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A solid phase combinatorial library of 165 000 phosphinic peptide inhibitors was prepared and screened for
activity against MMP-12. The inhibitors of the library had the structure XX¥{® O,H-CH,}L-XXX, in

which X is an arbitrary amino acid anddq PO,H-CH,} L is a Gly-Leu phosphinic dipeptide analogue. The
library was constructed as a one-bead-two-compounds library so that every bead contained a common
guenched fluorogenic substrate and a different putative inhibitor. In addition, the inhibitor part was prepared

by ladder synthesis. After incubation with MMP-12,

beads containing active inhibitors were selected, and

the inhibitor sequences were recorded using MALDI-TOF MS. Statistical analysis of the sequences obtained
from 86 beads gave rise to a consensus sequence which was resynthesized along with 20 related sequences.
Three truncated sequences and 16 sequences originally present on beads were also resynthesized. The
inhibitors were investigated in an enzyme kinetic assay with MMP-12 showing that the compounds derived
from the consensus sequence were strong inhibitors Kyitralues down to 6 nM, whereas the sequences
originally present on beads varied in potency withvalues from micromolar to nanomolar. Truncated
sequences derived from the consensus sequence were poor inhibitors of MMP-12.

Introduction

Most physiological events involve proteolytic cleavage as
a key transformation triggering cascades of biochemical
reactions leading to cellular maturation, migration, resorption,

an X-ray structure of the enzymeéCompounds designed by
this concept are synthesized individually and tested in an
enzyme Kinetic solution assay to determiievalues. This
methodology has provided a large number of potent inhibitors

or host invasion. These events may be modulated by©f @ large variety of proteases, including MMPShese
application of inhibitors that prevent the proteolytic activity. €nzymes have been in focus as targets for drug development

The development of protease inhibitors has traditionally
focused on rational design from knowledge about either

because of their involvement in a number of physiological
and pathological conditionrsMMPs present in the extra-

structure of substrates or the active site of the protease fromcellular matrix of bone are of importance in relation to bone

T Abbreviations. Abz: 2-aminobenzoyl; AcODhbt: 3-acetoxy-Benzo-
[d][1,2,3]triazin-4-one; Ad: 1-adamantyl; Alloc: allyloxycarbonyl; Boc:
tert-butoxycarbonyl; B tert-butyl; Bu: isobutyl; DCM: dichloromethane;
DIPEA: diisopropylethylamine; DMF: dimethylformamide; Dph:3-(2,4-
dinitrophenyl)-I-2,3-diaminopropionyl; Fmoc: 9-fluorenylmethoxycarbonyl;
FRET: fluorescence resonance energy transfe(BO,H-CHp)L or
{GL}: Gly-Leu phosphinic dipeptide obtained by replacing the conventional
peptide bond (-CO-NH-) with -P§M-CH,-; KQ: designation for Lys and
Gln; LIJ: designation for Leu, lle, and Hyp; MALDI-TOF MS: matrix
assisted laser desorption/ionization time-of-flight mass spectrometry; Mca:
(7-methoxycoumarin-4-yl)acetyl; MCPS: multiple column peptide synthesis;
MMP: matrix metalloproteinase; [Mis]: mass/ionization spacer; NEM:
N-ethylmorpholine; PEGA: poly(ethylene glycol)-polydimethyl acrylamide
resin; Pfp: pentafluorophenyl; [PIl]: photolabile linker; Pmc: 2,2,5,7,8-

pentamethylchroman-6-sulfonyl; RP-HPLC: reversed phase high-pressure

liquid chromatography; TBTU: O-(benzotriazol-1-yl)N,N,N',N'-tetram-
ethyluronium tetrafluoroborate; TFA: trifluoroacetic acid; Trt: triphenyl-
methyl; VLC: vacuum liquid chromatography; Y(NY 3-nitrotyrosine.

physiology and pathology due to their ability to degrade
proteins, among these collagen. Thus, it is believed that
MMPs, together with cysteine proteases, are responsible for
the increased resorption of the organic bone constituents
occurring under pathological conditions such as bone me-
tastasis and osteoporosis. Inhibition of MMPs is therefore
important in the treatment of these conditions. Although the
field of synthetic MMP inhibitors has been dominated by
compounds containing a hydroxamic acid functimgveral
examples of potent inhibitors based on phosphorus peptide
isosteres have been reported?

As the speed of biochemical testing of potent inhibitors
has increased, a bottleneck in the development of inhibitors
has appeared at the stage of chemical synthesis. The design,

Three- and one-letter abbreviations for amino acids are used according topreparation, and screening of chemical libraties? both

the recommendations from IUPAC, see http://www.chem.gmw.ac.uk/iupac.
Hyl or U was used fob-(R/S)-o-hydroxy-pL-lysine, and Hyp or J was used
for trans-4-hydroxy-I-proline.

* Address correspondence to Professor Dr. Morten Meldal, Carlsberg
Laboratory, Department of Chemistry, Gamle Carlsbergvej 10, DK-2500
Valby, Denmark. Fax:+45 3327 4708. E-mail: mpm@crc.dk.

* Carlsberg Laboratory.

§ OsteoPro A/S.

10.1021/cc000031g CCC: $19.00

in solution and on solid support, has therefore become an
important part of fast development of protease inhibitors.
An obvious advantage of combinatorial libraries compared
to structure based design is that a huge number of compounds
are screened simultaneously, and from these the most potent
inhibitors are selected. Another important advantage is that

© 2000 American Chemical Society
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Phosphinic Peptide Library

the combinatorial library approach does not require the
crystal structure of the enzyme. Although the field of
combinatorial chemistry has emerged relatively recently and
no procedures within the field are trivial, there are already
several examples of successful drug lead identification by
this method?~*4 and inhibitors of MMPs have also been
identified 6

To create a true combinatorial library in which the number
of compounds are greater than the number of reaction
vessels; mixtures of compounds have to be encountered.
The well-known split and combine methiddhas been
employed for preparation of one-bead-one-compound solid
phase combinatorial librarié8a type of library which has
the unique property of using single resin beads as micro-
reactors. Although consisting of a compound mixture, these

libraries display a high degree of order because each bead

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 625
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contains only a single compound. The generation of such gigyre 1. Structure of the one-bead-two-compounds solid phase
libraries has been described; however, they have been usedombinatorial libraryl used to identify potent phosphinic peptide
less frequently than spatially addressable libraries due theinhibitors of MMP-12. X’s correspond to arbitranramino acids.

fact that direct screening and analysis is difficult without a
laborious deconvolution procedure. The structure of the resin
is determining for the outcome of an on-bead screeffing.
By using the hydrophilic, high-swelling resin PEGA,
enzymes have access to all reactive sites of the resin
allowing direct screening with large enzynt8d2 24 Several

methods have been used for tagging individual beads during

synthesis in order to enable identification of active com-
pounds after a screenifgj.ldentification of inhibitors of
peptide-like nature may be accomplished by employing
capping during so-called ladder synthesis of the inhibitor
followed by mass spectral analy3fs.

In the present work, potent inhibitors of MMP-12 have
been identified from a solid phase combinatorial library of
phosphinic peptides XXX-&{PO,H-CH,} L-XXX, in which
Xis an arbitrary amino acid and¥{ PO,H-CH,} L is a Gly-

Leu phosphinic dipeptide analogue. It was prepared and

screened using a variety of different techniques and concepts

some of which have been used previously to identify
inhibitors of Subtilisin Carlsbef§ and Cruzipairt® The
library was designed asane-bead-two-compoundibrary
which, by combining the use of a PEGA resin, split and
combine synthesis, ladder synthesis, and a quenched fluo
rogenic substrate, resulted in discovery of novel, potent
phosphinic peptide inhibitors of MMP-12.

Results

Structure and Principle. The overall structure of the
library (1) is depicted in Figure 1. It consists of a PEGA

._facilitated desorption of the whole inhibitor sequence during

MALDI-TOF mass spectrometric analysis. Preparation of the
construct was accomplished using an orthogonal set of amine
protective groups: the Fmoc group susceptible to base, the

'Alloc group which is cleaved using Pd(P$h and the Boc

group susceptible to acid, along with the acid labile protective
groups on amino acid side chains {Btrt, and Pmc).

When an MMP molecule enters a bead with this construct,
a competition occurs between substrate and inhibitor: the
stronger the inhibitor present on a specific bead, the less
substrate is cleaved. To use the library to identify inhibitors,
two tasks have to be addressed: identification of beads
containing potent inhibitors and determination of the struc-
tural identity of the inhibitors present on these beads.

The first problem was addressed by the incorporation of
a quenched fluorogenic substrate (Figure 2). As every bead
contained a different inhibitor sequence, some beads would
contain potent inhibitors and others would contain poor
inhibitors. A bead containing a potent inhibitor would remain
unchanged with respect to fluorescence. In contrast, a bead
containing a poor inhibitor would allow the enzyme to cleave
the quenched fluorogenic substrate and the bead would
consequently light up when viewed under a fluorescence
microscope. In reality, the illumination was differentiated
as varying amounts of substrate were cleaved on each bead
depending on potency of the inhibitor on the specific bead.
Only the very darkest beads were selected as containing
potent inhibitors.

Conventional Edman sequence anafysfsvas not useful

resin in which each bead contains two different amino groups to determine the structural identity of the inhibitors present
bearing different substituents. The system of two different on the beads selected by the fluorescence assay, due to the
amino groups is designated a functional biantenna. On oneincorporation of the phosphinic dipeptide inhibitor element.

part of the biantenna the putative inhibitor, XXX4& PO,H-
CH,}L-XXX, is attached through a mass/ionization spacer
[Mis] of sequence TISRTI and a photolabile linker [F].
On the other part, the quenched fluorogenic sub<gfraté-
(NO,)GPLG- -LYARK(Abz)G is attachedk{s/Ky 1.9 x 10°

The technique of ladder syntheSiswith capping was
therefore applied to the synthesis of the inhibitor part of the
library. However, instead of using-alanine for capping as
originally suggesteé; a mixture of Fmoc- and Boc-amino
acids in the ratio 9:1 was used during the couplings in every

M-t st for MMP-12; -- indicates cleavage site). The step beginning with the last Thr of the mass/ionization
sequence of the mass spacer was chosen because of its lospacer! Thus, treatment with 20% piperidine in DMF after
susceptibility to MMP cleavage, and the Arg in the sequence each coupling released only 90% of the free amines for
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Figure 2. Principle in the use of the fluorescence quenched
substrate as a marker in the inhibitor library. If the bead contains
a potent inhibitor, the substrate is not cleaved and the bead remains
dark. If the bead contains a poor inhibitor, the substrate is cleaved
and the fluorescence from the Abz group is emitted. Thus, dark

ii-vi

beads containing potent inhibitors are picked after incubation.

X'X2X3-GW{PO,H-CH,}L-X*X5XC-[Mis] .
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— X2
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Figure 3. As a result of the ladder synthesis, a mixture of all

XXX-GW{POH-CHIL-XXX-[Mis}-[PIl-NH—{.

HN
|
AY(NO,)GPLG--LYARK(Ab2)G

1

2 Including split and combine solid phase peptide synthesis using Fmoc-
and Boc-amino acids in a 9:1 ratio, coupling of the Gly-Leu phosphinic
dipeptide building block4:5 9:1), and fragment condensation of a preformed
protected MMP-12 substrate. Reagents and conditiong &fi)d5, TBTU,
NEM; (i) Pd(PPh)s, AcOH, NEM; (i) 8, TBTU, NEM; (iv) 20%
piperidine (DMF); (v) TFA/PhSMe/(CESH)/(Pr)sSiH; (vi) 0.1 M NaOH.

performed in order to secure the reliability of the fluorescence
based assay for selecting active beads and of the ladder
synthesis and sequencing of the inhibitors. For this purpose
the functional biantenna2) (Scheme 2) was prepared on
which the sequence AGPLWXPOH-CH.}L-YAR was
assembled using ladder synthesis (Scheme 3). This sequence
has previously been shown to be a strong inhibitor of MMP-
9% and is also an inhibitor of MMP-12, though considerably
less potent? Preparation of the bianten@aesulted in minor

truncated peptide fragments was obtained upon photocleavage fromproblems. Assembly of Lys(Boc)-Lys(Alloc) on the PEGA

the resin. Thus, the sequence of the inhibitor was determined by
the differences in mass between the fragments. The mass space
[Mis], which is common for all the resin beads, has the amino acid

sequence TISRTI and functioned as the base peak.

further reaction, giving rise to a mixture of truncated peptides

rresin proceeded by standard activation of the parent Fmoc
amino acids using TBT& and NEM, or using Fmoc amino
acid Pfp esters. However, after the subsequent acetylation
of the N-terminal amine with 20% A® in DMF and

on the inhibitor part of the functional biantenna (Figure 3). cleavage of the Boc group by TFA treatment, the amount of

By UV irradiation with a Hg lamp, the mixture of truncated

free amine present was reduced from 0.11 mmol/g of the

inhibitors was released from the photolabile linker, and a original resin to about 0.03 mmol/g which was unacceptably
single MALDI-TOF MS then afforded the sequence of the low. Other acetylation conditions were investigated, and the

active compound.
Preparation. Prior to preparation of the complete library

best was found to be AcODH¥t(1.5-3 equiv) which
resulted in a loading of 0.10 mmol/g. The allyl carbamate

1 (Scheme 1) designed for screening, initial experiments wereseemed to be less affected by the acetylation conditions as
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Scheme 2.Preparation of the Functional Biantendan a
PEGAlgoo-RESiI'?

NH2 PEGA1900

l Ll i, i

Alloc-HN
0.11 mmol/g

iv

2

i
(CH2)q

Ac-NH

2 Alloc-HN

20% Ac,O/DMF: 0.03 mmol/g

5% Ac,O/DCM:DMF 5:1: 0.09 mmol/g
3 eq. AcOH/TBTU/DMF: 0.09 mmol/g
3 eq. AcODhbt/DMF: 0.10 mmol/g

I}JH-Boc
(CHa)4

Ac-NH

20% Ac,O/DMF: 0.03 mmol/g

a Acetylation with 3 equiv of AcODhbt was found to be superior.
Reagents and conditions: (i) Fmoc-Lys(Alloc)-OH, TBTU, NEM,; (ii) 20%
piperidine (DMF); (iii) Fmoc-Lys(Boc)-OH, TBTU, NEM; (iv) acetylation;

(v) TFA:H,0:DCM 19:1:20; (vi) Pd(PP4s, AcOH, NEM.

a reasonable loading of 0.09 mmol/g was found on the
substrate side of the biantenna after using 20%N0 DMF
(Scheme 2).

Coupling of the photolabile linkéf on 2 was carried out
using TBTU activation, and the amino acids constituting the

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 627

Scheme 3.Ladder Synthesis of the Known Inhibitor
Sequence AGPL-W{PO,H-CH,}L-YARG?
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Ac-NH

II\IH
Alloc

Ac-NH

HN
|
AY(NO)GPLG--LYARK(Abz)G

NH2 < 10
2 MH
Alloc
a2 The sequence of the inhibitor was recorded by MALDI-TOF MS both
prior to (7) and after 9) incubation with MMP-12. Beads with9) and
without (10) inhibitor were observed under a fluorescence microscope and
found to be significantly different with respect to fluorescence emission.
Reagents and conditions: (i) coupling of photolabile linker [PIl], TBTU,
NEM,; (ii) assembly of mass/ionization spacer [Mis]; (iii) Fmoc-/Boc-amino
acids 9:1, TBTU, NEM; (iv)4 and 5, TBTU, NEM; (v) TFA/PhSMe/
(CHZzSH)/(Pr)sSiH; (vi) 0.1 M NaOH; (vii) Pd(PP¥)4, AcOH, NEM; (viii)

mass/ionization spacer were coupled using Fmoc amino acidcoupling of8, TBTU, NEM; (ix) MMP-12, 100 nM, pH 7.5; (x) 1.5 equiv

Pfp esters to obtain resBy(Scheme 3). Subsequent assembly
of the inhibitor sequence AGPLXPOH-CH,}L-YAR
with ladder capping proceeded without problems using
Fmoc- and Boc-amino acids or phosphinic dipeptide building
blocks4 and5 in the ratio 9:1. The amino acids as well as
the building block mixture was coupled using TBTU
activation. The phosphinic dipeptide building block, Fmoc-
GWY{POAd-CH,;}L-OH (4), was prepared as previously
describeéf while Boc-G¥P{ PO,Ad-CH,} L-OH (5) was pre-
pared in 64% vyield from4 (Scheme 4). After the last
coupling, resiré was treated with piperidine, TFA-scavenger
cocktail, and finally 0.1 M NaOH to obtain resih A single

AcODhbt.

bead was placed on a MALDI target, and after exposure to
UV light the bead was swelled in a matrix solution. The
mass spectrum was acquired, it clearly showed all fragments
resulting from the ladder synthesis, and the sequence was
easy to read. When the sodium hydroxide treatment was
omitted, a considerable amount of amine trifluoroacetylation
was observed in the mass spectrum.

To test the reliability of the fluorescence based assay in
the selection of beads containing potent inhibitors, the resin
6 was treated with Pd(PRh and N-ethylmorpholinium
acetate to remove the Alloc-grotimn the substrate part of
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Scheme 4. Preparation of the Boc-Protected Phosphinic Table 1. Amino Acid Derivatives Used in the Preparation

Dipeptide Building Block §) and 6-Hydroxylysine Building of Library 1
Blocks (11 and12)? — —
Fmoc-derivative, Boc-derivative,
L amino MW, MW, each12x 2.7 each12x 0.3
g QP b acid  Fmo¢ Boc equiv (mg) equiv (mg)
Fmoc=N._-P oH Ala 311.3 189.3 66.6 45
o) Arg(Pmcp 736.4 540.8 157.5 12.8
4 Asn(Trtf  596.7 232.2 127.6 55
Asp(Bu) 4115 2895 88.0 6.9
O OAd GIn(Trt  610.7 246.3 130.6 5.9
\ / Glu(BW) 4255 3035 91.0 7.2
Boc—N._P OH Gly 297.3 175.3 63.6 4.2
o His(Trt)d 645.5 428.2 138.0 10.2
5 lle 353.4 2314 75.6 55
64% Lew 353.4 2494 75.6 5.9
Lys(Boc) 468.5 346.5 100.2 8.2
Met 3715 2495 79.4 5.9
NH-Boc Phe 387.4 265.4 82.8 6.3
HO i Pro 3374 2154 72.1 5.1
- . Ser(BU) 383.4 261.4 82.0 6.2
Thr(Bu) 3975 2755 85.0 6.5
Tyr(BuY) 459.6 337.6 98.3 8.0
HN" "CO.H Val 339.4 217.4 72.6 5.2
NH-Boc Hyl(Boc) 484.5 385.6 103.6 9.2
HO Hyp(Bu)Y 409.5 2314 87.6 55
aMolecular masses were corrected according to nbteg.
bFmoc: 90%.°Boc: without Trt on side chairf. Fmoc: 96%.
Boc: include crystal benzene and had a Boc instead of Bc:
R-NH" "CO,H included crystal HO. fBoc: 94%, contained 6% toluen&Boc:
without BU on side chain.
R= Fmoc: 11
R= Boc: 12

present in collagen. Useful racemic building block® iR/
S-hydroxy-bL-lysine, Fmoc-Hyl(Boc)-OH11),%¢ and Boc-
Hyl(Boc)-OH (12), were prepared (Scheme 4) from the
the functional biantenna. A protected preformed quenched commercial racemic H-Hyl(Boc)-OH and used in the library
fluorogenic substrate, Boc-AY(NJGPLG- -LY(BUW)AR- synthesis. The one-bead-one-compound ladder of the inhibi-
(Pmc)K(Abz(Boc))G-OH 8) was then coupled to the result-  tor part of the library was prepared by MCP® facilitate
ing free amine using TBTU activation. The substrate was split and combine library synthesis. Ressnwas equally
prepared by standard SPPS procediiesing the base labile  distributed in the 20 wells, and couplings were carried out
hydroxymethylbenzoic acid linker on a PEGA-resin, and it with one activated amino acid mixture in each well. After
was purified by RP-HPLC using neutral eluents. After full each coupling, the resin was washed, mixed, and redistrib-
deprotection of the peptides, rerwas obtained. Another  uted. Fmoc was then removed with piperidine, and the next
resin, 10, was prepared which also contained the quenched coupling was performed. After three couplings with con-
fluorogenic substrate. ResitO did, however, not contain  ventional amino acids, a 9:1 mixture #&nd5 was coupled,
any inhibitor, and the two resin8,and 10, therefore acted  and this was followed by another three couplings of
as models for the fluorescence based assay. After incubatiorconventional amino acids by the split and combine protocol.
of these resins with MMP-18 was expected to remain dark This completed the synthesis of the inhibitor part of the
while the fluorescence df0 should increase. Incubation of library (Scheme 1). The Alloc group was removed, and the
the resins was performed with 100 nM MMP-12 in a buffered quenched fluorogenic substraavas attached as described
solution containing Z#. Inspection of the two resins under above. A few beads were removed for test-sequencing by
the fluorescence microscope showed that re3irwas MALDI-TOF MS, and the sequences were easily recorded
significantly darker thanlO. Furthermore,10 was much in all cases (Figure 4 A).
darker before than after incubation. Incubating, Selecting, and Sequencing Beadkicubation
With the synthetic and analytical methodology being of the library (approximately 165 000 beads) was performed
established, librar{t was prepared as outlined in Scheme 1. for a period of 22 h. After deactivation of the enzyme with
Resin3 was prepared with 10% capping in the last coupling acid and thorough washing, the resin was placed under a
of the mass/ionization spacer (Thr). Subsequent couplingsfluorescence microscope, and dark beads were collected
were carried out with mixtures of Fmoc- and Boc-amino manually. Figure 5 shows a view of the resin as it was seen
acids (Table 1) and TBTU activation. Twenty naturally under the fluorescence microscope. A large variation of
occurring amino acids were selected. With the aim of fluorescence intensity from individual beads depending on
mimicking natural substrate sequences of MMP-12, cysteinethe amount of cleaved substrate was observed. Approxi-
and tryptophan, which are not encountered in collagen andmately 1000 beads were selected, and from these initially
elastin, were substituted by tdans-L-hydroxyproline and 20 and afterwards 92 were selected for sequencing, leading
0-(RIS-hydroxyL-lysine, both of which are amino acids to 86 unambiguously determined sequences.

aReagents and conditions: (i) 20% piperidine (DMF); (ii) BOCEgN;
(iif) Fmoc-OSu, NaCO; or BogO, EgN.
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Figure 5. View of library 1 under a fluorescence microscope after

1000 4 incubation with MMP-12. Only the most persistently dark beads
(as indicated with an arrow) were selected for identification of
potent inhibitors.

Resynthesis and Enzyme Kinetic InvestigationsTo
show that the library was in fact yielding leads to inhibitors,
wooy (G some of the sequences present on dark beads were resyn-

thesized and tested in an enzyme kinetic assay with MMP-
12. However, due to the multiple structures arising form the
lack of discrimination between LIJ and KQ, it was decided
not to prepare individual sequences. Instead a consensus
sequence, LMY-@{PQO,H-CH,} L-YAPG (13), based on the
m/z most frequently observed amino acids in the individual
650 050 1080 1250 1650 1850 subsites, was constructed. As seen from Figure 6, LIJ were

Figure 4. Examples of MALDI-TOF mass spectrometrical se- the most frequently observed amino acids in subsiie84

quencing of material from beads. Peaks marked with an asterisk 2, and R'. However, it was only selected (arbitrarily as
did not give rise to any meaningful sequend&L} denotes Leu) in the R subsite of the consensus sequence. The reason

GW{PQH-CH;}L. A: Arbitrary bead before incubation. B and  for this was that the frequency of each of the amino acids
C: an active bead from the second batch of 92 beads. B: Before(Leu’ lle, and Hyp) might have been one-third of the total

wash, the mass spacer which was common for all beads in the .
library is the only distinct peak; the broad bump has a maximum frequency observed for LIJ. Hyp was ruled out inahd B

at aboutm/z 1600. C: After wash, all peaks necessary to make a by means of conventional Edman sequencing, and this led
full sequence determination could be identified. to the decision that Leu should be selected fpinPwhich

the frequency LIJ was more than twice the frequency of Met

Mass spectra were acquired on a high-resolution MALDI- (Figure 6). In contrast, infthe frequency of Met was more
TOF mass spectrometer. Peaks corresponding to the differenthan half the frequency of LI1J. Therefore, Met was selected
ladder fragments present on a bead were assigned a mass$or P;. The same was true forPand B’ for which Ala and
and a sequence assignment program was used to calculatPro were selected, respectively. By single substitutions in
all possible differences between the assigned masses and3 with Leu, lle, and Hyp or Lys and GlIn in the subsites
compare them with a list of the molecular masses of the where LIJ and KQ were frequently observed, analogues of
amino acids and the Gly-Leu phosphinic dipeptide isoster. the consensus sequence4{32) (Table 2) were used to
The program could therefore automatically assign the amino identify which amino acids gave the superior inhibitors.
acid sequence. Determination ofK; values were performed using the

Most of the amino acids used in the library had a unique substrate Mca-PLGL-Dpa-AR-NFP (keafKu 1.1 x 1P M1
mass, except for Leu, lle, and Hyp (short LI1J) which are s!for MMP-12). The results from the enzyme kinetic assays
isobaric with mass 113.1, and Lys and GIn (short KQ) which with the inhibitors 13—32 showed that the consensus
both have mass 128.1. As a consequence, it was not possiblsequencel(3) was a good choice being a strong inhibitor of
to distinguish these amino acids in the sequences obtainedMMP-12 (K; 16 nM). In the sequencdsi—16, 17—18, 22—
This was a problem of major concern since many of the 24, 25—27, and30—32, the influence of changing the amino
sequences on the active beads turned out to contain LlJacid (Leu, lle, and Hyp or Lys and GIn) was investigated in
(Figure 6). Five active beads containing LIJ were subjected the subsites B P, P,, Py, and R, respectively. As seen
to three cycles of Edman degradation (to the phosphinic from Table 2, only marginal changes in inhibitor potency
dipeptide) while the peptides were still attached to the were observed upon changing the amino acids in these
beads® and it was observed that only lle and Leu were subsites. This was also the case when some of the more
present in the Pand R of these sequences. frequently observed amino acids i Pro 19), P, (Arg 20
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2000 4

1000
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Figure 6. Frequencies of amino acids in the various subsites of identified sequences from 86 beads.

and Phe2l), and in B' (Met 28 and Tyr29) were inserted. these compounds are given in Table 2, and they varied more

Most inhibitors of the series hal; values between 6 and in the potencies than those originating from the consensus

30 nM. The only exception was when Tyr in’Pwas sequence.

exchanged with Hyp24). This led to a 1000-fold decrease A “second generation” consensus sequence was made by

in potency, most probably a consequence of introducing constructingd9. This sequence contained those amino acids

conformational constrains in the inhibitor. which for each subsite gave the most potent inhibitor in the
Sixteen out of the first 20 sequences actually determined previous modifications of the consensus sequehde 82).

on beads33—48) were also prepared, and the amino acids Although there were only insignificant differences in poten-

Leu, lle, or Hyp were selected according to the results cies among the sequenck4-32, sequence9 could have

obtained from the substitutions on the consensus sequencek€en more potent than any of these as a result of small

The amino acid providing inhibitors with the lowds&tvalues additive effects from the different amino acids. However,

was selected in each subsite. Thus, lle was chosen for49 had aK; of 29 nM which is in the range of most of the

subsites Pand B’ and Leu for B, Py, and R, except for ~ Sequenced3—32.

the few cases in which Leu and lle had been identified Simultaneously with synthesis of sequen88s49, three

unambiguously in P-P, by Edman degradation. In subsite other sequence$0—52) were prepared in order to inves-

P4, which was the only subsite where KQ was encountered tigate the effect of truncating the potent seque?@at both

to a significant degree (Figure 6), Lys was selected. When the N- andC-terminal. In contrast t@8, sequence$50—52

KQ was encountered in subsitegP4, Lys was arbitrarily ~ were all poor inhibitors of MMP-12 (Table 2).

chosen, since these residues were not significant in the Compoundsl3—52 were synthesized by MCPS using a

substitution of the consensus sequence. Khealues for procedure previously reported and purified by RP-HPLC.
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Table 2. Sequence's, Masses, and Purities of the Resynthesized Compd8unds

Ki MMP-12, found purity d

compd R Ps P, P, Py Py Ps' nmp MW MALDI-TOF¢ %
13 L M Y Y A P Ge 16+ 4 1019.2 1019.8 90
14 | M Y Y A P G 13+2 1019.2 1019.7 90
15 K M Y Y A P G 17+£5 1034.2 1034.7 100
16 Q M Y Y A P G 23+5 1034.2 1034.6 100
17 L L Y Y A P G 13+£5 1001.2 1001.7 100
18 L | Y Y A P G 22+ 4 1001.2 1001.7 100
19 L P Y Y A P G 28+ 7 985.1 985.6 100
20 L M R Y A P G 20+ 6 1012.2 1012.6 100
21 L M F Y A P G 19+ 3 1003.2 1003.6 100
22 L M Y L A P G 942 969.2 969.6 100
23 L M Y | A P G 1242 969.2 969.6 100
24 L M Y J A P G 410004+ 18000 969.2 969.5 70
25 L M Y Y L P G 8+2 1061.3 1061.6 100
26 L M Y Y | P G 16 +3 1061.3 1061.7 100
27 L M Y Y J P G 85+ 14 1061.3 1061.4 100
28 L M Y Y M P G 6+1 1079.3 1079.5 100
29 L M Y Y Y P G 6+1 1111.3 1111.8 100
30 L M Y Y A L G 30 +£8 1035.3 1035.6 100
31 L M Y Y A | G 20 +4 1035.3 1035.6 100
32 L M Y Y A J G 15+£5 1035.3 1035.6 100
33 I L L N L | G 23000 + 1000 959.7 961.2 100
ﬁgvh T L Y L D G 66 + 2 885.5 887.1 100
35 \ L Y T L S G 985+ 315 956.6 958.1 70
36 | M Y \ K F G 74 +£9 1061.7 1063.2 100
37N L | E R K G >389000+ 38000 919.6 921.1 100
38 T L Y R A | G 875+ 465 997.7 999.1 80
39 E F Y K Y N G 37004+ 500 1124.6 1126.1 80
40 T L R L F F G 22+5 1057.7 1059.2 100
41 | L R M A P G 25+ 4 961.6 963.1 100
42 S L F R D | G 762+ 8 1011.6 1013.1 100
43 L M F Y L S G 129+ 5 1034.6 1036.0 90
44 | M Y Y M T G 8 +4 1082.6 1084.0 95
45 K F Y L Y A G 150 £ 18 1065.6 1067.2 100
4_6*‘ Y | Y T M P G 19+ 15 1048.6 1050.1 60
47 S M A Y H G 303+ 9 869.5 870.9 100
48 | M R L S E G 23+ 8 1009.6 1010.9 95
49 | L F L M | G 28 +2 1010.7 1012.3 95
50 Y Y M 14600+ 2100 680.4 681.7 95
51 M Y Y 2500 + 500 680.4 681.8 95
52 Y Y 3500004 90000 549.3 550.6 100

aP,—Py’ consisted of the phosphinic Gly-Leu dipeptide analogté80,H-CH,} L; amino acid analyses were consistent for all peptides.
bValues are for the most potent diastereomer, in all cases the first eluting from the ¥IPL{® + H]*. In all cases both protonated,
sodiated and potassiated ions were obserY&PR-HPLC, 215 nm, only contaminants were the corresponding diastereomers which were
generally 50-fold less poterftC-terminal Gly was incorporated because of synthetic conveni#nté. considerable amount of pyro-Glu
was observed for compouri. 9 For compounds$4, 37, and47, only two amino acids were observed on thes®le by MALDI-TOF
sequencing® In underlined sequences, Leu and lle were unambiguously determined in the P-subsites by Edman degradation.

Discussion the bead would prevent the enzyme from cleaving the

. . . substrate (Figure 2).
Preparation. Apart from minor synthetic problems, the (Fig )

library 1 could easily be synthesized. Most steps in the Selecting and Sequencing Bead# few problems were
preparation involved peptide couplings, and the selected observed while selecting and sequencing beads. First of all
three-dimensional protective strategy was critical to the it was noted that since the inhibitor was attached to the resin
formation of the one-bead-two-compounds construct. One by & photolabile linker, a considerable amount of inhibitor
problem was the low loading initially obtained for regdn ~ was cleaved during the selection process because the
This was believed to originate from partial acetylation of excitation light of the fluorescence microscope was in the
the Boc-NH as the loading was increased by using lower UV region. This was a problem that became apparent when
amounts of AgO. However, using AcODhbt only a minor  sequencing the second batch of 92 beads. As the selection
reduction in loading was observed. of beads was carried out with swelled resin, material cleaved
Initial experiments with resing, 9, and10 showed that ~ from all beads (including all ladder fragments from these)
sequencing by MALDI-TOF MS was indeed possible. In was present in the supernatant. Thus, a dark bead removed
addition, the experiments showed that the 22 kDa MMP-12 for sequencing inevitably contained a huge amount of
(catalytic domain) was able to penetrate into resin beads anddifferent compounds absorbed in it. For the second batch of
cleave the substrate and that the presence of an inhibitor or92 beads, sequencing was rendered extremely difficult due
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to a very large noise level originating from the large number Additional procedures involving different capping for Leu,
and high concentration of “alien” compounds present in the lle, and Hyp and Lys and GIn (e.g., the series acetyl,
beads. The problem was solved by washing the 92 beadspropionyl, butyroyl, pentanoyl, and hexanoyl), leading to an
after selection (Figure 4B,C); however, even after this wash unambiguous identification of these isobaric residues, might
the sequencing process was considerably more difficult thanhave been employed. However, capping reagents other than
in the case of the 20 beads initially selected, due to lessthe Boc-amino acids result in a less reliable ladder synthesis
signal-to-noise and to the time required. The 20 beads due to difference in coupling rates of Fmoc-amino acids and
initially selected were easily sequenced without additional the capping reagents, which in addition may be sequence
washing. Thus, the more time beads were exposed to UVdependent. Furthermore, sequences capped with completely
under the microscope, the more difficult sequencing of different groups could have a strong effect on inhibitor
compounds present on beads became, and from the experipotency leading to false positives.

ments presented, a critical time of approximately 45 min was Surprising|y, approximate|y 8% of the sequences deter-
determined after which the sequencing by MALDI-TOF was mined contained only two amino acids on ti@ or
virtually impossible. This figure is of course dependent on N-terminal side of the phosphinic dipeptide, which is
the flux of the exiting light and, therefore, on the actual reflected in the sequencé@d, 37, and47. This was easily
microscope used. Other linkers may be used in order to avoidobserved due to the unique mass of the phosphinic dipeptide
these problems completely. However, the photolytic cleavage fragment 'z 205.2) and could be the result of some beads
has the great advantage that it is solvent free and leaves ng\ot being subjected to any activated amino acid in one
salts interfering with the ionization of the sample during particular step of the assembly. However, a more plausible
MALDI-TOF acquisition. This is important when performing  reason is that all the deletions originated from Hyl @nd
single bead analysis. Therefore a linker labile to UV below 12) which was seldom observed in the analyzed beads and
excitation wavelength of the fluorescence microscope would was shown to form thé-lactone during activation by TBTU

be preferred. However, the excitation wavelength of the due to the unprotected-hydroxyl.

fluorescence microscope was determined by the properties Analysis of Sequence andK; Data. The conclusions

of the selected FRET donor/acceptor pair Abz and YANO  qravwn from Figure 6 are interesting. In the discussion it is

Sequencing of active inhibitors was fast and reliable as gssumed that the inhibitors bind to MMP-12 with the
long as the bead selection process had not been too lengthyphosphinic dipeptide in the;SS,' subsites. Generally it is
In most cases, more peaks were present in a given spectrungeen that apolar amino acids dominate, the main exception
than the number corresponding to an amino acid sequencepeing Arg. Although no crystal structure exist for MMP-12,
However, these peaks were also included in the calculationit js believed that the catalytic site is similar to that of other
routine, and most frequently they did not give rise to any MMPs except MMP-1 and -7. Subsite, Svhich has not
meaningful assignment. For example, in the spectrum shownpreviously been describédshowed some selectivity for
in Figure 4A there is a peak at'z 1347.3. The differences amino acids KQ and LIJ. In Sthere was a pronounced
between this peak and any other peak in the spectrum didpreference for amino acids LIJ and Met. This is surprising
not correspond to the mass of any amino acid, and it could since most studiésstate that $is a small cleft resulting in
therefore be assigned to an impurity. On the other hand, thethe frequently observed preference for Pro in this suiSite.
difference between a peakmfz 1631.5 and the full length  As seen from Figure 6, Pro is also frequently observed in
peak atm/z 1732.5 corresponded to the molecular mass of s, however, not to the extent of LIJ and Met. In subsiie S
Thr. However, assuming that Thr was tReerminal amino only Phe, Arg, and Tyr seemed to be allowed. The space
acid instead of Tyr, the sequence would be incomplete sincejncluding subsites S-S, is considered a shallow region
no other peaks appeared with a suitable distanceVtd  without any specific grooves or clefts. Thus, in contrast to
1631.5, and for this reason Thr was ruled out. This reasoningthe common view that subsites-SS; in MMPs in general
was often employed in the interpretation of the MALDI-  are of minor importance to binding of inhibitot<igure 6
TOF spectra. No systematic reasons were found for the extrajindicates that Sand $ in MMP-12 are pockets/regions that
peaks, although they may originate from unprecedented only allow certain amino acids in order to maintain inhibitory
reactions during photocleavage. Oxidation of Met leading activity. In general, it must be concluded from these data
to M+16 ion was also frequently encountered, and for that the S-subsites seem to give much more well-defined
compounds containing two or more methionines, the massinteractions than the'Subsites, which is also supported by
spectra were complicated. However, it was always possiblethe data for the sequenc&§—52. Thus, sequencBl, in
to interpret these spectra and determine the sequencewnhich Py is occupied by Met, is 140 times more potent than
Capping of the phosphinic dipeptide building block, i.e., the the shorter sequen&® with empty B and R’ positions, and
use of5, was not a necessity in order to determine sequences;approximately 6 times more potent than the sequence where
however, it was desired as its unique mass placed a markethe R is occupied by Met50). These findings are interesting
in mass spectra which was useful in the automated sequencsince the large majority of inhibitors developed for MMPs
ing process. to date are so-called right-hand succinylhydroxamates,

The lack of discrimination between the amino acids Leu, compounds that only interact with thé-&ibsites. Subsite
lle, and Hyp, and between Lys and GlIn, was a difficulty of S, is known to be a small, solvent exposed cleft. It showed
the method, and as a result the resynthesized sequdBees a distinct preference for certain amino acids, Arg and Tyr.
48 may differ from what was actually present on beads. The §'- and S'-subsites of most MMPs are considered to
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confer little or no contribution to the binding specificity, It is worth noting that only five of the inhibitors found on
and indeed the library did not show much preference amongactive beads40, 41, 44, 46, and48) hadK; values which
the various amino acids in these two subsites. were in the same range as the consensus sequéBjcaend

The fact that each bead contained a mixture of ladder most of its analoguesl¢—32). This is probably due to the
fragments opens for the possibility that one of these shorterdetection limit of discrimination in the fluorescence based
ladder fragments might be the most active compound presen@ssay. Sequencé4 resemble28 in many subsites which
on the bead. However, as is evident from Table 2, the may account for its high potency; sequend@s41, 46, and
truncated sequenc&§—52 derived from sequenc28 were 48 have more different amino acids incorporated. It is
several orders of magnitude less potent tB8nAlthough difficult to draw conclusions from th&; data of sequences
short phosphinic peptides have been shown to be potent33—48 since many residues are different, and substantial
inhibitors of MMPs? it is generally believed that, in contrast ~ Synergistic and/or antagonistic effects may be present.
to, e.g., hydroxamic acid inhibitors, these compounds require However, most of the residues are hydrophobic and/or
several backbone and/or subsite interactions to compensat@romatic as was also the case for the consensus sequence
for the relatively poor affinity of the phosphinic acid for the  (13), and it is seen that especially Beems sensitive to the
catalytic Zn10 Another important issue is the aim for polarity of the side chain: sequencgs 37—39, and42all
selectivity of inhibitors among different MMPs, a property have charged or polar residues in this subsite, and these have
which seems more difficult to achieve for small compounds significantly higheiK; value. The activity oB7 is particularly
than for larger. low, indicating that a negative charge in EGlu) is not

The special amino acids Hyp and Hyl often found in accepted.
collagens were used instead of Cys and Trp in the library. )
However, they were not found to be important. Hyp was Conclusion

part qf the isobaric_set with Le_u and lle and w_as th(_arefore The present study clearly demonstrates that potent MMP
not directly determined. The five sequences in which the jpihitors can indeed be identified from a one-bead-two-

P-subsites were determined b_y Edman sequencing did _nOtcompounds library of phosphinic peptides, X)XOUGPO,H-
show any Hyp, and moreover it seemed that Hyp Yave MS€ cH,} L-XXX. Apart from obtaining potent inhibitors, the
to decreased potency when incorporated in, e.g.0PPy'". study also provided information about the subsite preference
Synergistic and/or antagonistic effects between amino acid for MMP-12 with peptide-like inhibitors, information which
residues often play an important role in protease specificity s valuable for further development of drug candidates based
of peptide substraté$;**and these effects are also anticipated on inhibition of this important enzyme. MMPs are believed
in specificity of peptide-like inhibitors. Therefore, it is {0 undergo substantial conformational changes during substrate/
somewhat surprising that it was possible to obtain potent inhipitor binding? This phenomenon has limited the success
inhibitors based on the consensus sequeb8ed2). Onthe  of structure based design of MMP inhibitors. In the combi-
other hand, the consensus sequence was based on data frofatorial library approach these problems are completely
86 sequences, which is a considerable amount of data. Theyjjeviated due to the fact that the enzyme, in a process
larger the amount of data, the more clearly the amino acid ajjowing induced fit of the active site, will select the most

preference is determined, and this yields more reliable trends.potent inhibitors. Thus, it is possible to take into account
On the other hand, it is necessary to design the library suchinterdependency between amino acids.

as .t‘? forcg the enzyme to sele(_:t on.Iy. the most potent The library was prepared in a straightforward manner using
|nh|b!tors, ie., to s.h|ft the dete_cnon Ilmlt to the Iowe_st mainly Fmoc solid phase peptide chemistry. It was designed
posgbleKi value. Th'§ can b? achleng elther by performing such that screening with MMP-12 and structure determination
multiple, sgquentlal !ncubatlons, by Increasing t'h(.a ENZYME x5t active inhibitors was highly efficient, utilizing a quenched
concentration, by using a substr_ate W't_h h_|g_h aff_|n|ty, or by fluorogenic substrate and MALDI-TOF mass spectrometry,
!owenng the "?‘m‘)””t (congen?ra_mon) of inhibitor, i.e., I(_)wer- respectively. Most of the inhibitors present on active beads
Ing the loading on the inhibitor part of the functional were shown to be potent inhibitors of MMP-12. Furthermore,
biantenna. In the present stud_y, these effects were We"despite possible antagonistic effects between amino acids in
balanced, and the number of active beads was approximatelyy,q jnhipitors, it was shown that with sufficient data available

0.6% of the original number, leading to inhibitors such as ;. census sequence with high potency against MMP-12
28 and 29 (K; 6 nM) which are among the most potent was obtained

inhibi f MMP-12. o . :
n TIEItorS olt f th thesis also indicate that th Data concerning inhibition of a series of MMPs with
€ results from the resyntnesis aiso indicaté tha ere:sequence$i3—52 will be reported elsewhere.

is, in general, a good correlation between inhibitor activity
observed on the solid support and in solution. Thus, 14 out
of 17 of the sequences8—48 originating from actual beads
had K; values well below 1uM. This indicates that the Anhydrous solvents were obtained by storing analytical
detection limit of the fluorescence based assay is in the rangequality solvents over 3104 A activated molecular sieves
of K; 0.1-1 uM, i.e., beads containing inhibitors &f 0.1—-1 after which the HO content was verified to be below 30
uM and below cannot be distinguished. There were three ppm by Karl Fischer titration, except for DMF which was
exceptions, namel®3, 37, and39, that all hadK; above 1 fractionally distilled at reduced pressure and stored over 4
mM. A molecular sieves. PEGA library resin with a PEggcross-

Experimental Section
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linker (PEGAg reported loading 0.20 mmol/g) was Ac-Lys{ Fmoc/Boc-Thr(Bu)-lle-Ser(But)-Arg(Pmc)-Thr-
purchased from Polymer Laboratories, England. All com- (Bu)-lle-[PIl] }-Lys(Alloc)-PEGA (3). The photolabile linker
mercial starting materials were used without further purifica- (0.396 mmol, 206 mg) was mixed with NEM (0.528 mmol,
tion. NMR data was acquired on a Bruker 250 MHz Avance 67uL)and TBTU (0.380 mmol, 122 mg) in anhydrous DMF,
DRX 250 spectrometer and were referenced to GHEE preactivated for 10 min and added to regi(iL.20 g, 0.132
7.24,'H), HDO (6 = 4.75,'H), or MeOD ( = 3.34,'H). mmol). Coupling was complete after a period of 17 h. All
Analytical RP HPLC was performed on a Waters system resin manipulations beyond this point were carried out with
(490E detector, two 510 pumps with gradient controller and the reaction vessels wrapped in aluminum foil avoiding direct
@ 8 mm RCM Gg column), and preparative RP HPLC light. Fmoc was removed, and after the resin was washed
purification of phosphinic peptides3—52 was carried out ~ with DMF, the amino acids lle, Thr, Arg, Ser, and lle were
on a Waters system (991 photodiode array detector and 600attached to resin using Fmoc amino acid pentafluorophenyl
E system controller) connected to a Waters @ 25 mm RCM esters (3 equiv, 0.396 mmol, amounts: lle: 206 mg; Thr-
Cig-column. All RP HPLC procedures were carried out with  (Bu): 223 mg; Arg(Pmc): 328 mg; Ser(Bu 218 mg) and
a linear gradient. Buffers: A (0.1% TFA inJ) and B DhbtOH (1 equiv, 0.132 mmol, 22 mg). Amino acids and
(0.1% TFA in MeCN:HO 9:1). VLC*was performed using  DhbtOH were dissolved in anhydrous DMF and added to
a tightly packed column of Merck silica gel 60 H. Electro- the resin. Coupling times varied; complete acylation was
spray mass spectra were obtained on a Fisons VG Quattroensured by a negative Kaiser tésThen Thr (a mixture of
5098 mass spectrometer (mobile phase 50% aqueous MeCNEmoc-Thr(BY)-OH (2.7 equiv, 0.356 mmol, 142 mg) and
8 uL/min, sample: 1QL ~20 pmoliL). MALDI-TOF mass Boc-Thr(Bu)-OH (0.3 equiv, 0.040 mmol, 11 mg)) was
spectra were acquired on a Bruker Reflex IlI high-resolution coupled using NEM (0.528 mmol, i) and TBTU (0.380
MALDI-TOF mass spectrometer, and sequencing was fa- mmol, 122 mg). The resin was washed with DMF and DCM
cilitated using the Aura macro LabelDelta which was and lyophilized.
supplied with the spectrometer software. Conventional Ed-  Ladder Synthesis of Known Inhibitor AGPL-G W-
man sequence analysis was carried out on an automated PO,H-CH}L-YAR with and without Substrate 8 At-
Applied Biosystems 477A protein sequencer/120A analyzer. tached (Resins 6, 7, and 9Fmoc was removed from resin
Library beads were examined for inhibitor activity under an 3 (23 mg, 2.3umol), and it was washed with DMF. The
Optical Star fluorescence microscope with a 320 nm passprotected Fmoc- and Boc-amino acids/building block Arg,
filter for excitation (20 nm wide) and a 410 nm low pass Ala, Tyr, GF{PG:Ad-CHy} L, Leu, Pro, Gly, and Ala were
filter for detection. coupled sequentially: the amino acid (Fmoc- and Boc-
Deprotection oN* Fmoc was performed with piperidine  derivative mixed for each amino acid, for last Ala only Boc)
(20% in DMF) for 2 and 10 min. Volumes of washing was dissolved in DMF; NEM (9.3L, 73 umol/8 couplings)
solvent were +2 times the volume necessary to swell the and TBTU (17 mg, 53tmol/8 couplings) was added, and
resin, and washings were>6 1 min unless otherwise stated. the mixture was preactivated for 10 min before it was added
Minimum volume was used for couplings. Amounts of amino to the resin. Amounts for each coupling were as follows:
acid derivatives or other reagents which were too small to Arg(Pmc): Fmoc/Boc 4.1/0.37 mg; Ala: Fmoc/Boc 2.0/0.26
weigh out were determined as an aliquot of a more mg; Tyr(Bu): Fmoc/Boc 2.9/0.23 mg; Leu: Fmoc/Boc 2.2/
concentrated solution for which 10 or 100 times the amount 0.16 mg; Pro: Fmoc/Boc 2.1/0.15 mg; Gly: Fmoc/Boc 1.8/
were weighed out. Amino group loadings were determined 0.12 mg; Ala: Boc 2.6 mg. After each coupling the resin
by spectrophotometric determination of released piperidine- was washed with DMF, Fmoc was removed, and the resin
dibenzofulvene adduct after coupling with Fmoc-Gly-OPfp/ was washed with DMF before it was ready for another
DhbtOH and treatment of a known sample with 20% coupling with preactivated amino acid. After the final

piperidine in DMF. coupling, the resin was washed with DMF, MeOGH3, and
Ac-Lys-Lys(Alloc)-PEGA (2). A solution of Fmoc-Lys- ~ DCM x 3 and lyophilized to obtain resié.
(Alloc)-OH (0.264 mmol, 119.5 mg), NEM (0.352 mmol, Half of this resin (11 mg, 1.1 mmol) was treated with a

44.5uL), and TBTU (0.253 mmol, 81.4 mg) in anhydrous mixture composed of TFA:DCM:pD:MeSPh:(CHSH):
DMF was preactivated for 10 min, added to PE{g#Aresin TIPS 66.5:20:5:5:2.5:1 for 3 h, after which it was washed
(0.11 mmol/g, 1.20 g, 0.132 mmol), and allowed to react With ACOH x 3, DCM x 3, MeOH, and HO x 3. It was
for a period of 3.5 h. The resin was washed with DMF, Fmoc then treated fol h with 0.1 M NaOH and washed with,B
was removed, and it was washed with DMF. A solution of 10 give resin7. The sequence of the inhibitor was verified
Fmoc-Lys(Boc)-OPfp (0.396 mmol, 251.5 mg), and DhbtOH by MALDI-TOF MS by the method described below for
(0.132 mmol, 22 mg) in anhydrous DMF was added to the library 1.

resin, and after a periodf & h reaction was complete. The The other half of resi® (1.1 mg, 1.1umol) was treated
resin was washed with DMF, Fmoc was removed, and it with Pd(PPh), (3 equiv, 3.3umol, 3.5 mg) to remove Alloc,
was washed with DMF. It was treated with a solution of and substrat8 (6.6 mg, 3.3tmol) was coupled for a period
AcODhbt (0.198 mmol, 40.6 mg) in anhydrous DMF for a of 12 h using TBTU (1.0 mg, 3.2mol) and NEM (0.56
period of 18 h. The resin was washed with DMF, DCM, uL, 4.4umol) as described below under libratyFmoc was
and treated with trifluoroacetic acid:@ 19:1 for a period removed, and the resin was washed with DMF and DCM
of 1 h after which it was washed with AcOK 3, DCM x followed by treatment with TFA, NaOH treatment, and wash
3, DMF x 3, (5% DIPEA in DMF) x 1, and DMF. as described for the conversion of re€ininto 7 above.



Phosphinic Peptide Library

Finally the resin was washed with a pH 7.5 buffer (50 mM
tris,150 mM NacCl, 10 mM CaG] 50 uM ZnSQ,, 0.05%
(v/v) Brij-35) to obtain resir®.

Substrate Resin without Inhibitor (10). A solution of
AcODhbt (0.7 mg, 3.3 mg) in anhydrous DMF was added
to resin2 (11 mg, 1.1umol), and it was allowed to react for
30 min. The Alloc group was removed, and subst&ateas
attached as described below for librdryo obtain resirL0.

Incubations of Resins 9 and 10 with MMP-12.Resins
9 and 10 (approximately 1 mg of each) were placed on a
glass plate, and MMP-12 (206L, 100 nM) was added to
each. After a period of 1 h, a significant difference in
brightness was observed between the two restavas
remaining as dark as before ah@was illuminating. After
incubation for 30 h, resi® was washed with D x 3 and
the sequence of the inhibitor was verified by MALDI-TOF
MS by the method described below for libraty

O-Adamantyl P-(Boc-aminomethyl)-P-(2-isobutylpro-
pionic acid-3-yl)phosphinate (5).0-AdamantylP-(Fmoc-
aminomethyl)P-(2-isobutylpropionic acid-3-yl)phosphinate
(4)*° (100 mg, 172umol) was dissolved in DMF (2 mL),
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AcOH. Fractions were freed from AcOH by coevaporation
with toluene and dried at high vacuum. Yield: 276 mg
(76%), white powderR (CHCl;:MeOH:AcOH 9:1:1) 0.31H
NMR (250 MHz, MeOD),0 1.19 (s, 9 H, (El3):-C-0-), 1.21
(m, 2 H, Hy), 1.60 (m, 2 H, KB), 2.71 (dd3J = 7.2 Hz,2)
=13.8Hz, 1 H, K'), 2.96 (dd2J = 4.1, Hz,2J = 13.8 Hz,
1 H, He), 3.38 (m, 1 H, W), 3.96 (m, 1 H, Hx), 3.99 (brt,
1 H, Ar-CH-CH,-C-0O-), 4.15 (m, 1 H, Ar-CH-El,-C-0-),
6.42 (d,J=7.2 Hz, 1 H, NHy), 7.04 (dt3) = 7.5 Hz,4) =
1.3 Hz, 2 H, -CH=CH-CH=CH-), 7.11 (dt3J = 7.2 Hz,2]
= 1.0 Hz, 2 H, -CH=CH-CH=CH-), 7.37 (br dJ = 7.2
Hz, 2 H, -CH=CH-CH=CH-), 7.50 (d, 2 H,J = 7.5 Hz,
-CH=CH-CH=CH-). H¢' and H are two protons from the
same diastereomer. The shifts of the sets &faid He from
the two diastereomers were separated ca. 1 Hz. MS (ESI)
calcd for GeHsoN,07 484.2. Found: 485.4 [M+ H]*.
N-Boc-N¢-Boc-0-hydroxy-pL-lysine (12).A solution of
N¢-(Boc)-5-hydroxyeL-lysine (100 mg, 0.38 mmol) and 4&t
(127uL, 0.92 mmol) in HO (2 mL) was added dropwise to
a solution of ditert-butyl dicarbonate (100 mg, 0.46 mmol)
in DMF (2 mL) at room temperature and stirred for 24 h. It

and piperidine (0.5 mL) was added, reacted for a period of was concentrated to dryness, and the residue dissolved in
5 min, and concentrated to dryness. The solid residue wasCHCl (10 mL) and HO (10 mL) and HCI (0.5 mL, 1 M)

dissolved in DMF (2 mL) and added to a solution of di-
tert-butyl dicarbonate (50 mg, 25@mol) in DMF (2 mL)
followed by EgN (72 uL, 345 umol). The reaction mixture
was stirred for 30 min after which it was concentrated to
dryness. Acidic workup of the crude product did not result
in any purification, and the product was therefore purified
directly by VLC (@ 25 mm, gradient: neat CHQb CHCE:
MeOH:AcOH 40:1:1). Yield: 50 mg white solid (64%)
NMR (250 MHz, CDC}): 6 0.87 + 0.89 (two m, -CH-
CH(CHs3)2, 6 H), 1.32+ 1.67 (two m, -GH,-CH(CH), 2
H), 1.43 (s, -O-C(E€l3)3, 9 H), 1.60 (br s, -O-C-CKHCHCH,,
6 H), 1.63 (m, CH-CH(CHzs),, 1 H), 1.73+ 2.18 (two m,
-PQ,Ad-CH,-CHBU-, 2 H), 2.05 (br s, -O-C-8,CHCH,, 6
H), 2.15 (br s, -O-C-ChCHCH,, 3 H), 2.78 (m, -P@Ad-
CH,-CHBU-, 1 H), 3.41+ 3.64 (two m, -NH-GH,-POG:Ad,
2 H), 5.40+ 5.75 (two m, -NH-CH,-PG,Ad). Anal. Calcd
for CosH4oNOgP: C, 60.38; H, 8.81; N, 3.06. Found: C,
60.11; H, 8.55; N, 2.83; MS (ESI) calcd for,£14,0NOgP
457.3. Found: 458.4 [M- H]*.
N®-Fmoc-N¢-Boc-0-hydroxy-pL-lysine (11).9-Fluorenyl-
methylN-succinimidyl carbonate (252 mg, 0.75 mmol) was
dissolved in dioxane (3 mL) and added dropwise to an
aqueous solution (2 mL) containing-(R/S)N¢-(Boc)-0-
hydroxy-pL-lysine (200 mg, 0.76 mmol) and MNaOs; (81
mg, 0.76 mmol) at room temperature while stirring briskly.
A pH of 9—10 was maintained by occasional addition of a
few drops of NaCO; (1 M). The reaction mixture was stirred
for a period of 24 h after which it was concentrated to
dryness. The residue was dissolved in DCM (10 mL) and
H,O (10 mL), and pH was adjusted to 2 by careful addition
of HCI (1 M, approximately 3 mL). The aqueous phase was
extracted 3 times with DCM (10 mL), and the combined
extracts were dried with MgSand concentrated to dryness
to obtain a white solid (309 mg). The crude product was
purified by VLC (& 25 mm) using a gradient of eluents from
neat CHC} + 5% AcOH to CHC{:MeOH 20:1 + 5%

was added to adjust pH to 2. The aqueous phase was
extracted with CHG (3 x 10 mL), and the combined
extracts were dried with MgSand concentrated to dryness
to obtain a clear syrup, 198 mg. It was purified by VLC (&
25 mm) using a gradient from neat CHCt 5% AcOH to
CHCl;:MeOH 9:1+ 5% AcOH. Fractions were coevaporated
with toluene to remove AcOH and lyophilized from dioxane
to remove toluene. Yield: 126 mg (87%), white soli.
(CHCL:MeOH:AcOH 9:1:1) 0.22'H NMR (250 MHz, 0.3%
NaOD in MeOD),0 1.21 (m, 2 H, H), 1.23 (s, 18 H, (El3)s-
C-0-), 1.58 (m, 2 H, 1), 2.83 (dd,2J = 6.6 Hz,2J = 13.8
Hz, 1 H, H'), 2.94 (dd,®J = 3.8, Hz,2] = 13.8 Hz, 1 H,
He), 3.43 (m, 1 H, K), 3.78 (m, 1 H, Hx). MS (ESI) calcd
for Ci16H30N2O7 362.2. Found: 363.3 [Ml‘ H]jL

Library 1. Resin3 (1.2 g, 0.132 mmol) was distributed
equally between the wells in a 20 well multiple column
peptide synthesizéf. This was done most conveniently by
swelling the resin in DMF and placing it in the synthesizer
together with excess DMF (40 mL). A lid was placed on
top of the synthesizer, it was turned up-side-down and shaken
thoroughly for 1 min, after which it was quickly turned up-
side-up. The suspension of resin then distributed equally
between the wells, and after draining the synthesizer for
DMF, Fmoc was removed and the resin was washed with
DMF. The split and combine synthesis was carried out by
coupling 9:1 mixtures of 20 different Fmoc- and Boc-amino
acids as given in Table 1 by the cyclic protocol: (i) Coupling
of amino acids. Each amino acid was placed in a specific
well. Stock solutions of Fmoc-+ Boc-amino acids were
prepared by dissolving each set of amino acids in anhydrous
DMF (2400uL). As seen from Table 1, the amounts weighed
out corresponded to 12 couplings with each set of amino
acids containing 2.7 equiv of Fmoc- and 0.3 equiv of Boc-
derivative, thus 20@L solution/coupling. Stock solutions
of TBTU (20 x 2.88 equiv, 0.380 mmol, 122 mg) and NEM
(20 x 4 equiv, 0.528 mmol, 6#L) in anhydrous DMF (2000
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uL and 133ulL, respectively) were prepared before each
coupling. Thus, for each of the 20 amino acids, 2Q00f
amino acid solution (Fmoc+ Boc-derivative), 10uL of
NEM solution, and 10L of TBTU solution was mixed in
an Eppendorf tube and allowed to activate for-PO min.

Buchardt et al.

mg, 0.132 mmol) in a flat-bottomed syringe with Teflon
fritte. Incubation was carried out for a period of 22.5 h at
room temperature after which the resin was washed with
H>O, 10 mM TFA x 3, H,0, saturated NaHCOx 3, H;0.

An amount of HO just enough to swell it was added to

DMF (250uL) was added to each well in the synthesizer to the resin, and approximately 1/50 of resin was placed on a
avoid leaking from the wells during addition. Finally, the glass plate (8< 8 cm). The other side of the glass plate had
activated mixtures of Fmoc- and Boc-amino acids were addedbeen furnished with a line of a yellow, fluorescent highlighter
to their individual wells, resulting in a total reaction volume pen, and the line was covered with a piece of transparent
of 560 uL in each well (60 mg resin). All couplings were  tape. Portions of the resin were placed in a line beside the
allowed to proceed overnight. (i) Wash with DMF. (iii)  yellow line, and while looking in the fluorescence microscope
Mixing the resin. Excess DMF (40 mL) was added to the the beads were sorted in such a way that only those appearing
synthesizer, the lid was closed, and it was shaken thoroughlyto be approximately as dark as the black support underneath
up-side-down for 1 h. (iv) Removal of Fmoc. (v) Wash with  were pushed (with a bent steel needle) to the side to lie on
DMF. (vi) Back to step i. top of the yellow, fluorescent line. After a batch of resin
After three couplings with amino acids, a 9:1 mixture of was sorted, all dark beads were transferred to another glass
the building blockst (2.7 equiv, 0.356 mmol, 207 mg) and plate, and sorting was continued with a new batch. Ap-
5 (0.3 equiv, 0.040 mmol, 18 mg) dissolved in DMF (11 proximately 1000 dark beads were collected manually by
mL) was activated using NEM (0.528 mmol, &L) and inspection under a fluorescent microscope, and from these
TBTU (0.380 mmol, 122 mg) and added to the wells (550 20 of the most persistently dark beads were selected and
uL each). Reaction was allowed to proceed for 42 h. Three sequenced (see below). Further, 92 dark beads were selected;
more couplings of amino acids were performed with however, as described sequencing was more difficult for
intermediate combining/mixing by the above protocol. After these due to prolonged exposure to UV light. They were
the last coupling, the resin was transferred to a flat-bottomedtransferred to a well in a 96 well ELISA plate and washed
syringe with Teflon fritte and washed with DMF, split into  with MeCN:H,O 7:3 x 3 by adding 10QcL solvent, waiting
three equal portions which were washed with DCM and 2 min, and removing the solvent with a bent needle on a
lyophilized. syringe. The aperture of the needle was reduced to avoid
One-third of the resin, which corresponded to 400 mg of unwanted removal of beads. All manipulations of single
underivatized resin or approximately 165 000 beads, was beads were carried out in such a manner that the beads could
used in the screening. The number of beads was establishe@€ Viewed under a microscope at all times. Otherwise beads
by weighing out 1.85 mg of resin on an analytical balance, Were too easily lost. Therefore this was a rather specialized
swelling the resin in KD, and counting the number of beads Washing procedure.
under the microscope. A number of 409/mg was determined Each bead was moved from the glass plate to a MALDI-
corresponding to approximately 165 000 beads in 400 mg. TOF target by means of a needle and irradiatedLfb with
The resin was treated with Pd(PH0.132 mmol, 139 mg)  a Hg lamp. HO (0.2xL) and matrix solution (0.2:L, 10
in a degassed mixture of CHEZACOH:NEM 92.5:5:2.5 for mg of a-cyano-4-hydroxycinnamic acid in 1 mL of MeCN:
a period of 4.5 h and washed with CHCt 3, DMF x 3, H,0 7:3) were added to each bead, and they were allowed
0.5% EtNCS,Na in DMF x 1 and DMF. A solution of the  to dry out before the mass spectrum was acquired.
protected peptide MMP-substrate, Boc-Ala-Tyr(NO2)-Gly-  Resynthesis of Inhibitor Sequences 1352. MCPS of
Pro-Leu-Gly-Leu-Tyr(BY-Ala-Arg(Pmc)-Lys(Abz(Boc))- sequence$3—52was carried out on a PEGéyresin using
Gly-OH (8, 0.132 mmol, 264 mg), NEM (0.176 mmol, 22.5 Fmoc amino acid Pfp esters, building blotkand the base
uL), and TBTU (0.127 mmol, 40.6 mg) in anhydrous DMF labile 4-hydroxymethylbenzoic acid as previously repotfed.
was preactivated for 10 min, added to the resin, and allowed For each peptide, a PEGA-resin (0 4fol/mg, 60 mg, 27
to react for a period of 14 h. The resin was washed with umol) derivatized with Fmoc-Gly-HMBA was used. Puri-
DMF, Fmoc was removed, and the resin was washed with fication was carried by preparative HPLC, and the products

DMF and DCM. The resin was dried by lyophilization
for 1.5 h and treated with a cocktail composed of
TFA:DCM:H,O:MeSPh:(CHSH): TIPS 66.5:20:5:5:2.5:1
for 3 h toremove peptide side chain protective groups. The
resin was washed with AcOk 3, DCM x 3, methanolx
3, HO x 3, 0.1 M NaOH (aqueous), treated with 0.1 M
NaOH (aqueous) for a period of 40 min, and washed with
H,O x 3, methanolx 5, DCM, and lyophilized to obtain
resinl.

Incubation of Library 1 with MMP-12, Selection of
Beads, and Sequencing of Active InhibitorsA solution
of MMP-12 (8 mL, 100 nM in buffer 50 mM Tris pH=
7.5, 150 mM NaCl, 10 mM Cagl 50 uM ZnSQ,, 0.05%
(v/v) Brij-35) was added to the dried library resin(400

were characterized by MALDI-TOF MS and amino acid
analysis.

Enzyme Kinetic Assays for Determination ofK; Values.
Equilibrium constantX; were determined from 16 point
titration experiments with 60 min preincubation of the
enzyme-inhibitor solution at 37C. Activity was measured
(320 nm excitation, 387 nm emission at 3T) on a
SPECTRAmMax Gemini plate reader mixing the enzyme
inhibitor solution 1:1 with 1Q«M of a quenched fluorescent
substrate Mca-PLGL-Dpa-AR-Nk As buffer was used 10
mM Tris, 0.1 M NaCl, 10 mM CaG| 50uM ZnCl,, 0.05%
w/v Brij, pH 7.50. The final concentration of the substrate
and enzyme were M and 3 nM, respectively, and the total
volume of the assays was 2. The K; was calculated
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from plots of inhibition versus inhibitor concentration using
I = Imax [lo)/(Ki + [lo]), assuming thaE, < Ki, wherel is
inhibition, K; is the dissociation constantg]is the concen-
tration of inhibitor added.
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