leu,lle,Pro D2 -Lys 
83 -Arg,Lys,His 95 x c3 85 D3 -His 21 
B4 -Ser,Thr,Met 68 c4 100 D4 -Leu 46 X 
B5 -Phe,Tyr,Trp 74 c5 82 D5 -Ile 50 x 
B6 -Glu,Asp,Asn 54 C6 90 D6 -Pro 80 X 

c7 82 D7 -Cly 32 
D8 -Ala 27 
D9 -Val 59 x 

Round F Round G 

Library A (rel) Library Positions Positions A (rel) library A (rel) 
4 and 5 2 and 7 

Blank 100 Blank - 100 Blank 100 
El Lys, Pro, Val, Ile 20 x Fl Lys, Val lie, Pro 37 Cl Tetra COOH 100 
E2 Lys, Pro, Val, Leu 26 F2 Lys, Ile Val, Pro 11 x G2 Isomer 10 3 
E3 Lys, Pro, Val, Gly 45 F3 Lys, Pro lie, Val 100 G3 Isomer 11 20 
E4 Lys, Pro, Val 28 F4 Val, Ile Lys, Pro 100 
ES Pro, Val, Ile 100 F5 Val, Pro Lys, Ile 100 
E6 Lys, Vai, Ile 55 F6 lle, Pro Lys, Val 100 
E7 Lys, Pro, Ile 100 

Some of the data in this table have previously been published [29,30]. A (rel): percent of trypsin activity in the presence of libraries. Each 
value represents average trypsin activity for four measurements; measurements are made relative to a blank containing no added 
library material. Libraries were considered inhibitory if they reduced trypsin activity by > 10 %. The activity of the blank was set to 
100 %. X denotes that the library was selected to influence the next round of screening. 

Library solutions added in rounds A-D: 2.5 mg in 50 )*I DMSO. Round E: 1.5 mg in 50 *I DMSO; round F: 0.5 mg in 50 ~1 DMSO; 
round C: 0.25 mg in 50 PI DMSO. 

Round A: % of trypsin activity with the initial libraries Al, A2, and A3 constructed from the core molecules 1, 2, and 3 respective- 
ly plus 19 of the 20 amino acid building blocks (ArgA omitted). 

Round B: % of trypsin activity with the six sublibraries Bl-B6 constructed from core molecule 2 and 15 of the 18 amino acid build- 
ing blocks. Bl : Cly, Ala, Val omitted. B2: Leu, Ile, Pro omitted. 83: Arg, Lys, His omitted. B4: Ser, Thr, Met omitted. 85: Phe, Tyr, Trp 
omitted. 86: Glu, Asp, Asn omitted. 

Round C: % of trypsin activity with the seven sublibraries Cl-C7 constructed from the core molecule 2 and nine to twelve of the 
amino acid building blocks. Cl: Arg, Lys, His, Leu, Ile, Pro, Gly, Ala, Val. C2: His, Leu, Ile, Pro, Ala, Val, Phe, Tyr, Trp, Ser, Thr, 
Met. C3: Arg, Lys, His, Gly, Phe, Tyr, Trp, Glu, Asp, Asn. C4: His, Leu, Ile, Pro, Ala, Val, Phe, Trp, Glu, Asp, Asn. C5: Arg, Lys, His, 
Gly, Phe, Tyr, Trp, Ser, Thr, Met. C6: His, Leu, Ile, Pro, Gly, Ala, Val, Phe, Trp, Glu, Asp, Asn. C7: Arg, Lys, His, Pro, Gly, Trp, Glu, 
Asp, Asn. 

Round D: % of trypsin activity with the nine sublibraries Dl-DV constructed from the core molecule 2 and eight of the nine build- 
ing blocks Arg, Lys, His, Leu, Ile, Pro, Gly, Ala, Val. Dl: Arg omitted. 02: Lys omitted. D3: His omitted. D4: Leu omitted. 
D5: Ile omitted. D6: Pro omitted. D7: Gly omitted. D8: Ala omitted. DV: Val omitted. 

Round E: % of trypsin activity with the seven sublibraries El-E7 constructed from the core molecule 2 and three or four of the build- 
ing blocks Lys, Leu, Ile, Pro, Gly, Val. El: Lys, Pro, Val, Ile. E2: Lys, Pro, Val, Leu. E3: Lys, Pro, Val, Gly. E4: Lys, Pro, Val. 
E5: Pro, Val, Ile. E6: Lys, Val, Ile. E7: Lys, Pro, Ile. 

Round F: % of trypsin activity with the six sublibraries Fl-F6. Sublibraries were variously substituted with Lys, lie, Pro and Val at 
xanthene positions 2, 4, 5 and 7. 

Round G: % trypsin activity with the two final inhibitors. Gl : control run with 9,9-dimethyl-2,4,5,7-xanthene tetracarboxylic acid. 
G2: isomer 10. G3: isomer 11. 

biological activity. Th’ IS experiment helped to rule out 3321 compounds compared to 65 341 present in the 
the possibility that the observed differences in initial library A2, and because building-block selection 
inhibitory activity of the sublibraries resulted from dif- has increased the content of inhibitors (2.5 mg of 
ferences in library synthesis and handling rather than material now produces 69 % inhibition), the process of 
the absence of certain important building blocks. building-block selection and sublibrary synthesis can be 
Because the control library Cl contains, in theory, only viewed as an ‘amplification’ step. 
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To further narrow the field of possible inhibitors, nine 
new xanthene sublibraries were prepared using eight of 
the nine building blocks already selected, with each sub- 
library lacking one of these nine amino acids. The 
screening results obtained from this experiment are pre- 
sented in round D of Table 1. A sublibrary which showed 
low inhibitory activity signaled that the building block 
omitted from that group was crucial for trypsin inhibi- 
tion. For generation of an active trypsin inhibitor, Lys 
methyl ester appeared to be the most important building 
block, followed by Pro,Val, Ile, and Leu. 

To establish the most potent combination of-the above five 
building blocks, xanthene libraries were constructed with 
three or four of these five. (It was by no means clear at this 
stage that the most potent molecule would contain four 
different building blocks.) Ti-ypsin assay results are shown in 
round E ofTable 1. Library El, synthesized with the build- 
ing blocks Lys,Val, Pro, and Ile, had the highest inhibitory 
activity, and omission of any one of these four building 
blocks gave libraries with a lower potency.Thus, the search 
for a trypsin inhibitor was narrowed to a sublibrary con- 
taining 136 compounds which included twelve structural 
isomers of the Lys-Ile-Pro-Val-xanthene derivative. Since 
Round E (Table 1) stipulated that the most potent trypsin 
inhibitor in our libraries was created with four different 
building blocks, it was clear that one or more of these 
twelve isomers was the inhibitor in question. 

To narrow the remaining possibilities for the structure of 
the most potent isomer from twelve to two, six new sub- 
libraries (Fl-F&Table 1) were prepared using the diben- 
zylester xanthene diacid chloride derivative 5 (Fig. 6).The 
sublibraries were synthesized in a two-step procedure in 
which compound 5 was treated in a first ‘randomization’ 
step with two of the four amines Lys, Ile, Pro, andVa1, fol- 
lowed by deprotection of xanthene positions 2 and 7 by 
hydrogenolysis (ethyl acetate/ethanol, 10 o/o Pd/C, 
H2-atmosphere, 2 h, r.t.). Coupling of the resulting 
material with the two other building blocks (BOP) and 
deprotection of the acid-sensitive protection groups with 
trifluoroacetic acid in CH,Cl, yielded six sublibraries, 
each with a unique distribution of the four selected 
building blocks around the xanthene core. 

The screening results of these six sublibraries are pre- 
sented in round F,Table l.They revealed that only those 

COxBn 

Fig. 6. Core molecule used for synthesis of sublibraries Fl-F6 
(see Table 1). 

compounds possessing the combination Lys/Val or 
Lys/Ile at the 4 and 5 positions and the corresponding 
Pro/Ile or Pro/Val combination at positions 2 and 7 
were active as trypsin inhibitors. Other arrangements of 
the four selected building blocks on the xanthcnc core 
were inactive. Furthermore, of the two active libraries FI 
and F2, library F2 (containing the Lys/Ile combination at 
xanthenr positions 4 and 5) was the most active. This 
result narrowed the structure of a final most pott‘nt 
inhibitor to the two isomers 10 and 11 shown in Fig. 7. 

Compounds 10 and 11 were individually prepared via a 
four-step synthesis f?om 5, as outlined in Fig. 7. The 
dibenzyl-protected diacid chloride 5 was reacted with a 
mixture of Lys and Ile (CH,Cl,, triethylamine, 1.5 h, r.t) 
and the mixed amide xanthene-monolysine-mono- 
isoleucine compound 6 isolated by flash chromatography 
(31 o/o yield). Hydrogenolysis (ethyl acetate / ethanol, 
10 o/o Pd/C, 2 h, r.t.) of the benzylester protecting groups 
yielded the monolysine-monoisoleucine xanthene diacid 
7 (98 %). Coupling of 7 with a Pro/Val building block 
mixture (BOP, dimethylformamide, trietlylamine, 1 11, 
r.t.) yielded a set of four protected compounds from 
which two isomeric compounds A and B - both con- 

taining all four building blocks (A1 = Lys, A, = lie, 
B = Pro andVa1) - were isolated by Bash chromatogra- 
phy and purified by normal-phase preparative high-pres- 
sure liquid chromatography (HPLC) 

The assignment of the isomers to the structures of pro- 
tected 8 and 9 was possible by evaluating two nuclear 
Overhauser effect (NOE) measurements and a correlated 
spectroscopy (COSY) spectrum of isomer B. Individual 
irradiation at the absorption frequencies (6 = 8.00 and 
6 = 7.93) of two aromatic xanthene protons connected 
to the same six-membered ring gave strong NOES with 
two NH-protons.These protons were assigned to theVal 
and Ile sub-structures through the COSY spectrum of 
isomer B. Isomer B therefore corresponds to protected 
compound 9, in which Ile andVa1 are connected to the 
same benzene ring. Comparison of the chemical shifts of 
the four aromatic xanthene protons of the isomers 8 and 
9 with other tetra-amino acid substituted xanthenea 
confirmed this assignment. 

In the final step of the synthesis, compounds 8 and 9 
were deprotected with trifluoroacetic acid in 
dichloromethane (4 h, r.t., 91 o/o yield for 10; 97 % yield 
for 11) The products, compounds 10 and 11, were 
purified by reverse-phase preparative HPLC and charac- 
terized by fast-atom bombardment mass spectrometry in 
combination with a detailed study of the fragments by 
tandem mass spectrometry. The assignment of signals in 
the NMR spectra was difficult due to several slow toll- 
formational interconversions such as a cis--trans isomer- 
ization of the Pro amide bond. Some of the protons 
could be assigned to signals in a spectrum measured at 
90 “C with the help of a COSY spectrum obtained at 
90 “C. NOE studies of compound 9 suggested that, 011 

an NMR time scale, the amide proton of the lysine side 
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Fig. 7. Synthesis of the final trypsin 
inhibitor 10 and its isomer 11. 
(a) H-lLys(Boc)-OMe, H-lie-Otert-butyl, 
CH,Cl,, triethylamine, 1 .5 h, r.t., 31 % 
yield. (b) ethyl acetate/ethanol, 10 % 
p&C, H,-atmosphere, 2 h, r.t., 98 % 
vield. (c) H-Pro-Oterf-butyl, H-Val- 
btert-butyl, dimethylformamide, BOP, 
triethylamine, 1 h, r.t., 30 % yield (8), 
28 “/o yield (9). (d) CH,CI,, TFA, 
thioanisol, 4 h, r.t., 91 “/o yield (lo), 
97 % yield (11). 

a 

6: R = Benzyl 
3 b 

7: R=H 

d d 

chain is locked into a bifurcated hydrogen bond with 
the xanthene oxygen and the carbonyl oxygen of the 
adjacent isoleucine. Similar hydrogen bonding was 
observed in previous work with xanthene structures in 
our laboratory [24]. 

Screening of compounds 10 and 11 in the standard assay 
(round G,Table 1) revealed that both isomers are trypsin 
inhibitors, with compound 10 being the most potent. 
The K, values of both compounds 10 and 11 were 
obtained by non-linear regression of kinetic data accord- 
ing to the equation for competitive inhibition and addi- 
tionally by evaluation of Lineweaver-Burke plots. The 
kinetic data were obtained by measurement of the rate of 
p-nitroaniline released by tryptic cleavage of the substrate 
benzoyl-L-arginine-p-nitroanilide at increasing concen- 
trations with an increasing presence of either compound 
10 or compound 11 [48]. These measurements clearly 
show that both isomers 10 and 11 are competitive 
trypsin inhibitors, with a Ki of 9.4?O.X PM for 10 and a 
Ki of 72?7 PM for ll.Thus, structure 10 represents the 
most potent trypsin inhibitor that was selected from our 
initial xanthene library A2. 

The means by which compound 10 inhibits trypsin 
activity has not yet been determined, but computer 
modeling suggests that the lysine methyl ester building 
block is hydrogen bound to Asp189 in the trypsin-speci- 
ficity pocket (for an introduction to the structure of 
serine proteases, see 1491). In the model, the xanthene lies 
flat over the active site of the protein, allowing the other 
three building blocks to make specific hydrophobic con- 
tacts. The model suggests in essence that molecule 10 
mimics a trypsin substrate, but is only slowly cleaved by 
the trypsin ‘catalytic triad.‘This theory is supported by 
the fact that after complete inhibition by compound 10, 
trypsin activity does slowly recover. Preliminary tests 
during our Ki determination experiments showed that 
trypsin activity returned to -10 o/o of normal after 24 h. 

Discussion 
Clearly, the activity initially observed in the xanthene- 
based library A2 (which should theoretically contain 
65 341 compounds) cannot be explained solely by the 
presence of the inhibitors 10 and 11. Other inhibitory 
compounds must have been present in the starting 
library as well. In the selection stratecgy, only the most 
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Table 2. Computer simulation of relative activities of xanthene libraries. 

Round b 

Library A (rel) 

bl -Gly,Ala,Val 81 X 
b2 -Leu,lle,Pro 96 X 
b3 -Arg,Lys,His 100 x 
b4 -Ser,Thr,Met 44 
b5 -Phe,Tyr,Trp 49 
b6 -Glu,Asp,Asn 39 

Round d 

Library A (rel) 

dl -Arg 39 
d2 -Lys 100 x 
d3 -His 32 
d4 -Leu 57 x 
d5 -Ile 71 x 
d6 -Pro 76 X 
d7 -Gly 32 
d8 -Ala 42 
d9 -Val 86 x 

Round p 

Library A (rel) 

PI 76 X 

P2 92 x 
P3 46 

P4 65 X 
P5 39 
~6 100 x 

Round q 

Library A (rel) 

ql -Phe 47 
q2 -Met 47 
q3 -Ile 74 x 
q4 -Leu 60 X 
q5 -Val 85 X 
q6 -Trp 47 
q7 -Ser 40 
q8 -Pro 77 x 
q9 -Tyr 39 
ql0 -Lys 100 x 
qll -Asp 40 
q12 -Arg 46 

A (rel): computer generated relative activity (%) for simulated xanthene libraries. An X denotes selection of a given library to 
influence the next round of screening. 

Round b: (compare to round B in Table 1) relative trypsin activity with the six sublibraries bl-b6. Libraries were simulated as con- 
densations of core molecule 2 and 15 of the 18 amino acid building blocks. bl : Gly, Ala, Val omitted. b2: Leu, Ile, Pro omitted. b3: 
Arg, Lys, His omitted. b4: Ser, Thr, Met omitted. b5: Phe, Tyr, Trp omitted. b6: Glu, Asp, Asn omitted. 

Round d: (compare to round D in Table I) relative trypsin activity with the nine sublibraries dl-d9. Libraries were simulated as con- 
densations of core molecule 2 and eight of the nine building blocks Arg, Lys, His, Leu, lle, Pro, Gly, Ala, Val. dl : Arg omitted. d2: 
Lys omitted. d3: His omitted. d4: Leu omitted. d5: Ile omitted. d6: Pro omitted. d7: Gly omitted. d8: Ala omitted. d9: Val omitted. 

Round p: relative trypsin activity with the six sublibraries pl-p6. Libraries were simulated as condensations of core molecule 2 and 
15 of the 18 amino acid building blocks, but using an alternate grouping from that of Table 1. pl : Phe, Met, Ile omitted. p2: Leu, 
Val, Trp omitted. p3: Ala, Thr, Gly omitted. p4: Ser, Pro, Tyr omitted. p5: His, Asn, Glu omitted. p6: Lys, Asp, Arg omitted. 

Round q: relative trypsin activity with the twelve sublibraries ql-q12. Libraries were simulated as condensations of core molecule 
2 and eleven of the twelve building blocks Phe, Met, Ile, Leu, Val, Trp, Ser, Pro, Tyr, Lys, Asp, Arg. ql : Phe omitted. q2: Met omitted. 
93: Ile omitted. 94: Leu omitted. 95: Val omitted. 96: Trp omitted. q7: Ser omitted. q8: Pro omitted. 99: Tyr omitted. ql0: Lys 
omitted. ql 1: Asp’omitted. q12: Arg omitted. 

- L 

active building blocks or groups of building blocks were 
selected for the generation of further sublibraries. These 
choices guided us directly to the inhibitors 10 and 11, 
with compound 10 being eight times more active than 
its structural isomer 11. The question then arises whether 
the described selection strategy automatically results in 
the isolation of the most active compound in a given 
library. Would a different initial grouping of the building 
blocks have resulted in the isolation of structurally differ- 
ent inhibitors? Could the strategy fail to select other 
compounds present in library A2 that had a higher 
inhibitory activity than compound lo? 

To address these questions, a computer program was 
written to simulate the activities observed for all the dis- 
cussed sublibraries.The simplifying assumptions were that 
I) inhibition was due to molecules binding at the active 
site of trypsin, and 2) each building block at a certain xan- 
thene position added an incremental value to the ‘energy 
of binding’ for that molecule. Based on the empirical evi- 
dence of molecules 10 and 11, the values of ‘binding 
energy’ for each building block at each xanthene position 
were adjusted until the program was able roughly to 
reproduce sublibrary activities. As shown in Table 2 (lower 
case letters for libraries denote computer generated 
results), the program reproduced the results of Table 1 
such that libraries bl-b3 would be selected over libraries 

b4-b6, and Lys, Pro,Val, Ile and Leu would be selected 
from the sublibraries dl-d9. The program reproduced 
rounds B and D qualitatively, but not quantitatively. 

Application of the computer program gave several 
insights into our selection strategy. First, given the 
assumptions made, it seems likely that molecule 10 was 

merely the tip of a broad family of inhibitors; beneath 
the tip lay other less-potent inhibitors which neverthe- 
less contributed greatly to the activity of the computer- 
generated libraries. This explains the relatively high 
activity of the initial xanthene library A2. Assuming that 
the computer program mirrors reality, if one postulates a 
‘molecular landscape’ [50] in which valleys mark com- 
pounds that bind weakly and mountains mark families of 
inhibitors, our selection procedure is less a screening for 
individual inhibitors than it is a group selection proce- 
dure which provides a means of ascending a feature in a 
molecular landscape to its peak of activity. 

The program further gave evidence that when given a 
single, well defined mountain in a molecular landscape, 
our screening procedure is not dependent on the group- 
ing of building blocks to find the highest point of activ- 
ity. In the initial simulated screening procedure, the 
combination Lys, Ile, Pro,Val was selected independently 
of how the building blocks were grouped. For example, 
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when grouped as in libraries pl-p6 (Table 2), four sub- 
libraries pl, p2, p4, and p6 would be selected, leading to 
sublibraries ql-q12 (Table 2).The sublibraries q3, q4, q5, 

q8 and q10 would be selected from this round, once 
again converging to building blocks Ile, Leu,VaI, Pro and 
LYS (compare to actual screening round D). 

When the computer program was changed to introduce 
a second peak in the molecular landscape (that is, a 
second set of inhibitors with different building blocks 

was defined with an energy of binding equal to or 
greater than that of lo), the landscape feature (and there- 
fore the ultimate inhibitory molecule) which the com- 
puter selected did depend on initial groupings of 

building blocks. Simulations demonstrated that by 
employing our selection strategy, it was impossible to 
miss an active compound orders of magnitude more 

potent than compound 10, but it was possible to over- 
look a compound with comparable or even slightly 
higher activity. The computer program thus confirmed 

that the described selection strategy of ever-narrowing 
sublibraries will result in the isolation, if they exist, of 
one or more of the most active compounds present in a 

combinatorial library such as A2. 

Significance 
In a few weeks of work, the procedures used in 
this experiment in combinatorial chemistry 
yielded a single compound giving micromolar 
inhibition of trypsin from a large library of small 
organic molecules free in solution.Whether or not 
this xanthene derivative is the best possible 
inhibitor in the library, the iterative screening 
method is effective.This success suggests that the 
synthesis and screening of molecular libraries 
from a core molecule and a variety of building 
blocks could be a valuable tool in the search for 
potent therapeutic lead compounds. Our results 
show that the procedure is a useful means of 
exploring a structural landscape of small mole- 
cules, complementing the existing repertoire of 
combinatorial procedures. It is emphasized that 
while this study used predominantly the readily 
available L-amino acid derivatives and only three 
core molecules, any nucleophile that would give 
products of reasonable hydrolytic stability could 
be used with these or other core molecules. 
Furthermore, the procedure could easily be 
adapted to optimize lead structures. Specifically, 
the four building blocks selected in this study, Lys, 
Ile, Pro, and Val, could be re-combined with the 
xanthene core and a new set of similar amines 
(for example, homolysine and ornithine). The 
resulting library could be re-screened to select 
still more potent trypsin inhibitors. Given the 
large number of possible amines and multi-acid- 
chloride cores, the potential of this method for 
the generation of new libraries is unbounded. 

Materials and methods 
General 

All commercially available reagents were used without further 
purification. The diacid of compound 4 is commercially avail- 
able from Aldrich Chemical Company. All solvents were pur- 
chased from Malinckrodt, and were analytical-reagent quality. 
Bovine pancreas trypsin was purchased from Sigma. All pro- 
tected amino acids were obtained from Advanced ChemTech 
and Novabiochem. ‘H NMR spectra were obtained on 
Bruker AC-250, Varian XL-300, Varian UN-300 and Varian 
VXR-500 spectrometers. For preparative HPLC a Waters 
6OOE system was used with a Waters 4901 multiwavelength 
detector (Det. 275 nm). All UV measurements were per- 
formed on a Perkin-Elmer Lambda-2 spectrometer. Mass 
spectra for product characterization were obtained on a 
Finnigan MAT 8200 system. For the analysis of the diversity 
of the generated libraries by electrospray mass spectrometry, a 
VG Quatro instrument was used. 

Standard procedure for the preparation of acid chlorides 
To synthesize an acid chloride [29,30], 0.6 mmol of the corre- 
sponding acid was dissolved in 20 ml of dichloromethane. 1.5 
mmol oxalyl chloride were added in the case of the diacids 9,9- 
dimethyl-2,7-di-tert-butyl xanthene-4,5-dicarboxylic acid and 
9,9-dimethyl xanthene-2,7-dicarboxylic acid benzylester-4,5- 
dicarboxylic acid, 2.5 mmol oxalyl chloride for 1,3,5-tris-car- 
boxymethylbenzene-tricarboxylic acid and 3 mmol oxalyl 
chloride for 9,9-dimethyl xanthene-2,4,5,7-tetracarboxylic acid. 
After addition of two drops of dimethyl-formamide, the reaction 
mixture was heated to reflux for 4 h and concentrated in vactl~ to 
yield compounds 4,5, and 2 as tan solids and compound 3 as a 
yellow oil.The products were dried in vacua over night.The acid 
chlorides were used without further purification. 

Standard procedure for the preparation of libraries 
List of the amine building blocks used to prepare libraries for 
mass-spectrometric investigations and screening purposes: 
L-alanine-tert-butyl ester (Ala), Ng-4-methoxy-2,3,6- 
trimethylbenzene-sulfonyl-L-arginine (Arg), Ng-4-methoxy- 
2,3,6-trimethylbenzene-sulfonyl-L-arginine-p-methoxy-benzyl 
amide (ArgA), L-asparagine-tert-butyl ester (Asn), O”-tert- 
buty-L-aspartic acid tert-butyl ester (Asp), S-trityl-L-cysteine 
(Cys), OS-tert-butyl-L-glutamic acid tert-butyl ester (Glu), 
glycine-methyl ester (Gly), N’“‘-trityl-L-histidine (His), L- 

isoleucine-tert-butyl ester (Ile), L-leucine-tert-butyl ester (Leu), 
NE-Boc-L-lysine-methyl ester (Lys), L-methionine-methyl ester 
(Met), L-phenylalanine-tert-butyl ester (Phe), L-proline- 
tert-butyl ester (Pro), 0-tert-butyl-L-serine-tert-butyl 
ester (Ser), 0-tert-butyl-L-threonine-methyl ester (Thr), 
L-tryptophane-methyl ester (Trp), O-tert-buty-L-tyrosine- 
methyl ester (Tyr), L-valine-tevt-butyl ester (Val). 

To make a library [29,30], 0.22 mmol of the acid-chloride core 
molecule was dissolved in IO ml of dichloromethane. The 
amine mixture composed of an equimolar mixture of the 
desired amines (total molarity of amines = total molarity of 
acid-chloride groups) was added and the reaction mixture was 
vigorously stirred. Triethylamine (0.5 ml) was added and the 
reaction mixture stirred for 2 h at r.t.The reaction mixture was 
diluted with 250 ml of dichloromethane and washed twice 
with 1 M citric acid solution, twice with saturated sodium 
hydrogen carbonate solution, and once with water.The organic 
phase was separated, dried with MgSO, and concentrated in 
vacua to afford a tan foam. 
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Table 3. Diversity Lalculations. 

Combination C,, symmetry Combinatorial Combinations for m= 

type multiplier rule 1351 4 

AAAA 1 m!/l !(-I)! 4 
AAABIAABB 8 m!/2!(m-2)! 48 
AABC 18 m!/3!(k3)! 72 
ABCD 12 m!/4!(m-4)! 12 

8 
224 

1008 
840 

8 15 19 

15 19 
840 1368 

8190 17442 
16380 46512 

Total combinations 136 2080 25425 65341 

Standard procedure for the deprotection of libraries 
To deprotect libraries [29,30] 100 mg of the library material 
was stirred with reagent K [3X\ (6 ml) at r.t. for 4 h.The solu- 
tion was concentrated in vacua) to yield a brown oil. The 
libraries were precipitated by addition of 15 ml of a mixture of 
diethylether/n-hexane (1 :l).The tan precipitate was filtered off 
and washed three times with diethylether/n-hexanc (1:l). 
The obtained library material was redissolved in 
dichloromethane/trifluoroacetic acid (1:4,20 ml) and stirred at 
r.t. for another 3 h. The reaction mixture was concentrated in 
VLICI~O and the oily residue solidified by addition of 15 ml of 
diethylcther/n-hexane (1:l). The precipitated final library 
material was filtered off, washed four times with 
diethylether/rl-hexane (l:l), and dried in vacua overnight. 

Screening procedure 
Bovine pancreatic trypsin (2.5 mg) was dissolved in 10 ml of an 
0.005 M solution of HCI in water (trypsin stock solution).Then, 
50 mg of N-benzoyl-u,L-arginine-p-nitroanilide were dissolved 
in 5 ml of dimethylsulfoxide (substrate stock solution). Library 
material was dissolved in 200 p,l of dimethylsulfoxide (for 
anlount of library material, see Table 1). Of this library stock 
solution, 50 p,l was diluted with 500 ~1 ofbuffer (pH 8.2,O.s M 
Tris HCl, 0.04 M CaCl,) and 10 ~1 of the trypsin stock solu- 

tion. High buffel- concentration was necessary to stabilize the pH 
in those experiments where 2.5 mg of library material was 
added; buffer concentration was constant ftir all screening and K, 
determination experiments. The slightly cloudy mixtures were 
centrifuged for 5 min, and 400 p,l of the clear supernatant was 
transformed into a 1 .O ml disposable UV cuvette filled with 
500 ~1 of buffer. (Only the superllatant was used to avoid UV 
absorption by cloudy mixtures.) The solutions were mixed and 
the UV absorption at 405 nm was measured and noted 
(O-value). Then, 50 ~1 of the substrate solution was added and 
the solutions mixed thoroughly. UV absorption at 405 nm was 
measured at 10 min, 20 min, and 40 min, and the obtained 
absorption minus the O-value was noted (activity value) and used 
for activity comparisons. Final activity percentage was obtained 
by comparison of activity value to the blank activity value mea- 
sured without added library material (blank activity = 100 %I). 

Diversity calculations 
Calculation of the theoretical number of tetra-functionalized 
compounds produced with xanthene core 2 and PHI building 
blocks is shown in Table 3. The total number of compounds 
equals the sum of the number of compounds with one 
(AAAA), two (AABB,AAAB), three (AABC), and four (ABCD) 
different building blocks. 

Computer simulation 
The computer program, designed to sunulate the relative inh- 
bition of various xanthene libraries, used the following schelnr: 

I Based on enlpirical evidence, generate a ‘bInding score’ for 
all building blocks at a given xanthenc position. For example, 
at xanthene position 5, give Ile +3, Leu orVa1 +2.5, any other 
hydrophobic building block +I, etc. 

2. Based on the number of building blocks chosen, create a 
library of one each of all possible xanthene molecules contain- 
ing four amino acids. 

3. For each molecule in the library, bum the binding score, of 
the building blocks at positions 2, 4, 5 and 7. 

4. Based on the total binding score, generate a score for the 
amount of inhibition which each molecule contributes. For 
example, inhibition score = e(blndlng sc0re). 

5. Sum the inhibition scores of all molecules in the library to 
get the total reduction in trypsin activity. 

6. Conlpare the reduction in trypsin activity to other libraries 
generated with the same number of building blocks. 

7. If the comparison of library inhibition does not qualitatively 
match real-life comparison of the same libraries, adjust the 
binding scores in step 1 and repeat. 

Supplementary material available 
Individual synthetic procedures and product characterizations, 
preparation of sublibraries Fl-F6, synthesis of compounds 10 
and 11, kinetic studies, Lineweaver-Burke plots. 
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