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A strategy to profile prime and non-prime proteolytic
substrate specificity
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Abstract—A strategy was developed to determine the prime and non-prime substrate specificity of serine, threonine and cysteine
proteases. ACC positional scanning technology was employed to determine the P4–P1 non-prime site substrate specificity. The data
was used to synthesize biased donor–quencher positional scanning libraries to profile the P1 0–P4 0 prime site substrate specificity.
Directed sorting using the Irori Nanokan system allowed for the archiving of multiple P1 0–P4 0 positional scanning libraries. From
these libraries focused donor–quencher libraries incorporating P4–P1 data for each protease under study could be rapidly prepared.
The profiling of thrombin and caspase-3 P4–P4 0 substrate specificity, comparison of the library specificity data to single substrates,
and the analysis of physiological cleavage sites are described.
� 2005 Elsevier Ltd. All rights reserved.
Proteases are an important class of proteins constituting
a relatively large percentage (about 2%) of the gene
products in the human genome.1,2 Proteases play critical
roles in the initiation and regulation of biological pro-
cesses including fertilization, development, homeostasis,
immunity, and cell death. From a therapeutic perspec-
tive, modulation of protease activity offers considerable
promise for the treatment of human diseases. Indeed, it
has been estimated that in addition to proteases targeted
from infectious diseases, over 14% of human proteases
are under investigation as drug targets.3

A characteristic function of proteases is the ability to
discriminate among many potential substrates, termed
the substrate specificity of a protease. Substrate specifi-
city is a critical factor that maintains the fidelity of the
biological processes in which a protease acts. For
researchers, substrate specificity can serve as a handle
by which proteases can be discriminated from others
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in its class, even in cases in which a large degree of struc-
tural homology exists.

Several methods have been developed to obtain sub-
strate specificity data for proteases.4 Traditionally,
defining the substrate specificity of a protease consisted
of iteratively testing the activity of a protease against
many individual protein and peptide substrates.5,6 More
recently, combinatorial synthesis and genetic methods
have allowed for a more systematic identification of
optimal substrate sequences.7,8 Many of these are selec-
tion methods that identify the optimal substrates but
often miss the identification of negative substrate
determinants. In contrast, the screening of positional
scanning synthetic combinatorial libraries (PSSCLs) of
7-amino peptide coumarin substrates represent a rapid
method to screen for positive and negative substrate
specificity determinants of proteases.9–11 One major dis-
advantage of coumarin substrates is that the latent fluo-
rescent leaving group occupies the prime site preventing
examination of prime site substrate interactions. This
limits the utility of these libraries to examining only
the non-prime specificity of proteases. Donor–quencher
libraries that span the cleavage site on both the prime
and the non-prime sides of the peptide have been effec-
tive in identifying substrate specificity determinants of
proteases, however several limitations exist. The number
of positions that can be evaluated at one time is
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restricted since each additional site investigated causes
an exponential increase in the substrate number. There
is a finite limit to substrate pool sizes due to solubility
concerns and decreased assay sensitivity given the
reduction in concentration of individual substrates. In
addition, data can be difficult to interpret since cleavage
at any position along the peptide results in a fluores-
cence signal. Accordingly, prior knowledge of a prote-
ase�s substrate specificity can be used to bias the
library construction to limit the number of sites investi-
gated and to fix the catalytic register.

A strategy for evaluating prime and non-prime substrate
specificity data of serine, cysteine and threonine pro-
teases was devised (Fig. 1). The two-stage method pro-
vides screening information for both optimal and
suboptimal substrates, and does not require prior speci-
ficity information. Proteases were profiled in two dis-
crete stages. In the first step, a 7-amino coumarin-
based PSSCL9–11 was employed to query the P4–P1
specificity using previously published methods (Fig.
2).12–14 Since cleavage of the coumarin anilide bond of
the substrates is the only manner in which a fluorogenic
signal can be generated, the data was straightforward to
interpret. The optimal residues determined for the P4–
P1 positions and the donor were attached to the N-ter-
minus of pre-made positional scanning libraries bearing
a quencher that were designed to query the P1 0–P4 0 posi-
tions. Since the method relies on archived PSSCL, direc-
ted sorting automation and microtiter plate-based
Figure 1. Profiling of prime and non-prime substrate specificity. Step 1: Func

coumarin libraries.11–13 Optimal residues at each non-prime side position o

prepared from a single copy of archived positional scanning library by attac
fluorescence scanning instrumentation, many proteases
can profiled in a short period of time.

The synthesis of the PSSCL was performed using stan-
dard Fmoc peptide synthesis, split and pool directed
sorting, and Irori Nanokan technology.15–17 These tech-
nologies allowed for the synthesis of the PSSCL employ-
ing only 20 of reaction flasks in four rounds of synthesis
and sorting. The synthesis was initiated with the attach-
ment of Fmoc–Arg–(Pbf)–OH, to increase the water sol-
ubility of the final donor–quencher constructs, to Rink
Resin (Fig. 1). Commercially available Fmoc–Lys–
(DNP)–OH was attached as the quencher, and the resin
was loaded into Nanokans. To synthesize the P4 0 fixed
positions 19 Nanokan collections were placed in individ-
ual flasks and a single amino acid was attached to fix the
position (O). In order to obtain a statistical mixture of
amino acids (X), the 20th collection, comprising all
other Nanokans, were treated with an isokinetic mixture
of 19 amino acids (for fixed positions and isokinetic mix-
tures, Cys was left out and norleucine (n, Nle) was
substituted for Met).9 Upon completion of the first
PSSCL coupling all Nanokans were combined and pre-
pared for the second sort. To complete the P1 0–P4 0

PSSCL three more rounds of sorting and synthesis fol-
lowed. For each protease a set of 76 Nanokan PSSCL
was placed in single vessel and the optimal non-
prime site P4–P1 tetrapeptide, determined from the
coumarin PSSCL in stage 1, for the protease was
attached.
tional characterization of non-prime substrate specificity using 7-amino

f the substrate are identified. Step 2: Biased donor–quencher library

hing the optimal non-prime sequence.



Figure 2. Results from the two-position fixed tetrapeptide coumarin libraries for (A) thrombin and (B) caspase-3. The x- and y-axes represent the

fixed amino acid, and the other two non-fixed positions contain an equimolar mixture of 19 amino acids (cysteine was excluded and norleucine (n)

was substituted for methionine) to give a total of 361 substrates assayed in each well (represented by one square on the 2D array). Each 2D array

depicts, by relative intensity, normalized reaction velocities in RFU/s. Less than 2% maximal activity was observed in libraries P2 · P3, P2 · P4, and

P3 · P4 for caspase-3, therefore the data is not shown. The shaded bars below each graph represent the normalized velocities with the strongest

determinant being set to 100 (i.e., the P1—Arg and P2—Pro for thrombin, first graph of A). The shaded bars allow for a more thorough

representation of the weight of each subsite specificity determinant in the context or the full specificity profile.
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To complete the synthesis the methoxy coumarin acetic
acid (MCA) was coupled to the N-terminus of the P4
residue to serve as the donor.18 The Nanokans were then
sorted to a single 96 well plate and cleaved employing a
standard TFA protocol to provide the PSSCL that was
assayed upon dissolution to a stock solution in DMSO.
In our efforts, 50 copies of the 76 Nanokan PSSCL
(3800 Nanokans) were prepared and stored for this
and future studies.

After identifying the non-prime side substrate specificity
in the 7-amino coumarin libraries for thrombin as P4—
(Leu/Nle), P3—(Gln/Ser/Thr), P2–Pro, and P1—Arg
and caspase-3 as P4—Asp, P3—Glu, P2—Val, and



Figure 3. Results of (A) thrombin and (B) caspase-3 activity in the one-position fixed P1 0–P4 0 donor–quencher substrate libraries. The identity of the

amino acid in the fixed position is indicated on the x-axis. The remaining three positions contain a mixture of 19 amino acids (cysteine was excluded

and norleucine (n) was substituted for methionine) to give a total of 6859 substrates assayed in each well. The y-axis is the normalized rate of

hydrolysis reaction in RFU/s. The octa-peptide sequence in the thrombin library (A) consisted of Leu-Thr-Pro-Arg.Xaa-Xaa-Xaa-Xaa and in the

caspase-3 library (B) consisted of Asp-Glu-Val-Asp.Xaa-Xaa-Xaa-Xaa.

Table 2. Alignment of thrombin cleavage sites in some macromole-
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P1—Asp (Fig. 2), prime site libraries were synthesized
where the P1 0–P4 0 positions were randomized in a
PSSCL format and the P1–P4 positions were held con-
stant (Fig. 1). Construction of a one-position fixed
PSSCL in this format addressed the issue of catalytic
register of the substrate by satisfying the prime side posi-
tions and biasing for cleavage after the internal P1—Arg
or P1—Asp amino acid (Fig. 3). The results of thrombin
in the Leu-Thr-Pro-Arg-Xaa-Xaa-Xaa-Xaa library
showed the major determinant was P1 0 Ser with a very
little specificity seen in the other prime positions with
the exception of an absence of activity for acidic amino
acids in the P1 0–P3 0 positions. This finding is in agree-
ment with previously published results.19 The results of
caspase-3 in the Asp-Glu-Val-Asp-Xaa-Xaa-Xaa-Xaa li-
brary showed that the major determinant for P1 0 was for
small amino acids such as Gly, Ala, and Ser. Like
thrombin, a very little activity is observed in the P2 0–
P4 0 positions of the substrate for caspase-3.

Validation of the screening method was obtained by the
synthesis and kinetic evaluation of four thrombin sub-
strates that differed in the prime site amino acids (Table
Table 1. Steady state kinetic analysis of single substrates cleavage by

thrombin

P4–P40 kcat (s
�1) Km (lM) kcat/Km (lM�1 s�1)

Substrate Sequence

LTPR SNRG 80 11 1.55

LTPR RNRGa 0.02

LTPR SDRG 53 213 0.25

LTPR GNRG 189 460 0.41

a Saturation kinetics not observed for this substrate.
1). Changing the P1 0 Ser to an Arg dramatically reduced
the kcat/Km by over 75-fold while the more conservative
change to a Gly only resulted in an approximate 4-fold
reduction. Strict dependence on the P2 0–P4 0 was not
observed for thrombin in the library, however there
was a prominent absence of activity for acidic amino
acids in P1 0–P3 0. Accordingly, changing P2 0 from Asn
to Asp resulted in a 6-fold reduction in kcat/Km. LCMS
analysis of the hydrolysis products of the first two
substrates of Table 1 by Thrombin was performed. In
both cases, only the products from the expected cleavage
site were observed (Supplementary data). Hydrolysis of
the second substrate was not observable after 1 h but an
overnight incubation demonstrated hydrolysis at the ex-
pected cleavage site (data not shown).

Evaluation of cleavage sites of physiological substrates
of thrombin showed a correspondence between the re-
sults from the libraries and the sequences found in nat-
ural substrates (Table 2).
cular substrates

Substrate P4 P3 P2 P1 . P10 P20 P3 0 P40

PAR1 L D P R S F L L

PAR2 L F F R T R S I

Factor V L G I R S F R N

Factor V L S P R T F H P

Factor VIII I Q I R S V A K

Factor VIII I E P R S F S Q

Factor VIII Q S P R S F Q K

Factor XI I K P R I V G G

Factor XIII V V P R G V N L
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The iterative strategy presented here represents a new
method for rapidly screening both non-prime and
prime subsites of protease peptide substrates. The sub-
strate specificity information obtained will be useful for
the elucidation of optimal substrates for assay develop-
ment and the design of highly selective biological
probes.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2005.04.019.
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