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Aminopeptidases process the N-terminal amino acids of tar-
get substrates by sequential cleavage of one residue at a time.
They are found in all cell compartments of prokaryotes and
eukaryotes, being implicated in the major proteolytic events of
cell survival, defense, growth, and development. We present a
newapproach for the fast and reliable evaluationof the substrate
specificity of individual aminopeptidases. Using solid phase
chemistry with the 7-amino-4-carbamoylmethylcoumarin fluo-
rophore, we have synthesized a library of 61 individual natural
and unnatural amino acids substrates, chosen to cover a broad
spectrum of the possible interactions in the S1 pocket of this
type of protease. As proof of concept, we determined the sub-
strate specificity of human, pig, and rat orthologs of aminopep-
tidase N (CD13), a highly conserved cell surface protease that
inactivates enkephalins and other bioactive peptides. Our data
reveal a large and hydrophobic character for the S1 pocket of
aminopeptidase N that is conserved with aminopeptidase Ns.
Our approach, which can be applied in principle to all amino-
peptidases, yields useful information for the design of specific
inhibitors, and more importantly, reveals a relationship
between the kinetics of substrate hydrolysis and the kinetics of
enzyme inhibition.

The largest group of aminopeptidases, proteases that remove
amino acids from the N terminus of target substrates one resi-
due at a time, are members of the metallopeptidases (1). They
are found in most cell compartments of prokaryotes and
eukaryotes and are implicated in several major cell fates such as
maintenance of the differentiated state, defense against patho-
gens, growth, and development (2–4). A classic aminopepti-
dase activity is the removal of the N-terminal Met after the
initiation of translation bymethionine aminopeptidase (5, 6). In
addition to their primary proteolytic function, aminopepti-
dases also play secondary roles as viral or toxin receptors, tran-
scriptional repressors, and vesicular trafficking controllers

(7–9). The activity of well known aminopeptidases and the
characterization of new aminopeptidases are generally deter-
mined using synthetic substrates containing one of a few natu-
ral amino acids attached to chromogenic or fluorogenic leaving
groups (10, 11). For example, the M1 clan (alanine aminopep-
tidases) is assayed using fluorogenic peptide substrates contain-
ing a P1 Ala, and the M17 clan (leucine aminopeptidases) is
assayed using fluorogenic peptide substrates containing a P1
Leu (12–14). However, this type of evaluation of enzyme spec-
ificity gives limited information about the profile of the S1
pocket, a primary determinant in the absolute specificity of
aminopeptidases for their natural substrates.
A number of general substrate-based library screeningmeth-

ods have been developed for the fast and reliable determination
of protease specificity (15–20). Importantly, for the cysteine,
serine, and threonine proteases, substrate specificity data pro-
vide valuable information that can be directly used for the con-
struction of specific inhibitors (18, 21). Although exceptions
exist, the general principle is that replacing the leaving group of
a good substrate with an inhibitor “warhead” should yield a
potent and specific inhibitor (22–24). There is a presumptive
direct relationship between optimal synthetic substrates and
potent synthetic inhibitors. The transposition of substrate data
to inhibitor design of the two protease groups represented by
the metallo- and aspartyl proteases has not been used as often;
however, good correlations have also been observed between
substrate cleavage efficiency and inhibition for inhibitors incor-
porating phosphonamidate transition-state analogs (25).
Wepresent an approach for the fast and reliable evaluation of

the substrate specificity of individual aminopeptidases. Using
solid phase chemistry with the 7-amino-4-carbamoylmethyl-
coumarin (ACC)3 fluorophore, we synthesized a library of
around 60 individual fluorogenic substrates, chosen to cover a
broad spectrum of possible interactions within the specificity-
determining S1 pocket of this type of protease. This library has
utility in determining substrate specificity fingerprints that can
be used to predict the shape of the S1 pocket or to design spe-
cific inhibitors. Furthermore, in the absence of structural infor-
mation, such data can be used for in silico construction of spe-
cific interaction maps of the binding pockets of the
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aminopeptidases. The approach can also yield information
about the species specificity of aminopeptidases. Problemswith
generating inhibitors, especially in the synthesis of enantiomers
and diastereomers, makes this approach a method of choice to
select the best candidates for further inhibitor synthesis with-
out the need of tedious generation of inhibitors libraries. We
provide here substrate specificity data obtained for threemam-
malian aminopeptidases (human, rat, and pig aminopeptidase
N, E.C. 3.4.11.2.). We also demonstrate a different relationship
between substrate kinetic parameters and inhibitor potency
than the generally accepted one reported for covalent serine
and cysteine and non-covalent phosphonyl-based metalloen-
dopeptidase inhibitors. The general outline of themethodology
is shown in Fig. 1.

EXPERIMENTAL PROCEDURES

Materials and Methods—All chemicals and solvents were
obtained from commercial suppliers and used without further
purification, unless otherwise stated. AnhydrousN,N-dimethyl
formamide (DMF) was from Sigma-Aldrich. Rink amide resin
was purchased from Novabiochem. 1H NMR spectra were
obtainedwith the aid of the BurnhamStructural Biology facility
using a Varian 300 spectrometer in dimethyl sulfoxide-d6
(Aldrich). 1H NMR (300 MHz) spectra are reported as follows:
chemical shifts in ppm downfield from tetramethylsilane, the
internal standard; resonance signal description (s, singlet; d,
doublet; t, triplet; m, multiplet (see supplemental Table 1)),
integration, and coupling constant (Hz). Analytical high per-
formance liquid chromatography (HPLC) analysis used a Beck-
man-Coulter System Gold 125 solvent delivery module
equipped with a Beckman-Coulter System Gold 166 detector
system by using a Varian Microsorb-MV C18 (250 � 4.8-mm)
column. Preparative HPLC analysis used a Beckman-Coulter
System Gold 126P solvent delivery module equipped with a

Beckman-Coulter SystemGold 168 detector systemwith aKro-
masil 100-10 C18 (20 mm ID) column (Richard Scientific). Sol-
vent composition system A (water, 0.1% trifluoroacetate) and
system B (80% acetonitrile, 20% water with 0.1% trifluoroac-
etate). LC-MS data were recorded with the aid of the Burnham
Medicinal Chemistry facility using a Shimadzu LCMS-2010EV
system. The solid phase substrate library was synthesized using
a semiautomatic FlexChem peptide synthesis system (Model
202). Enzymatic kinetic studies were performed using Spectra
MAX Gemini EM fluorometer (Molecular Devices) operating
in the kineticmode in 96-well plates. Native human, pig, and rat
aminopeptidase N (CD13) were purchased from Calbiochem.
Synthesis of the Substrate Library—Fmoc-ACC fluorophore

was coupled to Rink Amide Resin (Novabiochem) using a pro-
cedure described earlier (26). The Fmoc protecting group was
removed using 20% piperidine, DMF (4 � 25 min). The resin
was washed six times with DMF, three times with dichlo-
romethane, three times with tetrahydrofuran, and three times
withMeOH and dried for 24 h in vacuum. The resin containing
fluorophore was distributed to separate wells (100 mg/well,
0.039 mmol, 1 eq) of a 96-well cartridge in the semiautomatic
FlexChem synthesizer and swelled in DMF for 4 h. Coupling of
the Fmoc or t-butoxycarbonyl N-terminally protected amino
acids (3 eq, 0.117 mmol) was carried out in DMF (1.5 ml) as
described earlier using 2-(7-aza-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (3 eq, 0.117 mmol)
as coupling reagent and in the presence of the 2,4,6-collidine (3
eq, 0.117 mmol) base for 24 h at room temperature Subse-
quently, the resin was washed with DMF (5 � 2 ml), and the
wells containing Fmoc N-terminally protected amino acids
were treated with 20% piperidine, DMF (4 � 25 min) and
washed with DMF (3 � 2 ml). The resin was washed with
dichloromethane (3 � 2 ml), tetrahydrofuran (3 � 2 ml), and

FIGURE 1. Schematic representation of the synthesis and application of the fluorogenic substrate library for aminopeptidases. The library contains 61
natural and unnatural amino acids. HATU, 2-(7-aza-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; Boc, t-butoxycarbonyl; r.t., room
temperature; TFA, trifluoroacetate.
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MeOH (3 � 2 ml) and dried for 24 h under vacuum. Cleavage
of the substrates was carried out for 1.5 h at room tempera-
ture using a mixture of 92.5% trifluoroacetate, 2.5% water,
2.5% triisopropyl silane, and 2.5% phenol (1.5 ml/well). After
cleavage, the substrates were precipitated for 10 min at 0 °C
using tert-butyl-methyl ether (12 ml) and centrifuged. This
operation was performed once more. The remaining resi-
dues containing fluorogenic substrates were purified using
reverse-phase HPLC preparatory chromatography using sol-
vent composition system A and B as described above and in
following mode: 0–80% for 45 min and 80–100% for 15 min,
10 ml/min, 210 and 254 nm detection. The purity of the ACC
substrates was confirmed by analytical reverse-phase HPLC
analysis using solvent composition system A and B as
described above and in following mode: 0–90% for 25 min,
1.0 ml/min, 210 nm detection. All the compounds were
lyophilized for 48 h and analyzed using 1H NMR and LC-MS
methods. Subsequently, all ACC substrates were dissolved as
stock solution at a concentration of 50 mM in biological
purity DMSO and frozen at �80 °C. See supplemental Table
1 for detailed analysis details.

�-Aminoalkylphosphonic Acid Inhibitors—The appropriate
�-aminoalkylphosphonic acids were obtained as described ear-
lier (10, 11). The purity of the inhibitors was confirmed by the
1H and 31P NMR spectra. All compounds were racemic
mixtures.
Assay of the Substrate Library—Each APN was assayed in a

100mMTris-HCl, pH 7.5, buffer. The buffer wasmade at 23 °C,
and assays were performed at 37 °C. All enzymes were preincu-
bated for 30 min at 37 °C before adding to the wells containing
substrate. Final screening of the library was carried out at 1 �M

substrate concentration, and enzymes were between 0.2 and 5
nM. Release of fluorophore was monitored continuously with
excitation at 355 nm and emission at 460 nm. Total assay time
was generally 15–30min, and the linear portion of the progress
curve was used to calculate velocity. All experiments were
repeated at least twice, and the data presented in Figs. 2 and 3
are the average with the bars describing the data ranges. Anal-
ysis of the results was based on total relative fluorescence units
for each substrate, setting the highest value to 100% and adjust-
ing the other results accordingly.
Kinetic Parameters (kcat, Km, and kcat/Km) Determination of

Individual Substrates—Substrates were screened against APNs
at 37 °C in the above assay buffer. Buffers were prepared at
22 °C. Enzymes were preincubated for 30 min at 37 °C before
adding substrate to the wells of a 96-well plate reader operating
in the kinetic mode. Absolute ACC concentrations were calcu-
lated by the hydrolysis of three independent ACC-coupled sub-
strates at known concentration, and average value was deter-
mined (27). Enzyme assay conditions were as follows: 100-�l
reaction, eight different substrate concentrations, and enzymes
at 0.2–5 nM. Release of ACC fluorophore was monitored as
above. Each experiment was repeated at least three times, and
the results are presented as an average with the error bars
describing the S.D. (see Figs. 2, 3, and 5). Final substrate con-
centrations for kcat/Km determination ranged from 0.25 to 500
�M.Concentration ofDMSO in the assaywas less than 1% (v/v).

Assay Procedure for Phosphonate Inhibitors—Inhibitors were
screened against appropriate APNs at 37 °C in the above assay
buffer. Buffers were prepared at 22 °C. Enzymes were preincu-
bated for 30 min at 37 °C with selected inhibitor before adding
substrate (Ala-ACC, final concentration equal to 50 �M) to the
wells of a 96-well plate reader operating in the kinetic mode.
Enzyme assay conditions were as follows: 100-�l reaction, eight
different inhibitor concentrations, and enzymes at 0.2–5 nM.
Release of ACC fluorophore was monitored as above. Each
experimentwas repeated at least three times, and the results are
presented as an average (see Figs. 2 and 3). Ki values was calcu-
lated from Cheng-Prusoff equation (28): Ki � IC50/[1 �
(S/Km)], where IC50 is the concentration of inhibitor that deliv-
ers 50% inhibition, S is the substrate concentration used in the
assay, and Km is the Michaelis constant determined for each
enzyme/substrate pair. The concentration of DMSO in the
assays was less than 1% (v/v).
Intensity HeatMap Analysis—The results from the substrate

library assays for APNwere analyzed usingCLUSTER software.
Maximum activity rates were set at 100%, and amino acids that
showed no activity were assigned as 0%. The results were ana-
lyzed with the program CLUSTER and were visualized using
TreeView software as heat map diagrams showing 100% activ-
ity as red and 0% activity as black (see Figs. 2 and 3).

RESULTS

Design and Synthesis of the Library—Initially, we synthesized
substrates containing all the natural amino acids (except cys-
teine because of its susceptibility to oxidation) as well as a
diverse set of unnatural amino acids (supplemental Table 1).
The synthesiswas carried out according to previously described
methodology using a semiautomatic FlexChem synthesizer.
We utilized ACC as the leaving group because peptides con-
taining this fluorescent reporter can be synthesized using solid
phase methods as described previously (26). Most of the com-
pounds contain an unblocked �-amino group to satisfy the pri-
mary specificity of the APNs. However, we also synthesized a
few substrates with diverse functionalities (for example, an
�-hydroxy group, secondary amine derivatives, or an amine
group in other than the�position) to determine how thiswould
influence substrate recognition by theAPNs. Following synthe-
sis, all of the compoundswere purified using reverse-phase pre-
parative HPLC and analyzed by spectroscopic methods (1H
NMR and LC-MS).
Screening of the Substrate Library—We performed a prelim-

inary screen of the library to obtain an initial data setwithwhich
to establish optimal experimental conditions. Next, we calcu-
lated Km values for each substrate using two representative
APNs (pig and human) primarily to establish conditions where
substrate saturation of the enzymes is not a factor. Subse-
quently, we screened the library against each enzymeusing sub-
strate concentrations that were at least 2-fold lower than the
lowest Km for the substrate in the library. Final screening of the
library was carried out at 1 �M final substrate concentration,
which is sufficiently below Km to ensure that velocity data are
proportional to kcat/Km. Every substrate in the library is dis-
solved in DMSO at a predetermined concentration. Before
screening, we load an equal volume of each substrate at a given
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concentration. Subsequent addition of the enzyme in the buffer
solution to each of 61 wells allows us to obtain the same con-
centration of each substrate during screening. Data for the
three tested APNs are shown in Fig. 2. The enzymes displayed a
broad tolerance for several natural and unnatural amino acids,
and the overall substrate selectivity was similar for all three
enzymes, suggesting a conserved level of structure organiza-
tion. Themost preferred natural amino acidswereMet, Ala and
Leu, whereas a striking preference was observed for the non-
natural amino acidsNle, 2-aminobutyric acid, hCha, styryl-Ala,
L-homoarginine, and hPhe. With the exception of Ala, which
has previously been used in substrates of APNs (an alternate
name of the enzymes is alanine aminopeptidase), the most
favored amino acids have rather large hydrophobic side chains.
This suggests that the S1 pocket of the enzyme is likely to be
open and fits with reports describing potent inhibitors (primar-

ily for pig APN) with bulky P1 residues (11, 29–31). The basic
amino acids Arg and L-homoarginine are also among the pre-
ferred amino acids. This is not surprising given recent struc-
tural analysis of leukotriene A4 hydrolase/aminopeptidase,
which belongs to the same family as APN (32). Leukotriene A4
hydrolase (LTA4H) almost equally processed Ala and Arg sub-
strates coupled to the p-nitroanilide chromophore. Finally, as
expected based on the predicted specificity of these enzymes,
only substrates with the free �-amino group were cleaved.
Comparison of Inhibitor and Substrate Preferences—Recent

work with non-peptide, drug-like substrates has shown that
specificity information from substrate libraries can effectively
be translated into the design of potent and selective inhibitors
(23, 24). This method involves conversion of substrates to
inhibitors by swapping out the fluorogenic leaving group for a
reactive inhibitor warhead. For some classes of mechanism-

FIGURE 2. Individual substrate velocities of human, pig, and rat aminopeptidases. Enzyme concentrations were in the range 0.2–5 nM, and the final
concentration of the substrate in each well was 1 �M. ACC production was monitored using an fMax multiwell fluorescence plate reader (Molecular Devices) at
an excitation wavelength of 355 nm and an emission wavelength of 460 nm. Assay time was 15–30 min. The x axis represents the abbreviated amino acid names
(for full names and structures, see supplemental material). hArg, homoarginine; Abu, 2-aminobutyric acid; Nva, norvaline; hLeu, homoleucine; hCha, 4-cyclo-
hexyl-L-butyric acid; Dap, L-2,3-diaminopropionic acid; 3-CN-Phe, 3-cyano-L-phenylalanine; Dab, L-2,4-diaminobutyric acid; hArg, homoarginine; 1-Nal, 3-(1-
naphthyl)-L-alanine; 2-Nal, 3-(2-naphthyl)-L-alanine; Tic, (3L)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid; 4-NO2-Phe, 4-nitro-L-phenylalanine; 6-Ahx,
6-aminohexanoic acid; 4-Cl-Phe, 4-chloro-L-phenylalanine; Phg, L-phenylglycine; Bip, L-biphenylalanine; Bpa, 4-benzoyl-L-phenylalanine; Cba, L-2-amino-4-
cyanobutyric acid; Igl, L-2-indanylglycine; 4-I-Phe, 4-iodo-L-phenylalanine; 4-NH2-Phe, 4-amino-L-phenylalanine; 3-NO2-Tyr, 3-nitro-L-tyrosine; 4-Br-Phe, 4-bro-
mo-L-phenylalanine; Nle, norleucine; �-Z-Dab, L-2,4(carbobenzyloxy)-diaminobutyric acid. The y axis represents the average relative activity expressed as a
percentage of the best amino acid. In the heat map view, the most preferred positions are displayed in bright red, whereas a complete lack of activity is in black,
with intermediate values represented by intermediate shades of red. Error bars represent the S.D.
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based inhibitor warheads, the velocity (kcat/Km) values can be
used to predict the best scaffolds for design of inhibitors. There-
fore, we compared our substrate preference data with previ-
ously published reports on APN inhibitors. Overall, there was
strong correlation between the residues found in some inhibi-
tor compounds (Met or hPhe) with those found in our best
substrates (30, 31). However, other residues, such as Ala, were
efficiently processed in our substrates but are among the worst
reported inhibitors for pig APN (30). Therefore, we concluded
that good candidate APN inhibitors cannot simply be predicted
by substrate velocity (kcat/Km) data. This was quite surprising
because comparison of peptide substrates and corresponding
inhibitors incorporating alkylating groups and transition-state
analogs has shown that the best substrates yielded the best
inhibitors (21, 23, 33). The apparent conflict prompted us to
further investigate the relationship.
We hypothesized that instead of the crucial kcat parameter,

which describes the turnover speed of substrate processing, we
should instead focus on the Km value, which reflects the
strength of the binding of the substrate in the active site. There-
fore, we decided to further evaluate two of the three APNs: pig
APNbecausemost of the studies performed to date on inhibitor
design have used this enzyme and human APN because this is
the primary pharmaceutical target for inhibitors. When we
analyzed substrates for Km (expressed as 1/Km, Fig. 3 and sup-
plemental material), we observed a substantial difference in
preferences when compared with the velocity (kcat/Km) data

presented in Fig. 2. For pig APN, although a preference for
bulky residues (hPhe,Met,Nle, or hCha) is evident andmatches
the velocity data, the Km data show that residues with small
side chains that score well in the velocity experiments (Ala,
2-aminobutyric acid, and norvaline) show overall weak binding
constants. Analysis of human APN reveals a similar substrate
preference pattern but with strong preference for two amino
acids, namely hCha and hPhe.
Detailed Relationship between Substrates and Inhibitors—In

light of the differences revealed by velocity (kcat/Km) and bind-
ing (Km) data, we wanted to understand which parameters
would more closely predict inhibitor behavior. �-Aminoalkil-
phosphonates are competitive, reverse inhibitors well
described in the literature for their activity to efficiently inhibit
all the aminopeptidases and thus ideal for our investigations
(10, 11, 34). Previous reports on �-amino phosphonate activity
toward pig APN show that these inhibitors are generally fast
binding reversible inhibitors, which we concur with (supple-
mental Figs. 4 and 5) (10, 11). We therefore selected a series of
sequences and converted them into inhibitors using the �-
amino phosphonate reactive group to replace the ACC fluoro-
phore of the substrates.We chose one poor substrate (Ala), one
average substrate (norvaline), and three optimal substrates
(hPhe, hCha, and Nle) (Fig. 4). For these compounds, we
obtained kcat, Km, and kcat/Km values and compared them to Ki
values for both APNs (Table 1). A clear linear relationship is
apparent between kcat values and the inhibitory constant Ki,

FIGURE 3. Individual reciprocal Km values of human, pig and rat aminopeptidases. The enzyme concentration was in the range 0.6 –5 nM, and the final
concentration of the substrate in each well was in the range 0.25–500 �M. ACC production was monitored using an fMax multiwell fluorescence plate reader
(Molecular Devices) at an excitation wavelength of 355 nm and an emission wavelength of 460 nm. The x axis represents the abbreviated amino acid names (for
full names and structures, see supplemental material). hArg, homoarginine; Abu, 2-aminobutyric acid; Nva, norvaline; hLeu, homoleucine. The y axis represents
the average reciprocal Km expressed as a percentage of the best amino acid. In the heat map view, the most preferred positions are displayed in bright red,
whereas a complete lack of activity is in black, with intermediate values represented by intermediate shades of red. Error bars represent the S.D. Please see the
legend for Fig. 3 for abbreviations.
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whereas the relationship between Ki and kcat/Km is non-linear
(Fig. 5C). Further analysis revealed that kcat/Km versus Ki could
fit a non-linear model (r � 0.88) for pig APN and (r � 0.92) for
human APN (Fig. 5D), although the relationship does not fit
any simple or even reproducible equation. However, the rela-
tionship between kcat and Ki was opposite to that expected
because the best inhibitors (low Ki) had the lowest kcat values
(Fig. 5B). Instead, we found that the best and most predictive
parameter was Km, which showed a linear relationship with Ki
and strong correlation coefficients for both pig and human
APNs (Fig. 5A). Log plots of Km versus Ki (not shown) revealed
slopes of 1.00 (r � 0.98) for pig APN and 1.08 (r � 0.99) for
human APN, suggesting that binding modes of the inhibitor
and substrate are essentially identical such that the phospho-
nate group of the inhibitors binds in the same way as the amide
of the substrates. Additional comparisons of substrate Km val-
ueswith a different class of previously published pigAPN inhib-
itors (phosphinic acids) showed the same trend, confirming the
utility of this type of analysis (data not shown).
We noted that human APN is more than 50-fold less active

when compared with pig APN in terms of kcat/Km. This lower
activity of the human enzyme is mainly due to a reduced kcat,
suggesting that the in vivo activity of this enzyme might be
differently regulated when compared with the pig ortholog.
Our results also provide direct comparisons of the Ki data for
both enzymes and reveal that all inhibitors are optimal for the
human APN (Table 1). In particular, substrates containing
hPhe and hCha are more than 10 times more potent for human
APN when compared with their Ki values for pig APN. To our
knowledge, this is the first direct comparison of the inhibitory
profiles for these APNs as the human analogue was not previ-
ously a target of detailed chemical screening with substrates or
inhibitors. However, our comparisons indicate that pig APN is

a good model for the preliminary design of inhibitors for its
human ortholog.

DISCUSSION

Aminopeptidases are key regulators of many intra- and
extracellular events, and several of them are attractive pharma-
ceutical targets. Clearly, selective inhibitors are required for
studies of their function both in vitro and in vivo. A pertinent
example of the need for selective inhibitors is the recently char-
acterizedmalaria parasite neutral aminopeptidases, which have
been suggested to be relevant pharmaceutical targets (12, 14,
35). Because human homologs exist that play essential roles in
the host, a highly selective inhibitor for the malarial aminopep-
tidaseswill be required.Herewe present a library of fluorogenic
substrates that can be utilized for fast and reliable determina-
tion of individual aminopeptidase substrate preferences and for
the subsequent design of selective inhibitors. One benefit of
library screening with a wide variety of natural and synthetic
amino acids is that it allows for estimations of the size and shape
of the S1 pocket of the investigated enzyme. In the case of
APNs, their activity is high on Ala derivatives, which at first
glance seems to suggest a restricted pocket. However, our data,
in terms of both Km and kcat/Km, demonstrate that the S1
pocketmust be large enough to accommodate bulky hydropho-
bic residues. Indeed, based on the assumption that Km reflects
the ground state binding of the side chains in S1, our data sug-
gest that the APNs bind Ala-ACC weakly yet show rapid turn-
over of the substrate. This result could be explained if residues
with small side chains are better positioned for catalysis than
ones with large side chains, but it is clear that the S1 pocket
must be quite large.
Our studies have focused on the S1 pocket, but it is also likely

that enhanced interactions with natural peptide and protein
substrates utilize interactions to the C-terminal side (S� side) of
the scissile bond. However, libraries designed to scan these
positions in the aminopeptidases are likely to be difficult to
design and synthesize. This problem has been overcome for
other proteases using internally quenched substrates, but this
approach cannot be used because aminopeptidases strictly
require only a single free amino acid at the site of hydrolysis.
The problem could be solved by the selection of optimal S1
binders using our approach followed by synthesis of inhibitors,
rather than substrates, extended toward S� pockets. Phosphi-
nate chemistry affords this opportunity because optimal S1
amino acids derivatized with phopshinates can be extended
into the S� pockets to generate inhibitor libraries (36–39). InFIGURE 4. Structures of the tested �-aminoalkanephosphonic acids.

TABLE 1
Comparison of the kinetic properties of the selected substrates (kcat, Km, and kcat/Km) and racemic mixtures of phosphonate inhibitors (Ki) for
pig and human APN
Data represent themean and S.D. of at least triplicate experiments. Note that overall processing of the substrates by humanAPN is significantly lower than for pigAPN.Nva,
norvaline.

Pig APN Human APN
kcat Km kcat/Km Ki kcat Km kcat/Km Ki

s�1 �M s�1 �M�1 �M s�1 �M s�1 �M�1 �M

Ala 47.4 � 4.8 79.7 � 2.7 0.59 � 0.042 35.6 � 5.3 1.15 � 0.12 134.6 � 11.4 0.0087 � 0.0011 19.3 � 2.7
Nva 14.3 � 1.6 23 � 1.1 0.62 � 0.069 14.0 � 2.1 0.34 � 0.018 30.2 � 2.9 0.011 � 0.0065 6.5 � 2.2
Nle 12.8 � 1.2 11 � 2.2 1.2 � 0.11 4.3 � 0.8 0.30 � 0.042 15.2 � 1.3 0.0196 � 0.0012 2.9 � 0.38
hPhe 6.6 � 0.2 7.4 � 1.5 0.91 � 0.065 6.1 � 0.9 0.09 � 0.012 3.7 � 0.3 0.0238 � 0.0035 0.8 � 0.1
hCha 10.4 � 0.4 8.7 � 1.7 1.2 � 0.12 4.0 � 0.6 0.11 � 0.014 2.1 � 0.2 0.0509 � 0.0055 0.45 � 0.052
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addition, information obtained from our substrate library
screening data can also be used for the design of specific activ-
ity-based probes. These reagents have attracted considerable
interest due to their versatile application for the detection of the
enzyme activity both in vitro and in vivo (40–42). In the case of
cysteine, serine, and threonine proteases, activity-based probes
react covalently with the enzyme and go through the transition

state. For these compounds, kcat/Km values of substrates corre-
late well with their inhibitory constants. Unfortunately, met-
alloproteases are difficult targets for design of activity-based
probes because they cannot be covalently modified in the
active site because they do not react with the activated water
molecule of the active site but rather chelate the zinc ion. For
this reason, enzyme is never found in the transition state and

FIGURE 5. Plot of the kinetic parameters for the fluorogenic substrates versus their appropriate inhibitor Ki value (data from Table 1). A, plot of the
substrate Km versus corresponding phosphonate inhibitor Ki. B, plot of the substrate kcat versus corresponding phosphonate inhibitor Ki. C, plot (linear
approach) of the substrate kcat/Km versus corresponding phosphonate inhibitor Ki. D, non-linear plots of the substrate kcat/Km versus corresponding phospho-
nate inhibitor Ki. Error bars represent the S.D. of the Ki and kinetic terms of experiments run in triplicate.
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remains in the ground state, and thus the Km of the sub-
strates used to design the inhibitor is dominant. This disad-
vantage has been overcome using specific photo cross-link-
ing groups that form stable bonds with residues outside the
active site. However, this chemistry very often leads to sub-
stantial nonspecific labeling. Identification of the optimal
binding partners using the substrate-inhibitor approach
such as that presented here may decrease the amount of
these artifacts during labeling as recently demonstrated for
several matrix metalloproteases (43).
In addition to providing information about substrate speci-

ficity and inhibitor design, our approach has highlighted an
intriguing relationship between catalysis and inhibitor efficacy.
Previous work using other classes of proteases and reactive
functional groups has shown that substrates with high kcat/Km
(velocity) values can be converted to optimal inhibitors simply
by replacing the substrate fluorophore with the desired inhibi-
tor warhead. In fact, the high correlation for metalloproteases
such as thermolysin between peptide substrates and their cor-
responding non-covalent, phosphonyl-based transition-state
inhibitors suggested that a similar correlation might also have
been expected here (25). Instead, we observed an almost oppo-
site correlation where Km dominates the relationship. Indeed,
such a relationship has been observed before with the peptidyl
fluoroalkane inhibitors of thermolysin where inhibition
robustly correlateswithKm of the corresponding substrate (44).
Our results strongly suggest that for the aminopeptidases, the
aminoacyl phosphonates are likely to bind the ground state of
the enzyme. Ground state binding is dominated by the dissoci-

ation constant Ks, which itself is related to the observed quan-
tity Km.

Depending on the kinetic relationship between the type of
warhead and corresponding substrate, inhibitors are some-
times classified as kcat-type (for example, the fast, irreversible,
ketone-based inactivators of serine and cysteine proteases) or
kcat/Km-type (for example, the phosphonamidate-based metal-
loprotease inhibitors) (25, 45). Because our inhibitor binding
efficiency is related to Km, the term ‘Km-type inhibitors‘ would
bemore reasonable for this class of non-covalent effectors (Fig.
6). In conclusion, this study provides a rational explanation for
the design of ground state-based inhibitors for specific groups
of enzymes and inhibitor pharmacophores using specific
kinetic parameters. The results also demonstrate the impor-
tance of choosing the appropriate kinetic parameter from a
substrate library screen before applying this to inhibitor design.
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