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bstract

Approximately 2% of the human genome encodes for proteases. Unfortunately, however, the biological roles of most of these enzymes remain
oorly defined, since the physiological substrates are typically unknown and are difficult to identify using traditional methods. We have developed a
roteomics experiment based on FTMS profiling and differential mass spectrometry (dMS) to identify candidate endogenous substrates of proteases
sing fractionated human plasma as the candidate substrate pool. Here we report proof-of-concept experiments for identifying in vitro substrates
f aminopeptidase P2, (APP2) and dipeptidyl peptidase 4 (DPP-4), a peptidase of therapeutic interest for the treatment of type 2 diabetes. For both
roteases, previously validated peptide substrates spiked into the human plasma pool were identified. Of note, the differential mass spectrometry
xperiments also identified novel substrates for each peptidase in the subfraction of human plasma. Targeted MS/MS analysis of these peptides
n the complex human plasma pool and manual confirmation of the amino acid sequences led to the identification of these substrates. The novel
PP-4 substrate EPLGRQLTSGP was chemically synthesized and cleavage kinetics were determined in an in vitro DPP-4 enzyme assay. The

pparent second order rate constant (kcat/KM) for DPP-4-mediated cleavage was determined to be 2.3 × 105 M−1 s−1 confirming that this peptide

s efficiently processed by the peptidase in vitro. Collectively, these results demonstrate that differential mass spectrometry has the potential to
dentify candidate endogenous substrates of target proteases from a human plasma pool. Importantly, knowledge of the endogenous substrates can
rovide useful insight into the biology of these enzymes and provides useful biomarkers for monitoring their activity in vivo.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Proteases play important roles in diverse physiological pro-
esses ranging from cellular metabolism and immune surveil-

ance to cell survival and apoptosis. Although proteases are rec-
gnized as important enzymes, they represent a largely untapped
amily of potential therapeutic targets. The biological roles of

Abbreviations: dMS, differential mass spectrometry; FTMS, Fourier trans-
orm mass spectrometry
∗ Corresponding author at: Merck & Co., Inc., 126 E Lincoln Ave, RY800-
301, Rahway NJ 07065, United States. Tel.: +1 732 594 5940;

ax: +1 732 594 3371.
E-mail address: ronald hendrickson@merck.com (R.C. Hendrickson).
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ost human proteases remain poorly defined, since their physio-
ogical substrates are often unknown and are difficult to identify
sing traditional methods such as HPLC [1] and zymography
2]. Positional scanning techniques [3] and combinatorial library
trategies [4] are often effective in determining subsite speci-
city near the sessile bond; however, these approaches require
rior knowledge of the substrate and may be limited by the diver-
ity of the peptide library.

Comparative proteomic profiling, via MALDI-TOF (matrix
ssited laser desorption ionization) or LC–MS (liquid

hromatography–mass spectrometry), provides an alternative
pproach to identify novel physiological substrates. Such
pproaches have been used in the analysis of complex samples
o identify peptides whose ion abundances are quantitatively

mailto:ronald_hendrickson@merck.com
dx.doi.org/10.1016/j.ijms.2006.09.020
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ifferent between two well-controlled experimental conditions.
xamples include the identification of class I epitopes from HIV

nfected B cells [5], substrates processed by the multi-enzyme
roteosome complex [6], and even virulence factors [7].

LC–MS based methods are well suited to the analysis of com-
lex biological mixtures and provide three-dimensional profiles
hat allow analytes to be differentiated on the basis of mass-to-
harge ratio (m/z), retention time, and ion intensity. High reso-
ution Fourier transform mass spectrometers (FTMS) offer new
pportunities for the analysis of increasingly complex mixtures
nd the recent development of ion trap FTMS hybrid instru-
ents has made it possible to acquire high quality LC–FTMS

ata [8–11]. These instruments have the capacity to generate
ata with mass accuracy better than 5 ppm, resolving power in
xcess of 100,000, large dynamic range, and absolute sensitivity
n the attomole range (10−18 moles). Such improved instrument
erformance and the need to identify statistically meaningful
uantitative differences in peptide and protein abundance with-
ut the use of stable isotope labels has heightened the importance
or LC–MS based profiling methods.

In practice, difficulties associated with the acquisition and
nalysis of LC–MS profiles have limited the utility of com-
arative proteomic profiling methods. Retention time stability,
C separation consistency and the reliable mass spectrometer

esponse are requirements to generate reproducible LC–MS data
or a large number of samples. In addition, the large volume
nd complexity of LC–MS profile data make manual analysis
ncreasingly difficult. Both of these challenges are becoming less
f an issue as instrument vendors strive to increase the tolerance
f their products and as automated software tools that reliably
nalyze LC–MS profile data become available [12,13].

Here we describe the development of an LC–FTMS based
omparative protein profiling method for the detection of pro-
ease substrates in biological fluids such as plasma and cerebral
pinal fluid (CSF). We evaluated reproducible sample prepa-
ation methodologies that could generate pools of candidate
ubstrates for interrogation against any target protease of inter-
st. Fractionation technology from Digilab Biovision GmbH,
anover, Germany, was adopted for the isolation of low molec-
lar weight peptides (typically <15,000 Da) from human plasma
ltrafiltrate [14]. Incubation of processed human plasma sam-
les with target proteases followed by reproducible LC–FTMS
rofiling and automated data analysis allowed us to establish
n experimental paradigm for detecting protease substrates in
uman plasma, which we call differential mass spectrometry
dMS) [13]. In these experiments, complex mixtures of poten-
ial peptide substrates are incubated with a target protease and
he hydrolysis of peptides is monitored over time, which is quite
imilar to that of a routine enzymatic assay that measures the
ate of proteolysis for a single substrate. The unique character-
stic, however, is that differential mass spectrometry provides a

ultiplexed assay wherein virtually all peptides signals detected
n the mass spectrometer are monitored, hence facilitating the

nalysis of complex and “undefined” biological mixtures. Ions
hat show a statistically significant change in abundance over
ime that is characteristic of a substrate or product peptide,
re distinguished from those peptides, which are unchanged.
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argeted MS/MS analysis is used to acquire product ion spec-
ra from which the amino acid sequence is deduced. Here, we
escribe two proof-of-concept differential mass spectrometry
xperiments to identify substrates of DPP-4 [15], an enzyme for
hich highly selective small molecule inhibitors are available,

nd aminopeptidase P2 (APP2) [16], an enzyme for which no
elective chemical inhibitor has been reported.

. Experimental design and methods

.1. DPP-4—prototypic peptidase for which a selective
hemical inhibitor is available

Human blood was collected in EDTA vacutainer tubes,
hilled on ice and processed to separate plasma via standard
aboratory protocols. Human plasma ultrafiltrate was prepared
rom these samples [14] by Digilab Biovision GmbH. In a
ypical experiment, 0.5 ml plasma equivalents of ultrafiltrate
ere re-suspended in 55 �l assay buffer (10 mM HEPES, pH
.5, 50 �g/ml BSA) and 250 nM each of control peptides GLP-
(7-36)-amide, GHRH(1-44), and PACAP38, corresponding
o validated in vitro substrates of DPP-4 [17]. Samples were
onicated for 5 min and centrifuged at 15,000 × g to remove
nsoluble material. The supernatant was incubated with 10 nM
ecombinant soluble DPP-4 (1 �l of 550 nM stock) [18]. The
xperiment consisted of two arms: one where the fractionated
lasma samples in assay buffer were spiked with control
eptides and treated with DPP-4 as described, the other where
dentical samples were also treated with 10 �M of compound A,
2R)-4-oxo-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo
4,3-a]pyrazin-7(8H)-yl]-1-(2,5-difluorophenyl)butan-2-amine
umarate, a potent and highly selective inhibitor of DPP-4 [19].
oth samples were incubated at 37 ◦C and 20 �l aliquots were

emoved at 0 min and 60 min time points and quenched with
Cl to a final concentration of 100 mM for LC–MS analysis.

.2. Aminopeptidase P2—proof of concept where no potent
elective chemical inhibitor is available

Aminopeptidase P2 enzyme was purchase from (R&D Sys-
ems, Minneapolix, MN (cat #2490-ZN)) and incubations were
erformed essentially as described above but without the addi-
ion of GLP-1(7-36)-amide, GHRH(1-44), and PACAP38 or a
mall molecule inhibitor. The experiment consisted of a nega-
ive control arm comprising only fractionated plasma sample in
ssay buffer, and a positive arm, corresponding to an identical
ample treated with 10 nM aminopeptidase P2.

.3. Mass spectrometry—high resolution LC–MS profiling
n the LTQ-FTMS

Each sample was profiled by performing replicate injections
APP2 n = 5, DPP-4 n = 10) using a commercially available LTQ-

T mass spectrometer (Thermo Electro Corp., San Jose CA)
quipped with a micro-capillary HPLC system (Agilent, San
ateo CA) and a nano-elecrospray ionization source (Prox-

on, Odense Denmark). The micro-capillary HPLC apparatus
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onsisted of a FAMOS micro autosampler (Dionex Corp., Sun-
yvale CA) and a 1100 series capillary pump (Agilent Tech-
ologies, Palo Alto CA). An HPLC solvent system composed
f solvent A (0.1 M HOAc) and 90% MeCN in 0.1 M HOAc vs.
MecN in the article) was used to produce a linear gradient that
ncreased the organic composition from 0%B to 30%B at a rate
f 3%B �l−1. The microliter pickup mode was used to inject
.0 �l of each sample (∼10 �l plasma equivalent) onto the head
f a 75 �m × 15 cm fused silica column packed with POROS R1
Applied Biosystems) material. A flow rate of 1.0 �L/min was
sed to elute peptides from the column and introduce them into
he nano-electrospray source. The primary instrument param-
ters that were used to ionize the peptides and transmit the
esulting gas phase ions into the LTQ-FT were: 3.5 kV source
oltage, 240 ◦C capillary temperature, 25.0 V capillary poten-
ial, tube lens potential is 85 V vs. (60 V in the article), and no
heath or auxiliary gas flow. An AGC cut off was used to limit
he maximum ion current introduced into the mass spectrometer
o 1.0e6 and 1.0e4 (arbitrary units) vs. (1.5e4 in the article) for
ourier transform (FT) and linear ion trap (IT) full scan spec-

ra, respectively. An AGC target value of 5.0e3 was used for
T MSn spectra. Full scan FT specta were recorded from m/z

00 to 2000 at a resolution setting of 50,000 and mass accuracy
5 ppm. Coincident with the acquisition of the FT spectra, three

ow resolution IT tandem mass spectra were recorded using data
ependent acquisition. A total of eight samples (five injections
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a
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ig. 1. Schematic representation of the differential mass spectrometry assay used to
echnical replicates of a human plasma peptide sub fraction were incubated ±APP2
esulting eight samples was analyzed by LC–MS (n = 5) on an LTQ-FTMS that was
ifferential mass spectrometry (dMS) was used to detect ion signals (“features”) that ex

±enzyme) and over time. Histograms for each dMS feature were visually inspected
roducts. Tandem mass spectrometry (not shown) was used to identify the amino aci
ass Spectrometry 259 (2007) 174–183

ach) were analyzed for the APP2 experiment with an injection-
o-injection time of 45 min. All samples were maintained at 4 ◦C
or the duration of the LCMS analysis.

.4. Differential mass spectrometry, targeted MS/MS
nalysis, and peptide identification

To identify candidate substrates and products of a target pro-
ease, we utilized differential mass spectrometry, a label free
C–MS method for detecting significant differences in com-
lex peptide and protein mixtures, as previously described [13].
ig. 1 shows an overview of the general workflow that was used

o assay for APP2 substrates and products. Enzyme was added
o one of two technical replicates of fractionated plasma (the
positive” arm), and aliquots were removed from both arms and
uenched at 0, 10, 20, and 30 min time points. LCMS profiles
ere recorded using five technical replicates for each sample

nd the resulting data images were grouped by assay condition
±enzyme). To facilitate comparisons between LC–MS runs,
/z, and time measurements were rounded to the nearest (0.01)

or m/z and to the nearest 0.05 min (3 s) for time. For DPP-4
xperiments, enzyme was added to both samples and a selective

PP-4 inhibitor was added or absent in the positive and negative

rms, respectively.
A peak alignment algorithm was used to compensate for peak

etention time shift. Briefly, at each binned m/z, we searched the

identify endogenous substrates of aminopeptidase P2 in human plasma. Two
and time points were collected at 0, 10, 20, and 30 min intervals. Each of the

equipped with a micro-capillary LC column and nano-spray ionization source.
hibited a statistically significant change in abundance between assay conditions
to select features the exhibit the temporal profiles of protease substrates and

d sequence of select peptides.
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elected ion chromatograms for peaks existing in all samples
ithin a condition. Due to small changes in chromatography

rom run to run, the common peaks will probably not occur at
xactly the same time in the data for each sample. For example,
peak at m/z 601.23, might appear at 28.2 min in the reference

ample (which we choose arbitrarily) and at 28.4 min in another
ample. From this we can calculate the shift that will align the
eak with the corresponding peak in a reference sample. In the
xample above, the time 28.2 would need to be shifted forward
.2 min. Due to estimation issues, different peaks may give rise
o different shifts at the same or nearby times. We make the
ssumption that the actual shift required depends only on elution
ime, and so smooth the shifts arising from different peaks to
nd a “consensus” function to align a particular sample to the
eference sample for the appropriate condition. Similarly, peaks
xisting in the mean data for each condition can be used to
lign the reference samples for different conditions. Applying
he within-condition and then the between-condition alignments
uts all samples into a common time frame for analysis.

Differences were identified by performing a non-parametric
est (Kruskal test) at each point and requiring those features that
eached significance above a point wise p-value threshold of
≤ 0.05 to persist in time. The p-value for a feature is taken
o be the geometric mean of pointwise p-values. This is not
trictly correct, because intensities as adjacent time points are
ot independent. Nonetheless, it is a useful guide for feature
rioritization. Features believed to arise from a single analyte

W
D
(
p

ig. 2. Representative base peak chromatogram, selected ion chromatogram (m/z 5
or a single LC–MS analysis of a human plasma subfraction. The sample was spik
MWavg = 5039.7) that is observed as distribution of positively charged ions with +
espectively.
ass Spectrometry 259 (2007) 174–183 177

as different isotopes and at different charge states) are grouped
nd given a dMS group number (referred to as grouped dMS
eatures). Visual inspection of the dMS features was used to
elect features with temporal profiles characteristic of substrates
nd products (monotonic decreases and increases in ion abun-
ance, respectively, over time). Targeted MS/MS analysis was
erformed to generate collision activated dissociation (CAD)
ass spectra for dMS features of interest using a two m/z isola-

ion width and an excitation setting of 35 (no units). Peptide
equences were obtained by manual de novo sequencing of
S/MS spectra and candidate sequences were searched against
human protein database in silico.

. Results and discussion

A large family of proteases cleave circulating peptides and
ormones in the vasculature. For example, angiotensin convert-
ng enzyme (ACE) processes Angiotensin I to release the vaso-
onstrictor Angiotensin II, and DPP-4 cleaves and inactivates
he incretin hormone GLP-1 [15]. To recapitulate the complex
lasma peptide pool as a source of potential protease substrates
n vitro, we needed to reduce the complexity of human plasma
nd obtain samples that were specifically enriched in peptides.

e therefore employed an ultrafiltration method developed by
igilab Biovision GmbH to isolate a low molecular weight

<15 kDa) sub fraction (peptidomicsTM) of plasma. Whereas the
lasma concentrations of peptides present in this sub fraction

61.1807–561.1967), and average full scan mass spectrum (21.35–21.69 min)
ed with 250 nM (250 fmol on column) of the peptide hormone GHRH(1-44)
9, +8, and +7 charge states and an nominal m/z equal to 561, 631, and 721,
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nd the absolute concentrations of all peptides in the samples
re unknown, the removal of high molecular weight proteins
>90% depletion) and the selective enrichment of low molecular
eight peptides make the ultrafiltration procedure pragmatic for
reparing a complex pool of plasma peptides from which pro-
ease substrates may be identified. Separate experiments have
ndicated that the Biovision methodology typically enables a
000-fold enrichment of known peptides spiked into plasma
data not shown).

To estimate the number of peptides that are typically screened
gainst a target protease in a single experiment, we examined
he number of peptide ions detected in the LC–FTMS profiles
n the Biovision sub fraction of human plasma. Fig. 2 shows

representative base peak chromatogram, selected ion chro-
atogram (m/z 561.1807–561.1967), and average full scan mass

pectrum (21.35–21.69 min) for a single LC–MS analysis of
sample. In this example we spiked the sample with 250 nM
250 fmol on column) of the peptide hormone GHRH(1-44)
MWavg = 5039.7), which is a validated DPP-4 substrate in vitro
17]. Note that the peptide is observed as a distribution of posi-
ively charged ions (M + nH)+n with +9, +8, and +7 charge states

t
a
d
d

ig. 3. Representative data for two dMS features (m/z 630.72 @ 19.75 min and m/z 6
n an in vitro substrate profiling assay. The histograms and selected ion chromatogram
f each sample (uninhibited vs. inhibited enzyme). The ion abundances shown were
0 min (+inhibitor), after addition of enzyme. The dMS feature at m/z 631.72, 21.3
ample as a positive control. The corresponding DPP-4 metabolite GHRH[3-44] is r
ntact substrate is stabilized in the presence of the inhibitor, with concomitant suppre
PP-4 dependent.
ass Spectrometry 259 (2007) 174–183

nd corresponding m/z values of 561, 631, and 721, respectively.
he relative abundance of the +8 GHRH signal observed at m/z
31 is approximately 50× below the most abundant ion species
n the sample and it is estimated that as many as 500 peptides are
resent at relative abundances equal to or greater than the signal
bserved for GHRH(1-44). The relative abundance of GHRH is
t least 20 times greater than the minimum signal that can be
etected in our LTQ-FTMS system. On the basis of these data
nd the sample volumes described in Section 2, we estimate that
p to 5000 peptides can be detected and screened in a single
xperiment.

To establish prototypic assay conditions and methodol-
gy we screened DPP-4, a peptidase that cleaves several
ioactive peptides, against the fractionated plasma samples.
he peptide hormones GLP-1(7-36)-amide, GHRH(1-44),
nd PACAP38, which are validated in vitro substrates of
PP-4 were spiked into the sample as positive controls for
he initial experiments. Following incubation of the samples
nd acquisition of the LC–MS profiles, dMS was used to
etect peptide signals or “dMS features” that increased or
ecreased in abundance with incubation time and were sensitive

01.46 @ 19.55 min) corresponding to the turnover of GHRH(1-44) by DPP-4
s shown correspond to the average signals obtained for ten replicate analyses

quantitated at 0 min (−inhibitor), 60 min (−inhibitor), 0 min (+inhibitor), and
min corresponds to the +8 charge state of intact GHRH(1-44) spiked into the
epresented by the +9 charge state dMS feature at m/z 601.46, 19.55 min. The
ssion of product formation, confirming that the processing of GHRH[1-44] is
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o the presence of a selective DPP-4 inhibitor, compound A
19]. Shown in Fig. 3 are representative data for two dMS
eatures from this experiment. The histograms and selected
on chromatograms shown correspond to the average signals
btained for ten replicate analyses of each sample at 0 min
−inhibitor), 60 min (−inhibitor), 0 min (+inhibitor) and
0 min (+inhibitor) after addition of the enzyme. The control
eptide GHRH(1-44) has the amino acid sequence YADAIFT-
SYRKVLGQLSARKLLQDIMSRQQGESNQERGARARL-
H2 and is cleaved by DPP-4, which releases the N-terminal
ipeptide YA. The dMS features shown in Fig. 3 (m/z 630.72 @
9.75 min and m/z 601.46 @ 19.55 min) correspond to +8 charge
tates of the GHRH(1-44) substrate and the corresponding
es-dipeptidyl product ions, respectively. As expected, the latter
lutes from the HPLC column before the full-length substrate.
nhibition of substrate disappearance and product formation
n the presence of a DPP-4 chemical inhibitor confirmed that
he cleavage of GHRH(1-44) was DPP-4 dependent. The
omprehensive dMS analysis of inhibited and uninhibited

amples generated a ranked list dMS features that are grouped
n the basis of charge state and the observation of multiple
sotopes to represent an individual analyte. The GHRH(3-44)
roduct peptide ion at m/z 601.46 was the most significant

s
m
m
p

ig. 4. Histograms and selected ion chromatograms for dMS features (m/z 504.73 @
tates of the known DPP-4 substrate PACAP38 spiked into the fractionated plasma
min (+inhibitor), and 60 min (+inhibitor) after addition of the enzyme. Intact PACA
f the presence or absence (±) of the DPP-4 inhibitor, indicating that this in vitro c
raction of human plasma.
ass Spectrometry 259 (2007) 174–183 179

ifference detected between the two arms of the experiment
mean log likelihood = −9.04), while the corresponding intact
HRH(1-44) substrate ion at m/z 631.72 was the 57th ranked
MS feature group (Supplementary data table).

The inclusion of a DPP-4 selective inhibitor, compound A,
n one arm of the DPP-4 experiment provided a means of differ-
ntiating between the general cleavage of peptides by residual
lasma proteases in the fractionated samples, and specific DPP-
-mediated substrate cleavage. Fig. 4 shows histograms and
elected ion chromatograms for dMS features (m/z 504.73 @
7.8 min and m/z 567.94 @ 17.8 min) corresponding to the +9
nd +8 charge states of the DPP-4 substrate PACAP38 [17]. In
his experiment, PACAP38 decreased in abundance at the 60 min
ime point regardless of the presence or absence of the DPP-4
nhibitor. Additional experiments performed in the absence of
PP-4 enzyme confirmed that the in vitro cleavage of PACAP38
as due to background protease activity present in this sub

raction of human plasma. Hence, the unbiased detection of
ignificant changes in peptide abundance by differential mass

pectrometry, and the ability to compare dMS features across
ultiple treatment groups (±inhibitor or ±enzyme) provides a
eans of observing and differentiating the activity of multiple

roteases in a single assay.

17.8 min and m/z 567.94 @ 17.8 min) corresponding to the +9 and +8 charge
samples. Features were quantitated at 0 min (−inhibitor), 60 min(−inhibitor),
P38 was observed to decrease in abundance at the 60 min time point regardless
leavage was due to background protease activity present in the BioVision sub
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Fig. 5. Bar graph, MS/MS spectra, and kcat/KM curves for a novel DPP-4 substrate/product peptide EP/LGRQLTSGP identified in human plasma. Bar graph are for
d PP-4 p
t +inhi
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MS features (m/z 464.76 @ 13.3) corresponding to the +2 charge state of the D
o the 0 min (−inhibitor), 60 min (−inhibitor), 0 min (+inhibitor), and 60 min (
as determined by manually interpreting the MS/MS spectrum using de novo m

In addition to detecting the turnover of validated DPP-4 sub-
trates added into the samples as positive controls, the assay
or DPP-4 resulted in the detection of 1093 grouped dMS fea-
ures with only a few (∼1%) of the features showing charac-
eristic substrate or product profiles (shown in Supplementary
ata table). Importantly, the 19th grouped feature exhibited a
emporal profile corresponding to a candidate substrate and
roduct of DPP-4-mediated proteolysis in the peptidic sub-
raction of human plasma. Fig. 5 illustrates a histogram cor-
esponding to a dMS feature quantitated at 0 min (−inhibitor),
0 min (−inhibitor), 0 min (+inhibitor), and 60 min (+inhibitor),
hich exhibits the characteristic temporal profile of a candidate
PP-4 product peptide. The MS/MS spectra generated on the

M + 2H) + 2 ion at m/z 464.76 is also shown in the figure. The
S/MS data were manually interpreted to deduce the amino

cid sequence of the product peptide, LGRQLTSGP. This amino
cid sequence was confirmed by chemically synthesizing the
eptide and demonstrating that its accurate m/z and experimen-
ally determined MS/MS product spectra were identical to that
f the dMS feature observed in the experiment. A BLAST [20]
nalysis identified this peptide as a fragment of �-2 plasmin

nhibitor [21] a serpin that inhibits the activity of the plasma
erine protease plasmin. Since DPP-4 is a P1-Pro/Ala-selective
rotease that releases N-terminal dipeptides from substrates, the
orresponding intact substrate peptide was deduced to have the

d
s
t

roduct peptide LGRQLTSGP. The grey, red, blue, and green colors correspond
bitor) treatment group, respectively. The amino acid sequesnce of the peptide
ds. A synthetic peptide was prepared and used to determine kcat/KM.

equence EPLGRQLTSGP, which corresponds to the propep-
ide fragment of �-2 plasmin inhibitor [21]. Although DPP-4
leavage of this peptide in vivo has yet to be demonstrated, it
ay serve as a convenient biomarker for plasma DPP-4 activity.
e synthesized the peptide substrate and tested it for cleavage

y recombinant soluble DPP-4 in an in vitro MS-based kinetics
ssay. As illustrated in Fig. 5, the peptide was rapidly processed
y DPP-4, with cleavage efficiency (kcat/KM) similar to that of
LP-1, a known in vivo substrate of the enzyme.
In addition to the DPP-4 experiments using fractionated

uman plasma as the peptide pool, we also profiled aminopepti-
ase P2 using this methodology. APP2 has a well-defined site of
leavage at the amino terminus of peptides upstream of proline
16] and represents a peptidase for which no selective chemical
nhibitors are available. dMS was performed and temporal pro-
les of dMS features were used to identify candidate substrates
nd products as described for DPP-4; dMS features representa-
ive of candidate substrate and product peptides show no changes
n abundance for the negative control arm and a corresponding
ecrease or increase in relative concentration over time for the
ositive control arm.
The assay for APP2 resulted in the detection of 405 grouped
MS features with approximately 2% and 1% of the features
howing characteristic substrate and product profiles, respec-
ively. Background protease activity accounted for 8% of the
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Fig. 6. Selected ion chromatograms and histograms for two dMS features (m/z 530.79 @ 16.1 min and m/z 748.36 @ 17.5 min) that exhibit characteristic substrate
and product temporal profiles detected by incubating APP2 with a sub fraction of human plasma. The labels c00, c10, c20, c30, p00, p10, p20, and p30 correspond
to the control (c) and peptidase (p) arms at 0, 10, 20, and 30 min time points.

Fig. 7. Tandem mass spectrum and de novo sequence data obtained for a dMS substrate feature (m/z 530.79 @ 16.1 min) in the APP2 experiment, which was
determined to be bradykinin.
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Table 1
APP2 substrates and products identified in a sub fraction of human plasma by differential mass spectrometry

Peptide sequence Charge state m/z Mass accuracy (ppm)

Theoretical Experimental

Substrates
1 M2H+ 530.7880 530.7877 0.5

M3H+ 354.1944 354.1943 0.2

2 M2H+ 538.7854 538.7855 0.1
M3H+ 359.5260 359.5261 0.2

Products
1 MH+ 748.3665 748.3666 0.1

M2H+ 374.6869 374.6871 0.5

2 MH+ 764.3614 764.3618 0.5
M2H+ 382.6843 382.6847 1.0
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MS features and the remaining 89% of the dMS features could
ot be attributed to proteolysis occurring in a single arm of the
tudy. Importantly, the most statistically significant dMS fea-
ures exhibited temporal profiles expected for APP2 substrates
nd products. Fig. 6 shows the selected ion chromatograms and
ar graphs for two dMS features (m/z 530.79 @ 16.1 min and
/z 748.36 @ 17.5 min) that exhibit characteristic substrate and
roduct profiles, respectively. A common observation for exper-
ments with pooled fractionated human plasma compared to pro-
eomic profiling experiments involving comparative analysis of
lasma samples from individual subjects is that the dMS features
f the former are extremely pronounced and clear. This obser-
ation may be explained by the absence of biological variability
etween samples and the fact that peptide cleavage typically
esults in the quantitative turnover of one peptide species to
nother. Overall, the small number of substrate/product dMS
eatures obtained for APP2 are consistent with what we would
xpect for a reasonably selective peptidase.

To identify the amino acid sequences of candidate APP2 sub-
trate and product peptides found in human plasma, tandem mass
pectrometry (MS/MS) of the appropriate ions was performed.
ig. 7 shows the MS/MS spectrum recorded for a substrate-

ike dMS feature at a retention time of 16 min and m/z of 530.
anual de novo analysis of this MS/MS spectrum resulted in

he unambiguous identification of this peptide as bradykinin
RPPGFSPFR), a known substrate of APP2 present in plasma.
he plasma level of bradykinin is approximately 10 pg/ml [16],
ut the sample corresponding to ultrafiltrate from 0.5 ml of
lasma apparently contains high levels of this peptide, possibly
ue to degradation of high and low molecular weight kinino-
ens during sample preparation. Table 1 contains the amino
cid sequence, charge state, theoretical m/z, experimental m/z,
nd the accuracy of the m/z measurement expressed in parts-
er-million for other APP2 substrates and products that were

dentified in this experiment. All of the substrate peptides appear
o be related to bradykinin and satisfy the X-Pro N-terminus
pecificity requirement of APP2. APP2 substrates and products
ncorporating the sequence PPGYSPF were not found in the

s
p
w

04.4676 904.4677 0.1
52.7374 452.7375 0.2

urrent human protein database, suggesting that the parent pep-
ides or proteins may be novel. In addition, some of the product
eptides show cleavage at both the N-termini (characteristic of
PP2) and at the C-termini (due to background proteolysis).

. Conclusion

We have developed an LC–MS based profiling assay that
ffers the potential to detect and identify endogenous pep-
idase substrates and products present in human plasma. By
sing dMS to analyze samples differing only in the presence
r absence of a specific active protease of interest, the method
llows the activity of the target protease to be differentiated
rom those of any background proteases. The limited sensitiv-
ty of the assay remains an issue for low abundance substrates.
ence, under these experimental conditions we were unable to
etect picomolar endogenous substrates of DPP-4 such as GIP
r GLP-1(7-36)-amide, even though the latter substrate was
onfirmed to be present in the plasma subfraction by ELISA
data not shown). Nevertheless, using LC–MS/MS and de novo
equencing we have demonstrated the ability to identify high
bundance protease substrates from a complex human plasma
eptide pool, which could provide useful biomarkers for moni-
oring target protease activities in vivo. For example, the peptide
PLGRQLTSGP corresponding to the propeptide domain of
-2 plasmin inhibitor was identified as a novel DPP-4 sub-
trate in our experiments, and is turned over with a specificity
onstant of 2.3 × 105 M−1 s−1, comparable to that of GLP-1(7-
6)-amide cleavage (kcat/KM = 4.2 × 105 M−1 s−1). If cleavage
f the propeptide by DPP-4 is demonstrated in vivo, then the
eptide may serve as a convenient circulating high abundance
iomarker for plasma DPP-4 activity, amenable to detection by
S without the need for developing specific antibodies and

mmunoassays.

New mass spectrometry technologies such as ORBI trap mass

pectrometry [22] and higher field strength magnets for FTMS
romise to improve the resolution of the LC–MS profiling data
hile maintaining dynamic range, hence further improving the
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ifferential mass spectrometry when profiling complex samples.
lthough these experiments appear not to be limited by sin-
le scan dynamic range, the high resolution FTMS (R = 50,000)
ata allows us to resolve features which are degenerate in a 3D
on trap mass spectrometer. State-of-the-art fragmentation tech-
iques such as infrared multi-photon dissociation [23], electron
apture dissociation (ECD) [24] and electron transfer dissocia-
ion (ETD) [25,26] should improve the ability to sequence large
on-tryptic peptides which are typically generated by peptidases
nd are resistant to fragmentation by CAD. Differential mass
pectrometry may be used to understand in greater detail the
ubstrate specificity of key proteases involved in pathologies
uch as Alzheimer’s disease (gamma-secretase and BACE [27])
r aid in the effort towards understanding the biology of novel
herapeutic targets such as PCSK9, which has been implicated
n the regulation of LDL levels in humans [28].

In summary, differential mass spectrometry is a useful
pproach to detect and identify novel protease substrates and
roducts in complex biological samples and this tool for protein
iochemistry holds promise in the search for new therapeutic
argets and markers of target engagement and disease.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.ijms.2006.09.020.
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