
pubs.acs.org/BiochemistryPublished on Web 11/13/2009r 2009 American Chemical Society

Biochemistry 2009, 48, 11971–11981 11971

DOI: 10.1021/bi901637c

Peptidomics of Prolyl Endopeptidase in the Central Nervous System†

Whitney M. Nolte,‡ Debarati M. Tagore,‡ William S. Lane,§ and Alan Saghatelian*,‡

‡Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, and
§Mass Spectrometry and Proteomics Resource Laboratory, Center for Systems Biology, Harvard University,

Cambridge, Massachusetts 02138

Received September 18, 2009; Revised Manuscript Received November 9, 2009

ABSTRACT: Prolyl endopeptidase (Prep) is a member of the prolyl peptidase family and is of interest because of
its unique biochemistry and connections to cognitive function. Using an unbiased mass spectrometry (MS)-
based peptidomics platform, we identified Prep-regulated peptides in the central nervous system (CNS) of
mice bymeasuring changes in the peptidome as a function of Prep activity. This approach was validated by the
identification of known Prep substrates, such as the neuropeptide substance P and thymosin-β4, the precursor
to the bioactive peptide Ac-SDKP. In addition to these known substrates, we also discovered that Prep
regulates many additional peptides, including additional bioactive peptides and proline rich peptides (PRPs).
Biochemical experiments confirmed that some of these Prep-regulated peptides are indeed substrates of the
enzyme.Moreover, these experiments also supported the known preference of Prep for shorter peptides while
revealing a previously unknown cleavage site specificity of Prep when processing certain multi-proline-
containing peptides, including PRPs. The discovery of Prep-regulated peptides implicates Prep in new
biological pathways and provides insights into the biochemistry of this enzyme.

Prolyl endopeptidase (Prep),1 also commonly termed prolyl
oligopeptidase (POP) (EC 3.4.21.26), was first identified as an
oxytocin cleaving activity in the human uterus (1) and is part of
the prolyl peptidase family of enzymes (2, 3). Other mammalian
members of the prolyl peptidase family include the dipeptidyl
peptidases, such as the anti-diabetic target dipeptidyl peptidase 4
(DPP4) (4), and the recently characterized prolyl endopeptidase-
like (PrepL) (5), which has been genetically linked to hypotonia-
cystinuria syndrome (HCS) (6-8). Prep has been of general
interest because of its unique biochemical activity as a proline
endopeptidase. Unlike the cleavage activity of the dipeptidyl
peptidases, which are restricted to N-terminal dipeptide clea-
vage (3, 9), Prep proteolysis occurs at internal prolines in a
peptide (10-12).On the basis of the knownpreference of Prep for
cleavage at a proline, many proline-containing bioactive peptides
have been tested, and identified, as Prep substrates in vitro (12).
These substrates range from the tripeptide, thyrotropin-releasing
hormone to a 31-amino acid peptide, β-endorphin (2, 13).

A handful of the candidate neuropeptide substrates have been
confirmed as physiological substrates of Prep through immuno-
histochemical or radioimmunoassay measurements of peptide

levels in tissues where Prep activity has been pharmacologically
inhibited (14-17). On the basis of the known bioactivities of
physiological Prep substrates, new hypotheses regarding the
biological function of Prep were developed and tested. For
example, the Prep substrate vasopressin (14) has been linked to
memory formation, which prompted tests of Prep inhibitors as
anti-amnesic compounds (18). Interestingly, Prep inhibitors have
shown improvements in memory and general cognitive function
in rats (18, 19), monkeys, and humans (20). Moreover, Prep has
also been suggested to regulate the action of mood stabilizers
such as lithium and valproate (21). However, many questions
about the molecular mechanisms that connect Prep to these
biological phenomena remain unanswered.

One major effort in trying to understand the cellular and
physiological function of Prep has been the characterization of
physiological substrates of the enzyme (14, 16-18, 22). In recent
years, efforts to identify endogenous peptidase substrates have
relied on the development and application of mass spectrometry
(MS)-based peptidomics approaches (23, 24) that identify
changes in the peptidome associated with changes in the activity
of a particular enzyme (22, 25-28). For example, peptidomics
has identified neuropeptides regulated by prohormone conver-
tases (PCs) (26) and carboxypeptidase E (CPE) (25) in the
nervous system, including a number of novel neuropeptides. In
contrast to traditional antibody-based approaches, which are
limited to a single peptide at a time (14, 16-18, 22), peptidomics
approaches make unbiased measurements across the peptidome
to enable the identification of enzyme-regulated peptides, includ-
ing unknown peptides (23, 24, 27).

Recently, an isotope labeling peptidomics approach was
applied to Prep in the nervous system of rats (22). These studies
were able to identify modest changes in a number of peptides
stemming from Prep inhibition, including some potentially novel
substrates of the enzyme. Here, we build on these studies and
apply our label-free peptidomics platform (28) to analyze changes
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associated with Prep inhibition in the CNS of mice. Our analysis
revealed a number of Prep-regulated peptides, including novel
substrates and products of the enzyme. Interestingly, there was
no overlap in identified substrates with the previous study (22),
which is likely due to differences in the inhibitor, animal model,
and methodology. In general, our data provide insights into the
pathways and biology that Prep might regulate in vivo through
the identification of bioactive peptide substrates. The data also
revealed an unappreciated class of Prep substrates that are
fragments of proline rich domains (PRDs), which are typically
termed proline rich peptides (PRPs) (29). Biochemical studies
confirmed some of the Prep-regulated peptides as substrates. This
work also revealed that Prep can selectively cleave after indivi-
dual prolines in multi-proline-containing peptides. Together,
these studies demonstrate the value of peptidomics in gaining
insight into the biology and biochemistry of Prep through the
discovery and analysis of natural substrates.

EXPERIMENTAL PROCEDURES

Reagents. S17092 was synthesized as previously described
(30). Mouse CGRP(1-37) was purchased from American
Peptide Company, Inc. (Sunnyvale, CA).
Animal Studies.Wild-type (WT)mice (C57BL/6) used in this

study were either purchased (Jackson Laboratories, Bar Harbor,
ME) or taken from a breeding colony. Animals were kept on a
12 h light-12 h dark schedule and fed ad libitum. For pharma-
cological studies, S17092 (30mg/kg in 10%Tween 80 inwater) or
vehicle (10%Tween 80 in water) was injected (intraperitoneally),
and mice were sacrificed 1 or 4 h later. For tissue collection,
animals were euthanized with CO2, and their tissues were
dissected, flash-frozen with liquid nitrogen, and stored at
-80 �C. All animal care and use procedures were in strict
accordance with the standing committee on the use of animals
in research and teaching at Harvard University and the National
Institutes of Health guidelines for the humane treatment of
laboratory animals.
Isolation of Physiological Peptides from Tissue. Frozen

tissues, stored at -80 �C, were boiled in 200-300 μL of boiling
water for 10 min to denature any enzymes and eliminate
proteolytic activity prior to homogenization. The aqueous frac-
tion was collected and saved, and the tissue was dounce-homo-
genized in 0.25% ice-cold acetic acid. The aqueous fraction and
the homogenate were combined and centrifuged at 20000g for
20 min at 4 �C. The supernatant was then sent through a 10 kDa
molecular mass cutoff filter (Microcon YM-10, Millipore), and
the filtrate containing the peptides was concentrated in a speed
vacuum concentrator and resuspended in 0.1% formic acid prior
to analysis by LC-MS.
LC-MS/MS Experiments. Aliquots (2-10 μL) were in-

jected onto aWaters nanoAcquityHPLC system configuredwith
in-house packed 75 μm reverse-phase capillary trapping and
analytical columns (NewObjective,Woburn,MA) coupled to an
LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific, San
Jose, CA). The liquid chromatography gradient proceeded from
3 to 33% acetonitrile in water (0.1% formic acid) over 180 min.
Mass spectra fromm/z 395 to 1600 were acquired in the Orbitrap
instrument with a resolution of 60000, while the six most
abundant ions were targeted for concurrent MS/MS in the linear
ion trap with a relative collision energy of 30%, 2.5 Da isolation
width, and recurring ions dynamically excluded for 60 s. Sequen-
cing was facilitated by the SEQUEST algorithm with differential

modification of methionine to its sulfoxide, C-terminal amida-
tion, acetylation, and phosphorylation. The mouse subset of the
UniprotKB FASTA database (MGI, ftp://ftp.informatics.jax.
org/pub/sequencedbs/seq_dbs.current/uniprotmus.Z) concate-
nated to a reversed decoy database was used for peptide
identification and served to estimate a false discovery rate
(FDR). Peptides were accepted within 3 ppm of the expected
mass meeting a series of custom filters on ScoreFinal (Sf),
-10 Log P, and charge state that attained an average peptide
FDR of <2% across data sets. Manual inspection of spectra,
FDR calculation, and protein inference were performed in a
customized version of Proteomics Browser Suite 2.23 (Thermo
Fisher Scientific).
DataAnalysis.Differences in the peptide pool were identified

using XCMS, which uses nonlinear retention time alignment and
peak areas to quantify changes between sample sets. Peptides
specifically associated with one treatment class were confirmed
by integration of the peaks in the extracted ion chromatograms,
and these areas were used to quantify the relative differences of a
peptide between genotypes. A Student’s t test was used to assess
the statistical significance of these differences.
Recombinant Prep Expression. A plasmid containing the

mouse Prep gene was purchased (Open Biosystems), and the
coding sequence was subcloned between the XhoI and EcoRI
sites of a pTrcHisA vector (Invitrogen). The final pTrcHisA-
wtPrep construct contains an N-terminal His6 tag fused to the
coding sequence of Prep. The pTrcHisA-PrepD35A-K196A
plasmid was constructed using the pTrcHisA-Prep construct
and a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA). Rosetta2(DE3)pLysS (Stratagene) cells trans-
formed with pTrcHisa-wtPrep or pTrcHisa-PrepD35A-K196A
were grown at 37 �C in Luria broth containing 100 μg/mL
ampicillin and 34 μg/mL chloramphenicol, and expression was
induced by the addition of IPTG toa final concentration of 1mM
when the OD600 of the culture reached 0.4-0.5. Induced cultures
were grown overnight at 18 �C for wild-type Prep and 30 �C for
the doublemutant (pTrcHisa-PrepD35A-K196A). Recombinant
proteins were purified by Ni(II) affinity chromatography.
Further purification was performed using a Superdex 200 10/
300 column (GE Healthcare) with a mobile phase of 50 mM
phosphate buffer and 0.15 M NaCl (pH 7.0).
Peptide Synthesis and Purification. Peptide substrates

were synthesized manually using solid-phase peptide synthesis
or purchased from Biomatik Corp. (Wilmington, DE). Crude
peptides were purified by RP-HPLC (Shimadzu) using a C18
column (150 mm � 20 mm, 10 μm particle size, Higgins
Analytical). TheHPLC gradient varied depending on the peptide
(mobile phase A consisted of 99% H2O, 1% acetonitrile, and
0.1% TFA; mobile phase B consisted of 90% acetonitrile, 10%
H2O, and 0.07% TFA). HPLC fractions were analyzed by
MALDI-TOF (Waters) to confirm the correct sequence of the
peptide using R-cyano-4-hydroxycinnamic acid as the matrix,
and the pure fractions were combined and lyophilized.
In Vitro Mass Spectrometry Assays of Peptide Proces-

sing. Peptides (100 μM) were added to recombinant Prep
(30-300 nM) and incubated at 37 �C for 1 h in 25 mM sodium
phosphate with 0.5 mM EDTA and 2 mM DTT (pH 7.0). The
reactions were quenched with 8 M guanidinium-HCl and then
desalted using Zip-Tips (C18, Millipore). MALDI-TOF was
performed with R-cyano-4-hydroxycinnamic acid as the matrix.
Reaction products were also observed using LC-MS. MALDI
samples were diluted 10-fold into 0.1% formic acid in water.
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Aliquots (5-10 μL) were injected onto an Eksigent nanoLC-2D
HPLC system configured with a prepacked IntegraFrit trapping
column (ProteoPep II C18, 300 Å, 5 μm) and an in-house packed
reverse-phase picotip analytical column (NewObjective) coupled
to an LTQ mass spectrometer (ThermoFisher Scientific). The
liquid chromatography gradient proceeded from 5 to 65%
acetonitrile in water (0.1% formic acid) over 40 min. Mass
spectra were acquired fromm/z 400 to 2000 followed by targeting
the three most abundant ions for MS/MS.
Circular Dichroism. CGRP(1-37), CGRP(20-37), and

dsCGRP(1-37) were dissolved in 50 mM Tris-HCl with 1 mM
EDTA (pH 7.5) at a concentration of 100 μM.All other peptides
were dissolved in 25 mM sodium phosphate with 0.5 mMEDTA
and 2 mMDTT (pH 7.0) at concentrations of 100-500 μM. CD
spectra were recorded on a Jasco J-710 spectropolarimeter at
20 �C using the following standard measurement parameters:
wavelength, 190-260 nm; step resolution, 0.5 nm; speed, 100 nm/s;
number of accumulations, 4; response, 1 s; bandwidth, 1 nm; path
length, 0.1 cm.
In Vitro Kinetic Assays. The kinetics experiments were

performed using an LC-MS-based assay. The concentrations
of the peptide stocks were determined by amino acid analysis
(CommonwealthBiotechnologies Inc., Richmond,VA). Peptides
(0.5-100 μM) were incubated with recombinant Prep (5-100
nM) in 50 mMTris-HCl with 1 mMEDTA (pH 7.5) at 25 �C for
5-60min. The time and concentration of the enzymewere varied
to ensure less than 20% conversion of substrate so that the
reaction rate remained linear. After the reaction had been
quenched with TFA (final concentration of 10%), analysis was
performed by direct injection of the samples onto a LC-MS-
TOF spectrometer (Agilent ESI-TOF, Agilent Technologies)
fitted with a Gemini C18 column (50 mm � 4.6 mm, 5 μm
particle size, Phenomenex) using a binary gradient (A consisted
ofH2O and 0.1% formic acid, and B consisted ofACN and 0.1%
formic acid) from 10 to 50% B over 15 min. The peak areas
served to quantify the different peptides generated during the
incubation with Prep, and standard curves of the product were
used to determine the absolute concentration of the peptides
generated in the reaction. The kinetics data were fitted to the
Michaelis-Menten equation using KaleidaGraph (Synergy soft-
ware). Each determination of the parameters was obtained from
at least three replicates.
Prep Inhibition with CGRP(1-37). The kinetics experi-

ments were performed using an LC-MS-based assay. Substance
P (100 μM) was incubated with 10 nM recombinant Prep in the
presence of varying concentrations ofCGRP(1-37) (from 10 nM
to 200 μM) in 50 mM Tris-HCl with 1 mM EDTA at 25 �C for
60 min. After the reaction had been quenched with TFA (final
concentration of 10%), product formation was assessed by direct
injection of the samples onto a LC-MS-TOF spectrometer
(Agilent ESI-TOF, Agilent Technologies) as described for the
in vitro kinetic assays. The peak areas served to quantify the
product generated during the incubation. The inhibition data
were fitted to a dose-response logistic equation using Kaleida-
Graph (Synergy software). The data shown are the result of three
replicates.
Prep Lysate Activity Assays. C57BL/6mice were sacrificed

and the spinal cords collected and stored at -80 �C prior to use.
To test the effect of boiling on Prep activity, one spinal cord from
a mouse was dounce-homogenized in 400 μL of ice-cold assay
buffer [25 mM sodium phosphate, 0.5 mM EDTA, and 2 mM
DTT (pH 7.0)], while the other spinal cord was heated in boiling

water for 10 min prior to homogenization in assay buffer.
Following centrifugation at 20000g for 20 min at 4 �C, Prep
activitywasmeasured in the lysate using the fluorogenic substrate
Z-Gly-Pro-AMC (Bachem, Inc.). The assay was performed by
addition of Z-Gly-Pro-AMC in assay buffer (final concentration
of 20 μM) to 100 μL of lysate (0.5 mg/mL) in both the absence
and presence of 2 μMS17092. The fluorescence wasmonitored at
37 �C using an excitation wavelength of 360 nm and an emission
wavelength of 460 nm (Spectramax Gemini XS plate reader,
Molecular Devices).
Transfection of COS-7 Cells with Prolyl Peptidases and

Lysate Preparation. COS-7 cells were maintained in DMEM
supplemented with FBS, penicillin, and streptomycin. Clones of
members of the prolyl peptidase family (Prep, Prepl, DPP4,
DPP7, DPP8, DPP9, and FAP) were obtained from Open
Biosystems in PCMV or PCMVsport vectors and used directly
or subcloned into pcDNA3.1 for mammalian cell expression.
Transfection of COS-7 cells with the indicated vectors was
performed using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. Twodays after transfection, the cells
were washed with and resuspended in phosphate-buffered saline
(PBS). Cells were lysed by sonication. Soluble and membrane
fractions were separated by ultracentrifugation at 100000g. The
supernatant was kept as the soluble fraction, and the pellet
was resuspended in 100 μL of PBS. All lysates were diluted
to 1 mg/mL. Protein concentrations were determined by the
Bradford assay.
S17092 Specificity by Competitive ABPP (31). COS-7

cell lysates with overexpressed members of the prolyl peptidase
family (Prep, Prepl, DPP4, DPP7, DPP8, DPP9, and FAP) were
used to screen the selectivity of S17092. COS-7 cell lysates at
1 mg/mL were incubated with 2 μMS17092 or vehicle (PBS with
a final DMSO concentration of 1%) for 10 min at room
temperature. The lysates were then incubated with 2 μM FP-
rhodamine (32) for 30 min. Reactions were quenched with SDS-
PAGE loading buffer (reducing), andmixtures were separated by
SDS-PAGE (10% acrylamide) and visualized in-gel with a GE
Typhoon flatbed fluorescence scanner. The selectivity of S17092
was also tested in spinal cord lysates. Mouse spinal cords were
homogenized in PBS. The lysates were centrifuged at 5000g to
remove debris, and protein concentrations were determined with
a Bradford assay. The ABPP assay was performed on 1 mg/mL
spinal cord lysates exactly as for COS-7 lysates (see above).

RESULTS

Determining the Selectivity of S17092 for Prep. We set
out to identify Prep substrates by measuring changes in
the peptidome as a function of Prep inhibition, which was
accomplished using a pharmacological inhibitor, S17092 (30)
(Figure 1). As a Prep inhibitor, S17092 has been shown to be
potent and specific in vitro and in vivo (17, 33). However, since
the development of S17092 the number of prolyl peptidases has
grown, including the recent discovery of prolyl endopeptidase
like PrepL (5-7), which is most homologous to Prep of all the
members of the prolyl peptidase family (3). Despite this similar-
ity, to the best of our knowledge, S17092 has never been tested for
its selective inhibition of Prep over PrepL, which is an important
factor in our experiments.

Each of the prolyl peptidases was overexpressed in COS-7
cells, and cell lysates containing the different prolyl peptidases
were used in a competitive activity-based protein profiling
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(ABPP) assay (31) to assess the selectivity of S17092. Competitive
ABPP measures the labeling of serine hydrolases with a fluor-
escent activity-based probe, FP-rhodamine (32), in the presence
and absence of an inhibitor. If the inhibitor binds to the enzyme,
the labeling is blocked and the subsequent fluorescent signal of
the labeled protein on an SDS-PAGE gel is diminished in
magnitude or absent (31). Using this assay, we were able to
demonstrate that S17092 does not inhibit any of the dipeptidyl
peptidases (DPP4, -7, -8, and -9 and fibroblast activation protein)
or PrepL (Figure 2A and the Supporting Information), confirm-
ing its specificity as a Prep inhibitor. The selectivity of S17092 for
Prep was further demonstrated by a competitive ABPP assay in
spinal cord lysates. Only the band corresponding to Prep
disappeared upon S17092 addition, indicating that, of the serine
hydrolases labeled by theABPP reagent, only Prep is inhibited by
S17092 (Figure 2B).
Peptidomics Experiments Using Prep Selective Inhibitor

S17092.Theworkflow for our peptidomics experiments consists
of four key steps: isolation of the peptide from tissues of S17092
and vehicle-treatedmice, LC-MS analysis, XCMS processing to
discover changes in ion abundance between two samples (34),
and, finally, identification of the peptides using SEQUEST (35)
(Figure 1). Mice were treated with S17092 (30 mg/kg) via an
intraperitoneal injection. Inhibition of Prep was assessed by
comparing S17092-treated tissue lysates to those from vehicle-
treatedmice for residual Prep activity using a selective fluorescent
Prep substrate, Z-Gly-Pro-AMC (36). In initial experiments,
mice were treated with S17092 for 4 h prior to tissue isolation.
We found approximately 8%activity in tissues fromS17092mice
when compared to vehicle-treated mice (Figure 2C), indicating
that S17092 was able to be distributed into the nervous system
and inhibit the enzyme.

For our peptidomics experiments, the relevant tissue is isolated
and processed to maximize the integrity of the peptidome. Speci-
fically, the tissue is heated prior to tissue homogenization as a
means of eliminating any enzymatic activity, especially proteolytic
activity, which might degrade our peptides or generate additional
peptides through the proteolysis of proteins (23, 27, 37). We
confirmed the effectiveness of this heat denaturation step by the
absence of Prep activity in heat-treated samples (Supporting Infor-
mation). After being heated, tissue samples were homogenized, and
endogenous peptides were separated from larger proteins by
filtration through a molecular mass cutoff filter (10 kDa). This
filtrate was then concentrated and analyzed by LC-MS.

Differences in the peptidome were identified by comparison of
the LC-MS data sets from S17092-treated samples to vehicle-
treated samples using XCMS. XCMS is a comparative profiling

FIGURE 1: Workflow for peptidomics analysis of Prep-regulated
peptides. Peptides are isolated from mice treated with vehicle or the
Prep inhibitor, S17092. LC-MS analysis of the peptidome is fol-
lowed by data analysis with XCMS, which quantifies changing ions
between two treatment conditions. The peptide sequences of these
ions are then determined using tandem MS spectra and SEQUEST.
These ions often consist of substrates or products of the peptidase.

FIGURE 2: S17092 selectivity and optimal conditions for peptido-
mics. (A) S17092 was screened against Prep and PrepL using a
competitive ABPP assay with FP-rhodamine as the probe. S17092
(2 μM) selectively inhibits labeling of Prep (left) but does not alter
PrepL labeling (right) in lysates (1mg/mL)of transfectedCOS-7 cells.
(B) S17092 selectively inhibits Prep in spinal cord lysates. S17092
(2 μM) or vehicle was added to spinal cord lysates (1 mg/mL) in a
competitiveABPPassaywithFP-rhodamine as the probe. The arrow
indicates the Prep band that is the only band that disappears upon
addition of S17092. (C) Prep activity in spinal cord lysates 1 and 4 h
post-intraperitoneal injection of S17092 (30 mg/kg) using a selective
Prep substrate, Z-Gly-Pro-AMC. The activity is represented as a
percentage of the residual activity in the S17092-treated sample when
compared to the vehicle-treated sample. (D) Levels of Prep substrates
in the spinal cord 1 and 4 h after intraperitoneal S17092 administra-
tion. The level of CGRP(20-37) is significantly elevated at 1 h (gray
bar) and 4 h (white bars), while the level of Tmsb4(8-22) is elevated
only at 1 h.
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software used to align, quantify, and statistically rank ions
between two data sets (34), in this case S17092 and vehicle. To
date, XCMS has primarily been used to analyze data from
metabolomics experiments (38, 39), but we were able to success-
fully apply this program to detect statistically significant changes
in our S17092-vehicle data sets. Each of these changing ions
identified by XCMS was manually validated by inspection and
integration of the peaks in the extracted ion chromatograms, and
these numbers were used to calculate all ratios. Finally, the
sequences of these peptides are identified using their tandemMS
(MS2) spectra and SEQUEST (35). During this analysis, we also
searched for peptides with post-translational modifications,
including acetylation, phosphorylation, and C-terminal amida-
tion, which was important since many Prep-regulated peptides
are modified (∼40% of the final list of peptides).
Duration of S17092 Inhibition on a Number of Prep-

Regulated Peptides. In initial experiments, only three peptides
were identified as changingmore than 2-fold in the spinal cords of
mice treated with S17092 for 4 h. Previous work with S17092
revealed increased substance P brain levels when measured at
earlier time points (1 h) after administration of S17092, but these
levels returnedback tobaseline levels after chronic inhibition (17).
The exact cause of this difference is unknown, but it prompted us
to look at earlier time points in the spinal cord to account for
possible compensatorymechanisms or the return of Prep activity.
Either of these mechanisms could mask Prep-regulated peptides
in the peptidome. Shifting our analysis point from 4 h to the 1 h
time point identified significant changes in the same three

peptides we initially measured at 4 hs, most with a greater change
at 1 h (Supporting Information andFigure 2D). The analysis also
revealed 12 additional peptides that were significantly changing
only at the 1 h time point (Figure 2D and Table 1). Analysis of
Prep activity at 1 and 4 h reveals substantiallymore activity at 4 h,
which might explain the smaller number of changes at 4 h
(Figure 2C).

On the basis of these results, subsequent profiling in the brain
and hypothalamus was conducted following a 1 h treatment with
S17092. Altogether, we identified 23 distinct peptides changing in
response to Prep inhibition, with a large degree of overlap among
the spinal cord, brain, and hypothalamus (Table 1). Importantly,
wewere able to detect changes in brain substance P levels, a known
Prep substrate (14, 17), which validated our peptidomics ap-
proach. Moreover, all of the peptides elevated in the Prep-
inhibited samples contained a proline residue indicating that they
are potential Prep substrates, and many of the peptides with
elevated levels in the vehicle sample had a C-terminal proline,
indicative of a Prep cleavage product. Importantly, not all proline-
containing peptides are significantly changing in vivo. Next, we
wanted to confirm that some of these peptides are bona fide
substrates of Prep.Overall, the S17092 elevated peptides are longer
and contain more prolines than typical Prep substrates (2, 12). We
selected a longer peptide with a single proline, CGRP(20-37), and
a number of peptides with multiple prolines as substrates to test
with Prep. These substrates are representative of the endogenous
substrate pool and would provide a better understanding of the
relationship between Prep and natural substrates.

Table 1: Relative Levels of PeptidesMeasured by Peptidomics in theCentralNervous System (CNS) ofMice Treatedwith the Prep Inhibitor S17092 or Vehicle

sequencea precursor protein (peptide region) S17092/vehiclea

Vehicle-Elevated Peptides

Ac-MNTSFTRKSHc 20,30-cyclic-nucleotide 30-phosphodiesterase, Cnp(1-10) 0.43b

NVGSEAF-NH2
a calcitonin gene-related peptide 1, CGRP(31-37) 0.53c

Ac-ADKEAGGGDAGPRETAPa heat shock protein 12A, Hsp12a(2-18) 0.12b

KGPGPGGPGGAGGARGGAGGGPc neurogranin, Nrgn(54-75) 0.15b

EEEANGGEILAa preproenkephalin 1, Penk(123-133) 0.20c

GRGS(Phos)EEDRAPa,c chromogranin B precursor, Chgb(362-371) 0.10ac

LLEAAQEEGAVTPDLPGLEKVQVRPa thyroliberin precursor, Trh(25-49) 0.26c

APPEPVPPPRAAPa,b VGF nerve growth factor, Vgf(490-502) 0.24ab

S17092-Elevated Peptides

GGVVKDNFVPTNVGSEAF-NH2
a calcitonin gene-related peptide I, CGRP(20-37) 2.9c

EPPPPEPPRIa,b Cd99 antigen-like 2, Cd99l2(207-216) 3.5bb

APPGVPRITISDPa,b dynamin 1, isoform 3 or 5, Dnm1(839-851) 3.9c

Ac-GPGPAPRKa RIKEN cDNA 6330403L08, 6330403L08(222-229) 5.8c

PSPKTPPGSGEPPKSc microtubule-associated protein tau, Mapt(485-499) 4.5b

MDELYPMEPEEEANGGEILAa preproenkephalin 1, Penk(114-133) 3.0b

SAASAPLVETSTPLRLa,b proSAAS precursor, Pcsk1n(44-59) 3.6ac

APLVETSTPLRLb proSAAS precursor, Pcsk1n(48-59) 2.1c

RPKPQQFFGLM-NH2
b substance P, Subp(1-11) 1.9c

LPEPAPPRPSb synapsin-1, Syn(673-682) 5.9c

SPPFTETLDTSSKGYQVPAYb synaptogyrin-3, Sng3(210-229) 2.5c

Ac-SDKPDMAEIEKFDKSa,b thymosin β4, Tmsb4x(8-22) 3.0ac

Ac-SDKPDMAEIEKFDKSKLKb thymosin β4, Tmsb4x(8-25) 3.0c

APPGRPDVFPPPLSSEa,b VGF nerve growth factor, Vgf(24-39) 3.3ac

APPEPVPPPRAAPAPTHVa,b VGF nerve growth factor, Vgf(490-507) 3.7bc

Unaffected Proline-Containing Peptides

RPTLNELGISTPEELGLDKVa cytochrome c oxidase subunit 5A, Cox5a(127-146) 1.1

TPRTPPPSQa mylein basic protein, Mbp(252-260) 1.7

aa, spinal cord; b, brain; c, hypothalamus. bp e 0.05. cp e 0.01.



11976 Biochemistry, Vol. 48, No. 50, 2009 Nolte et al.

Kinetic Studies with CGRP, CGRP Fragments, and
CGRP Analogues. Prep is known to prefer shorter peptide
substrates (2, 11, 40, 41), and kinetic studies with peptides as long
as 17 amino acids support this idea (41). However, a number of
the peptides identified as Prep substrates through peptidomics
are longer than the typically studied Prep substrates.We used the
CGRP(20-37) substrate to verify that some of the longer
peptides we identified can be cleaved by Prep. In addition,
CGRP(20-37) was compared to full-length CGRP(1-37),
which was unchanged in our peptidomics data (Supporting
Information), to test whether the known preference of Prep for
shorter peptides still applied for peptides as long as 18 amino
acids, like CGRP(20-37). Since the Prep cleavage site in CGRP-
(20-37), an endogenous substrate, and CGRP(1-37) are the
same, any differences in catalysis should be due to differences in
peptide structure or interactions between the protein and peptide
at sites outside the cleavage site. In addition to these two CGRP
peptides, a diserine mutant of CGRP(1-37), which we termed
dsCGRP(1-37), was also analyzed and served as a control for
secondary structure imposed by the internal disulfide bond found
in the CGRP(1-37) structure (Figure 3). All three CGRP
analogues have the same product peptide, CGRP(30-37). Ki-
netic measurements of the product peptide were performed by
LC-MS.

First, these kinetics experiments confirmed that CGRP-
(20-37) is a Prep substrate with a kcat/Km of 6.9 � 103 M-1

s-1, supporting the notion that this peptide is an endogenous
Prep substrate (Figure 3). In addition, comparison of CGRP-
(20-37) to the full-length CGRP peptides, CGRP(1-37) and
dsCGRP(1-37), demonstrated that Prep is sensitive to peptide

length in agreement with previous reports (11, 42). Specifically,
the kcat/Km for CGRP(20-37) is 20-fold better than the activity
toward CGRP(1-37) and 40-fold better than that toward
dsCGRP(1-37) (Figure 3). These differences did not seem to
be structural, as circular dichroism (CD) experiments showed
that these peptides are mostly unstructured (Supporting In-
formation), and little difference was observed in kcat/Km between
CGRP(1-37) and dsCGRP(1-37). We also tested a mutant of
Prep, PrepD35A-K196A, that lacks a key salt bridge, from D35
to K196, connecting the two domains found in Prep and lies in
front of the active site (40, 43). This mutant enzyme had a relaxed
preference for shorter peptides as the kcat/Km value for dsCGRP-
(1-37) was only 6-fold worse than that of CGRP(20-37)
(Figure 3).

Interestingly, with PrepD35A-K196A, CGRP(1-37) deviated
from hyperbolic kinetics (Supporting Information), most likely
due to product inhibition at higher substrate concentrations, and
we accounted for this by calculating kcat/Km as a second-order
rate constant at lower concentrations. If all the substrates’ kcat/
Km values are calculated as second-order rate constants, the result
is the same; PrepD35A-K196A has reduced specificity for shorter
peptides (Supporting Information). These kinetic experiments
with Prep and PrepD35A-K196A support previous studies that
indicate that access to the Prep active site restricts cleavage to
shorter peptides and defines a specific case, CGRP, in which this
biochemical property of Prep enables this enzyme to regulate the
CGRP(20-37) fragment without affecting the levels of bioactive
CGRP(1-37) in vivo (Supporting Information).
CGRP Inhibition of Prep Activity. Since CGRP is such a

poor substrate for Prep but still seems to bind to the enzyme, we

FIGURE 3: Experiments with CGRP peptides. (A) Sequences and nomenclature of CGRP peptides used throughout this work. (B) Rate vs
substrate concentration plot for CGRP(20-37) with Prep indicating a single cleavage site enzyme-substrate reaction. (C)Kinetic parameters for
the different substrates [CGRP(20-37), CGRP(1-37), and dsCGRP(1-37)] with wild-type Prep and PrepD35A-K196A show the strong
preference of the enzyme for the shorter CGRP(20-37) peptide.Data represent averages( standard errors (SE). (D) The inhibition of substance
P (100 μM) degradation by Prep (10 nM) was monitored at varying concentrations of CGRP(1-37) (from 10 nM to 50 μM). CGRP(1-37)
inhibited Prep activity with an IC50 of 2 μM.
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tested whether CGRP could inhibit Prep-mediated substance P
catabolism. This stemmed from previous observations that
increasing concentrations of CGRP weakened substance P
degradation, enhancing and prolonging the effects of substance
P (44, 45), but the enzyme was never identified. In vitro cleavage
assays with 100 μM substance P and 10 nM Prep in the presence
of varying concentrations of CGRP indicated that CGRP
inhibited the degradation of substance P with an IC50 of 2 μM.
In Vitro Experiments with Multi-Proline-Containing

Substrates and Recombinant Prep. Interestingly, many of
the Prep substrates we identified had two or more potential Prep
cleavage sites denoted by prolines in their sequence. For example,
the Penk(114-139) substrate contains two proline residues, while
Cd99l2(207-216) has six prolines among its 10 amino acids
(60%). Many of the peptides with more than two prolines come
from a proline rich domain (PRD) of the full-length protein
precursor, andwe refer to any peptidewith three ormore prolines
as a proline rich peptide (PRP).

These multi-proline substrates differ dramatically from known
Prep substrates, which usually have a single proline, making it
difficult to predict how these peptides would be processed.On the
basis of the reported substrate selectivity of Prep, one would
expect cleavage of the endogenous multi-proline substrates,
including PRPs, at nearly every proline residue, except, perhaps,
for proline repeats with three or more prolines (46). However,
Prep-regulated peptides elevated in the vehicle samples still have
intact prolines, even though the peptide appears to have been
cleaved by Prep, suggesting that Prepmight show some specificity
between different prolines. This observation prompted us to test
whether certain substrates, containing either two prolines or

many prolines (e.g., PRPs), are preferentially cleaved by Prep at a
single proline residue.

We began these studies by looking at peptides with two
noncontiguous proline residues, Penk(114-133) and Ac-
Hsp12a(2-23). The Ac-Hsp12a(2-18) peptide, a putative Prep
product with an elevated level in the vehicle-treated sample,
contained two prolines, one internal (position 13) and one at the
C-terminus. This observation suggests that Prep cleaved this
substrate at only one of two potential cleavage sites to produce
the observed product. To test this, we added the next five amino
acids in the Hsp12a sequence to Ac-Hsp12a(2-18) to generate
the Ac-Hsp12a(2-23) peptide, a model substrate that we could
use to assess Prep specificity. Analysis of the processing of the
Penk(114-133) and Ac-Hsp12a(2-23) by Prep revealed that
Penk(114-133) is cleaved at both prolines to approximately the
same extent, while Ac-Hsp12a(2-23) is preferentially hydrolyzed
at proline 18 (Figure 4). To ensure that this differencewas not due
in some way to the N-terminal acetyl group of the Hsp12a
peptide, we tested an Hsp12a variant lacking the N-terminal
acetyl group and found the same result (Supporting In-
formation).

Next, we looked at two PRPs derived from the VGF nerve
growth factor, Vgf(24-39) and Vgf(490-507). On the basis of
the known selectivity of Prep, we would predict that both these
peptides would be cut at multiple sites except for the tri-proline
repeat, PPP (46), while our peptidomics data indicate that
Vgf(490-507) might be predominantly cleaved at a single
proline. Prep processing of the Vgf(24-39) peptide occurs at
multiple sites to afford the following major products: Vgf-
(30-39), Vfg(24-35), Vfg(24-34), and Vgf(24-33) (Figure 5).

FIGURE 4: Prep cleavage of peptides with two proline residues. (A) LC-MS trace of Prep cleavage of Hsp12a(2-23) showing a single major
product, Hsp12a(2-18). (B) Penk(114-133) processed to a similar extent at two positions, 120 and 123. (C) MALDI-MS spectrum of
Hsp12a(2-23) that corroborates the LC-MS data and shows only a single predominant product, Hsp12a(2-18). (D) Cleavage pathways that
generate the product distributions seen for Hsp12a(2-23) and Penk(114-133).
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By contrast, we find a single predominant cleavage product of the
Vgf(409-507) peptide, Vgf(490-502), the endogenous product,
indicating an increased rate of cleavage at this site at proline 502.

The studies revealed that certain peptides containing multiple
proline residues are processed by Prep at a single site, while other
peptides, with seemingly similar sequence motifs, are digested at
multiple proline sites (Figures 4 and 5). For example, Prep cleaves
the peptide Vgf(490-507) predominantly at the Pro13-Ala14
bond (Figure 5), even though there are eight potential Prep
cleavage sites in this peptide, one after each proline. On the other
hand, Prep cleaves another VGF peptide, Vgf(24-39), at multi-
ple sites throughout the peptide, including the PPP repeat, which
was suggested to be refractory to cleavage by any peptidase (46).
Obviously, peptide structure could play a large role in regulating
the cleavage specificity of the enzyme, but CD analysis revealed
no substantial secondary structure in these peptides that could
account for the observed differences in Prep specificity between
the different sites (Supporting Information).

DISCUSSION

Here we utilized an unbiased peptidomics approach to identify
the endogenous substrates of the peptidase Prep in the mouse
CNS (spinal cord, brain, and hypothalamus). Earlier work aimed
at identifying Prep substrates relied on radioimmunoassays and
immunohistochemistry to measure changes in specific peptide
levels as a function of Prep activity (47, 48). For example, levels of
substance P, R-melanocyte-stimulating hormone, thyrotrophin-
releasing hormone, and arginine vasopressin are all elevated

uponPrep inhibition in several discrete regions of the rat brain, as
measured by immunohistochemical methods (16, 17). Mass
spectrometry-based peptidomics methods improve on these im-
munological methods because they are not restricted to known
peptides, do not require associated antibodies, and are not
subject to the cross-reactivity encountered by some anti-
bodies (49).

In our studies, we used S17092 (17, 30), which we confirmed as
a selective Prep inhibitor (Figure 2A,B and the Supporting
Information), to block Prep activity in the CNS. Comparison
of the tissue peptidomes from S17092-treated mice to those of
animals treated with vehicle revealed a number of peptide
substrates for the enzyme, including the known substrate sub-
stance P (14, 17). Surprisingly, there was no substrate overlap
with a prior peptidomics study aimed at identifying Prep
substrates in the CNS of rats. This could result from methodo-
logical differences such as inhibitor, model organism, duration of
inhibition, or quantitation strategy. In total, we found changes in
23 distinct peptides, with levels of 15 peptides elevated in the
S17092-treated samples (substrates) and levels of eight peptides
elevated in the vehicle sample (products) (Table 1).

An overview of these peptides revealed that nine peptides
(∼40%) contain post-translational modifications (PTMs) and
eight of these peptides (∼35%) are protein fragments derived
from regions of proteins known as PRDs. Three of the product
peptides in the vehicle sample are shorter fragments of substrates
found in the S17092-treated samples. For example, we detect the
preproenkephalin peptide, Penk(123-133), in the vehicle-treated
sample, while we see the level of corresponding Prep substrate,

FIGURE 5: Prep cleavage of PRPs containingmultiple prolines. (A) Cleavage ofVgf(490-507) by Prep occurs preferentially at a single position to
provide Vgf(490-502) as the major product in the LC-MS trace. (B) PRP Vgf(24-39) is cleaved to similar extents at four prolines (positions 30
and 33-35). (C) AMALDI-MS spectrum of Vgf(490-507) supports the LC-MS data that show cleavage occurs preferentially at the proline at
position 502 to give the product Vgf(490-502). (D) Cleavage pathways that generate the product distributions seen for Vgf(490-507) and
Vgf(24-39).
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Penk(114-133), elevated in the S17092-treated samples.We refer
to these combinations where we are able to detect a substrate and
its corresponding product as a “substrate-product pair”. This
provides uswith the best evidence that a peptide is an endogenous
substrate.

Prep substrates also included bioactive peptides, such as
substance P. More generally, the measurement of changes in
substance P levels upon Prep inhibition validates our methodo-
logy by demonstrating our ability to detect known Prep sub-
strates. Furthermore, novel interactions between Prep and
bioactive peptides were also detected. Specifically, the novel Prep
substrate Penk(114-133), a fragment of the proenkephalin gene,
has recently been shown to stimulate glutamate release when
introduced into the brains of rodents (50). The determination of
biological connections between Prep and bioactive peptides, such
as Penk(114-133), is valuable because they highlight potential
links between Prep and cellular and physiological functions, such
as glutamate release in vivo.

In addition, the thymosin β4 peptides, Tmsb4(8-22) and
Tmsb4(8-25), are precursors of the bioactive peptide Ac-SDKP,
which is produced by Prep cleavage of thymosin β4 (51, 52). The
Ac-SDKP peptide has been implicated in a number of biological
processes, including fibrosis, proliferation, and angiogenesis
(53-55). While thymosin β4 is expressed in the brain, the Ac-
SDKP peptide has mostly been studied in the periphery, speci-
fically the cardiovascular system. Thus, the finding of thymosin
β4 as a Prep substrate in the nervous system suggests that the Ac-
SDKP peptide, and the thymosin β4-Prep-Ac-SDKP pathway in
general, should also be studied for functions in the nervous
system. This pathway could indicate new roles for Prep in the
nervous system.

Next, we wanted to confirm that some of the S17092-elevated
peptides were Prep substrates. We specifically targeted peptides
that did not fit the typical mold of Prep substrates, which are
usually short (<15 residues) with a single proline (12, 14, 16, 56),
because we reasoned that looking at qualitatively different
substrates provided the best opportunity to learn something
new about the enzyme. Enzyme kinetics with recombinant Prep
confirmed that CGRP(20-37) is a Prep substrate (Figure 3B,C).
In an elegant series of studies, Gorr~ao and colleagues designed
fluorescence resonance energy transfer (FRET) Prep substrates
to study factors such as length dependence and subsite specificity
of Prep (41). An exact comparison of results to this work is
difficult because of differences in reaction conditions; however, it
is clear that CGRP(20-27) is at least 2 orders of magnitude
slower that a 17-residue peptide used byGorr~ao and co-workers.

Asmentioned, in vitro results are sometimes poor predictors of
in vivo substrates, but this comparison does suggest that CGRP-
(20-37) is probably not a preferred physiological substrate of
Prep. Our in vivo data support this as well, since many of the
better substrates return to baseline levels after 4 h, but the level of
CGRP(20-37) is still elevated (Figure 2D). This suggests that the
Prep is cleaving better substrates faster than it is cleaving
CGRP(20-37) in vivo. Additionally, such poor substrates can
sometimes also act as competitive inhibitors, which we demon-
strated with CGRP(1-37). While it is possible that CGRP-
(20-37) is also acting as an inhibitor, it is probably not occurring
in vivo since CGRP(20-37) levels are up at 4 h while many of the
preferred substrates (e.g., substance P) return to baseline levels,
indicating a return of Prep activity.

Moreover, these FRET studies (41), as well as others (57), have
demonstrated that longer peptides are poorer Prep substrates.

For example, the aforementioned 17-residue FRET peptide was
the worst substrate in a series of peptides ranging from 7 to 17
amino acids. We found similar results when comparing CGRP-
(1-37) and dsCGRP(1-37), a di-serine mutant lacking the loop
region found at the N-terminus of CGRP(1-37), to CGRP-
(20-37), even though all these peptides contain the exact same
18-amino acid cleavage site. These kinetics experiments con-
firmed the preference of Prep for shorter substrates and demon-
strated that Prep selectivity might allow the enzyme to control
CGRP(20-37) without disturbing full-length CGRP(1-37)
(Figure 3C), even though CGRP(20-37) is likely not a preferred
endogenous Prep substrate.

Furthermore, experiments with a Prep mutant, PrepD35A-
K196A, support the importance of interdomain interactions in
providing access to the Prep active site (11, 40, 43), which is partly
responsible for the length dependence seenwith Prep (Figure 3C).
Since the structures of these peptides are predominantly random
coil (Supporting Information), and the mutant still shows a
preference for shorter peptides, these results also suggest the
additional possibility that longer peptides are interacting with the
enzyme at an undefined exosite.Moreover, since CGRP(1-37) is
a poor Prep substrate that still binds to the enzyme, we tested this
peptide as a Prep inhibitor and showed that it could inhibit the
cleavage of substance P with an IC50 of 2 μM. This provides a
mechanism for explaining the previous observation that CGRP
can enhance substance P activity (44, 45) (Figure 3D). Without
estimating intracellular concentrations of CGRP, it is impossible
to assess whether this process is physiologically relevant, but this
might provide an explanation for in vitro experiments with
exogenously added CGRP (45). More generally, this experiment
highlights the potential interplay between peptides and pepti-
dases in the complex milieu of the cellular environment, provid-
ing another factor to consider when studying the mechanism of
action of certain bioactive peptides.

One of the most striking contrasts between our results and the
previous peptidomics analysis was the number of Prep-regulated
peptides we identified that contain more than one proline. More
specifically, 11 of 15 (∼70%) of the substrates we identified had
at least two prolines in the sequence, and seven of 15 endogenous
substrates had more than two prolines, many of them derived
from the PRDs of their precursor proteins (Table 1). PRDs are
found in a number of proteins, including many scaffolding
proteins, and mediate protein-protein interactions with SH3
proteins to assemble functional protein complexes (58-60). For
example, the PRD of dynamin participates in protein-protein
interactions between microtubules, Grb2, amphiphysin, and
dynamin (i.e., dynamin-dynamin interactions) (58, 59). Within
a PRD, there are usually shorter sequences thatmediate protein-
protein interactions, including the consensus SH3 binding motif,
XPXXP (61). Interestingly, we find anXPXXPmotif in a number
of the Prep-regulated peptides, including Vgf(490-507), Dnm1-
(207-216), and Syn(673-682), which raises the possibility that
these peptides might influence protein-protein interactions,
through dominant-negative interactions.

We tested some of the substrates withmultiple proline residues
as substrates for Prep, including a pair of PRPs. One goal in these
experiments was to gain evidence to support or refute an
observation from our peptidomics data that suggests Prep shows
a preference for individual prolines (Table 1). For example,
despite having multiple proline residues, we detect only a single
product for Vgf(490-507) in our vehicle-treated peptidomics
data, Vgf(490-502), suggesting that this peptide is preferentially
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cleaved at one of eight proline residues. By contrast, Penk-
(123-133) is also a Prep product, but this peptide contains no
prolines, indicating that both prolines are cleaved.We tested four
peptides in these experiments as substrates for Prep: Penk-
(114-133), Ac-Hsp12a(2-23), Vgf(24-39), and Vgf(490-507).
On the basis of our in vivo results, we would predict that the Ac-
Hsp12a(2-23), which contains two prolines, and Vgf(490-507),
a PRP,would only preferentially be cleaved at a single site. Our in
vitro experiments corroborated these predictions since Prep
cleavage occurred predominantly at a single proline residue for
both these peptides. By contrast, we found that the other two
peptides, Penk(114-133) and Vgf(24-39), were processed to
similar degrees at multiple sites to generate multiple fragments.
Therefore, Prep can show a preference between proline residues
in certain peptides, supporting the hypothesis developed from
our peptidomics profiling data.

A cursory look at the peptide sequences that were preferen-
tially cleaved at a single site to those peptides that were cleaved at
multiple sites did not reveal any sequence elements that might
provide a clue about the underlying molecular basis of this
selectivity. For example, the two Vgf substrates, Vgf(24-39)
and Vgf(490-507), both contain a PPP site, but the Vgf(24-39)
peptide is cut at this site while the Vgf(490-507) peptide seems to
be refractory to cleavage at this site. It is known that Prep can
show some specificity based on charge near the cut site, preferring
positively charged peptides at neutral pH (56). This specificity
might provide an explanation for some of these differences, but
we do not have enough substrates to identify such a pattern in our
data. Furthermore, CDmeasurements indicated that most of the
peptides are predominantly random coil in solution, so structural
differences between the peptides cannot contribute strongly to
these differences.

In conclusion, our peptidomics results have provided new
insights into the biochemistry and biology of Prep in the nervous
system. Prep-regulated peptides included known substrates such
as substance P and thymosin β4, which validates our profiling
results, as well as novel substrates, including PRPs. Biochemical
experiments tested and confirmed a subset of S17092-elevated
peptides as substrates of Prep. These experiments also provided
insights into the biochemistry of the enzyme, revealing an
unappreciated specificity that enables Prep to preferentially
cleave at a single proline in peptides that contain multiple
prolines. In addition to these biochemical insights, the discovery
of bioactive peptides, or bioactive peptide precursors, regulated
by Prep facilitates the development of new hypotheses about the
physiological function of Prep. For example, elevated levels of
thymosin β4 precursor protein indicate that Prep is controlling
the production of the Ac-SDKP peptide in the nervous system,
which would link Prep to the regulation of diverse physiological
processes such as angiogenesis and proliferation in the CNS.
More generally, these results highlight the value of peptidomics
approaches in obtaining biochemical and biological insights into
the functions of mammalian peptidases.

ACKNOWLEDGMENT

We thank the other members of our lab for reading the
manuscript and for helpful discussions.

SUPPORTING INFORMATION AVAILABLE

ABPP gels with prolyl peptidases and S17092, Prep activity
assay showing heat inactivation, graph with fold changes of

peptides after inhibition for 1 and 4 h, graph of CGRP(1-37)
levels after inhibition for 1 h, kinetic plots of CGRP analogues
with wild-type and mutant Prep, table with kinetic parameters of
CGRP analogues with wild-type and mutant Prep with kcat/Km

calculated as a second-order rate constant, MALDI-MS spec-
trum of the reaction of unacetylated Hsp12a(2-23) with Prep,
circular dichroism spectra used in in vitro studies with Prep, and a
table showing the percent R-helicity of CGRP analogues. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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