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ABSTRACT A novel method to monitor specific
peptidase activities in biological samples as complex
as undiluted plasma/blood is described. The ap-
proach is based on the design of synthetic polypep-
tide substrates in which di- or triarginine sequences
are linked to each other via one or more other
amino acids recognized specifically by the pepti-
dase to be determined. Detection of chymotrypsin
and renin activities using synthetic substrates
P4 (F-R-R-R-F-V-R-R-F-NH;) and P5 (R-R-R-L-L-
R-R-L-L-R-R-R), respectively, serves to demon-
strate the principles of this new assay system. A
polyion-sensitive membrane electrode, prepared by
doping polymer films with dinonylnaphthalene-
sulfonate (DNNS), is shown to exhibit significant non-
equilibrium electromotive force (EMF) responses
toward these and other polycationic substrates at
microgram/milliliter levels under physiological con-
ditions. The same electrode, however, exhibits
much smaller total EMF response toward the
shorter fragments of the synthetic peptides gener-
ated by peptidase activity; hence, the addition of
peptidase to a solution containing the synthetic sub-
strate yields a change in electrode EMF response,
the rate of which is proportional to the activity of
peptidase present. Other synthetic polycationic pep-
tides as well as natural polycationic peptides (e.g.,
protamine) that lack specific cleavage sites for chy-
motrypsin and renin, yet are detected by the DNNS-
based membrane electrode, do not elicit any
significant change in EMF response in the presence
of the peptidases, confirming the feasibility and util-
ity of the proposed bioanalytical method. —Han, 1.
S., Ramamurthy, N., Yun, J. H., Schaller, U., Mey-
erhoff, M. E., Yang, V. C. Selective monitoring of
peptidase activities with synthetic polypeptide sub-
strates and polyion-sensitive membrane electrode
detection. FASEB J. 10, 1621-1626 (1996)
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PEPTIDASES ARE ESSENTIAL for biological activities in all
living organisms, including viruses, and hence the accu-
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rate measurement of peptidase activities is critical in re-
search relating to studying and/or potentially modulating
(via pharmaceuticals) cell proliferation, cell differentia-
tion, nutrient digestion, morphogenesis, and blood clotting
(1, 2). Although nearly 400 peptidases have been identi-
fied and characterized (1), relatively few simple bioanal-
ytical methods are available to monitor, in real time,
specific peptidase activities in complex biological sam-
ples. Even though a wide range of chromogenic substrates
have been prepared for selective detection of certain pep-
tidases (2), such fluorescence or absorption methods are
not amenable to direct monitoring of peptidase activities
in highly colored or turbid milieus, such as cell suspen-
sions or undiluted blood samples. Further, suitable chro-
mogenic substrates are not available for certain peptidases
that recognize and cleave at sites containing a sequence
of at least two amino acids [e.g., renin (1-3), which
recognizes and cleaves X-L-L-Y sequences]. In such in-
stances, only more costly and cumbersome radio-
immunoassays or radioautography of separated
peptide fragments can be used to assess catalytic
activity (3, 4).

Herein, we introduce a completely new and simple elec-
trochemical methodology for detecting specific peptidase
activities via use of synthetic polypeptide substrates in
combination with polyion-sensitive membrane electrode
detection. This new approach is based on the observation
that appropriately formulated polymer membrane type ion-
selective electrodes exhibit a significant electromotive
force (EMF)? response to low levels of biologically impor-
tant polyions, including heparin (5, 6) and protamine (7),
in samples as complex as whole blood (8, 9), but do not
respond to much smaller di- and trisaccharide/peptide
fragments of these polyion structures. Potentiometric re-
sponse toward the larger polyion species has been ascribed
to favorable extraction of the polyions into the membrane
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2 Abbreviations: BTEE, N-benzoyl-L-tyrosine ethyl ester; DNNS, di-
nonylnaphthalenesulfonate; DOS, bis(2-ethylhexyl) sebacate; EMF,
electromotive force; PVC, high molecular weight poly(vinyl chloride);
THF, tetrahydrofuran.
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phase via cooperative ion pairing with lipophilic ion
exchange sites doped within the plasticized poly(vinyl
choride) films (10, 11). This extraction process yields a
nonequilibrium steady-state change in the phase boundary
potential at the membrane/sample interface. The thermo-
dynamics of polyion extraction, and hence, the magnitude
of EMF response toward given polyion structures, has been
shown to be highly dependent on the charge density and
chain length of the polyion (11). The chain length-depen-
dent response behavior is potentially useful for monitoring
peptidase activities. Indeed, in preliminary experiment
membrane electrodes formulated to respond to arginine-
rich protamine were used to monitor trypsin activity by
directly following the digestion of protamine potentiomet-
rically via the change in EMF response as protamine was
degraded to smaller peptide fragments (7).

To render this approach more broadly applicable and
selective for detecting other peptidases, we report here
that simple polymer membrane electrodes prepared using
a charged ionophore such as DNNS (12, 13) as the
membrane active component also exhibit significant EMF
response to synthetic, arginine-rich polycationic peptides.
By designing the peptide to contain one or several amino
acids between the arginine-rich segments, highly selective
real-time detection of specific peptidases that cleave at the
added amino acid residue (or residues) sites along the pep-
tide chain can be achieved. As models, we use synthetic
peptides P4 (F-R-R-R-F-V-R-R-F-NH;, chemically ami-
dated on carboxyl terminus) and PS5 (R-R-R-L-L-R-R-L-
L-R-R-R) for monitoring chymotrypsin and renin
activities, respectively.

MATERIALS AND METHODS
Chemicals

High molecular weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl) se-
bacate (DOS), and tetrahydrofuran (THF) were from Fluka Chemika
Biochemika (Ronkonkoma, N.Y.). Protamine sulfate (from herring,
grade III), o-chymotrypsin (sodium-p-tosyl-L-lysine chloromethyl ke-
tone or TLCK treated), and renin were from Sigma Chemical Co. (St
Louis, Mo.). Calcium DNNS was kindly provided by King Industries
(Norwalk, Conn.). Fresh frozen human plasma was from the American
Red Cross (Detroit, Mich.). Synthetic peptides P1, P2, P3, P4, and P5
(see Table 1 for sequences) were synthesized and amidated at the
Protein and Carbohydrate Research Center at the University of
Michigan.

Preparation of polycation-sensitive tubular membrane
electrodes

Polycation-sensitive tubular membrane electrodes were prepared as de-
scribed previously for polyanion (heparin)-sensitive electrodes (9), ex-
cept that the charged ionophore DNNS at 1 wt % was substituted for
tridodecylmethylammonium chloride as the membrane cocktail addi-
tive. The membrane casting solution was prepared by dissolving 200
mg of the membrane components (DNNS: PVC: DOS = 1:49.5:49.5 w/
w/w) in 2.5 ml THF. This casting solution was dip coated (12 times at
30 min intervals) over copper wires protruding from a narrow bore tygon
tube and then dried overnight (see ref 9). The copper wire was then
carefully removed and the tube was filled with 15 mM NaCl solution.
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An Ag/AgCl reference electrode was inserted into the inner bore of the
tube to complete fabrication of the electrode. Before use, all tubular
electrodes were presoaked in a 15 mM NaCl solution for at least 6 h.

Measurement of EMF response to synthetic and natural
peptides

The EMF response of the tubular DNNS-based membrane electrodes
toward different synthetic and natural polycationic peptides was mea-
sured vs. a miniature external Ag/AgCl reference electrode (Bioanal-
ytical Systems Inc., West Lafayette, Ind.). The EMF data were recorded
via a Macintosh Ilcx computer coupled with a NB-MIO-16x analog/
digital input/output board (National Instruments, Austin, Tex.) and a
custom-built electrode interface/amplifier module controlled by
LabView 2 software (National Instruments) as described previously
(14). The potentiometric response of the electrodes was determined by
adding aliquots of P1-P5 and protamine stock solutions (1 mg/ml) to
5 ml of a well-stirred 50 mM Tris-HCI buffer, pH 7.4, containing 0.12
M NaCl. Unless otherwise specified, the response was recorded 5 min
after addition of the aliquot.

Measurement of chymotrypsin and renin activities using
tubular polycation-sensitive membrane electrode

Chymotrypsin (with activity of 0.025-3 N-benzoyl-L-tyrosine ethyl ester
[BTEE] U/l) was detected using P4 as the selective substrate. Mea-
surements were carried out in 5 ml of 50 mM Tris-HCI (pH 7.4, 0.12
M NaCl) and undiluted plasma at room temperature. Experiments were
performed by adding an aliquot of peptide P4 to buffer or plasma to
yield a final concentration of 5 pg/ml. Once the EMF response was
relatively stable (after 5 min), different amounts of chymotrypsin were
added and the decrease in potentiometric response toward the P4 sub-
strate corresponding to enzymatic digestion was monitored with time.
The rates of initial EMF change (jEllt) were determined from the
initial slope of potential vs. time recordings.

The potentiometric enzyme assay for renin activity using the syn-
thetic P5 peptide as the selective substrate was performed using 5 ml
volumes of 50 mM Tris-HCl (pH 7.4, 0.12 M NaCl) in a series of test
tubes. The solutions of the peptides P5 (5 pg/ml in the Tris-HCI buffer)
as well as P4 (5 pg/ml; as control) with different amounts of added renin
(0.001-0.02 U/ml) were incubated for 4 h at 37°C. For each peptide,
a set of three electrodes was then placed into the solution with the
highest renin activity, and the potential was recorded after 3 and 4 min
for peptide P5 and P4, respectively. The electrodes were then regen-
erated for 3 min in 2M NaCl and for 2 min in 0.12 M NaCl before they
were used to measure the solution with the next highest renin activity.
This procedure was repeated until the last sample with the lowest renin
activity was measured.

RESULTS AND DISCUSSION

Figure 1 shows the calibration curves obtained with the
tubular DNNS-based polycation-sensitive membrane elec-
trode toward five different synthetic peptides and native
protamine at various concentrations. As shown, in all the
cases studied, the EMF response saturates at about 15 pg/
ml. Table 1 summarizes the EMF response of these pep-
tides and protamine at two different concentrations; the
lower concentration (5 pLg/ml) was used for all subsequent
peptidase assays, whereas the higher concentration (25 pg/
ml) reflects the equilibrium EMF response that is the max-
imum possible potential change toward the respective
peptide or protein. The DNNS-based membrane electrode
exhibits significant response to protamine and the smaller
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TABLE 1. Potentiometric response of tubular polycation-sensitive electrodes in 50 mM Tris-HCI, pH 7.4, 120 mM NaCl toward the addition of synthetic
peptides (P1—P5) or native protamine to a final concentration of 5 or 25 Pg/ml. Peptides P2—P4 were amidated at the carboxyl terminus.

AE (mV)' 5 AE (mV)* 25
Peptides Amino acid sequence pg/ml pg/ml
P1 R-R-R-R-R-R-R-C 432 + 33 51.5 + 2.1
P2 V-R-R-R-R-P-R-R-V-NH, 45.2 + 4.4 569 *+ 2.7
P3 V-R-R-R-R-A-R-R-V-NH, 346 £ 1.2 46.2 + 0.9
P4 F-R-R-R-F-V-R-R-F-NH, 529 £ 3.5 58.0 + 4.4
P5 R-R-R-L-L-R-R-L-L-R-R 46.8 + 2.7 75.5+ 48
Protamine A(P)-R-R-R-R-S-S-S-R-P-I(V)-R-R-R-R-P-R-R-R(V)-T-T-R-R-R-R-A-G-R-R-R-R 363 + 39 706 + 3.0¢

“ Average from three electrodes; standard deviation given.
b Response toward 50 pg/ml protamine.

polycationic peptides even in the presence of physiological
levels of sodium ions. At low substrate concentrations, the
EMF response to protamine, which contains 20 L-arginine
residues among its total of 31 amino acids, is actually less
than the P1 peptide, which contains seven arginines of its
eight total amino acids. It is likely that the short sequences
of hydrophilic amino acids within the protamine structure,
such as di-and tri-serine/threonine, decrease the overall
extraction of protamine into the organic membrane phase
of the electrode. Addition of hydrophobic amino acids in
the form of proline, phenylalanine, and leucine to the pri-
marily polyarginine peptide structures further enhances
the overall thermodynamics of peptide extraction, as evi-
denced by the greater EMF responses observed for pep-
tides P2, P4, and P5, respectively. (NOTE: the carboxyl
terminus of peptides P2—P4 was also amidated to enhance
extraction into cation exchange membrane of the elec-
trode.)

Based on the above observations, the oligopeptides P4
and PS5 were investigated as potential substrates for selec-
tive monitoring of chymotrypsin and renin activities. Chy-

~
o
T

W
o
T

log [peptide] (ng/mL)

Figure 1. Potentiometric response of tubular polycation-sensitive
membrane electrodes (average of three) in 50 mM Tris-HCI, pH 7.4,
120 mM NaCl toward the addition of synthetic peptides P1-P5 and
protamine.

PEPTIDASE ASSAY USING SENSOR

motrypsin hydrolyzes polypeptides primarily at the
carbonyl group of aromatic amino acids along the chain
(phenylalanine, tyrosine, and tryptophan), although it also
exerts activity at leucine residues. Thus, peptide P4 with
a hydrophobic Phe-Val link between Arg-Arg-Arg and
Arg-Arg sequences should be a good substrate for chy-
motrypsin activity. As shown in Fig. 2, when low
concentrations of any of the peptides P1-P5 or native prot-
amine are added to a stirred solution of Tris-HCI buffer,
pH 7.4, containing 0.12 M NaCl, the DNNS-based poly-
mer membrane electrode immediately responds to the
presence of these substrates, yielding a steady-state EMF
response within about 5 min. Upon addition of 0.05 U/ml
of chymotrypsin, the response to peptide P4 and PS5 are
altered, with an immediate change in the negative poten-
tial direction. The slightly lower chymotrypsin activity to-
ward peptide P5 is primarily due to the presence of a less
favorable leucine cleavage site on the peptide. However,
the response to protamine and the peptides P1-P3 was not
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Figure 2. Potentiometric response of tubular polycation-sensitive
membrane electrodes (average of three) in 50 mM Tris-HCI, pH 7.4,
120 mM NaCl toward 5 pg/ml synthetic peptides (P1-P5) or native
protamine before and after addition of 0.05 U/ml chymotrypsin.
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altered upon addition of chymotrypsin. Figure 3 further
illustrates the potential change for peptide P4 in the pres-
ence of different chymotrypsin activities and, in the insert,
the initial rate of EMF change upon addition of the pep-
tidase is shown to be directly proportional to the amount
of chymotrypsin activity added (in the range of 0.025 and
0.5 U/ml). As estimated from the calibration curve in Fig.
1, one mV of potential change is equivalent to the con-
version of 0.3 nmol of the P4 substrate. Thus, one (BTEE)
unit of chymotrypsin would hydrolyze 3.88 nmol P4 sub-
strate per min, as determined from the slope of the curve
in the insert of Fig. 3. It should be pointed out that the
initial rate of EMF change levels off at higher enzyme
concentrations. This is due to the limitation in the rate of
reversibility of the electrode. Indeed, at the highest chy-
motrypsin concentration (0.5 U/ml), the rate of EMF
change observed has already exceeded the maximum rate
of reversibility (as obtained by measuring the rate of EMF
reversal of the electrode from a solution containing the
substrate to a solution without the substrate) of the elec-
trode.

The principal advantage of using a polyion-sensitive
membrane electrode to monitor peptidase activities lies in
its potential use in rather complex samples. For example,
Fig. 4 illustrates that even in undiluted human plasma,
the tubular DNNS-based polyion-sensitive electrode ex-
hibits a significant EMF response (IE = 27 mV) to peptide
P4, albeit less than in plain buffer solution (IE = 53 mV).
Upon addition of chymotrypsin, again there is an imme-
diate change in the EMF response in the negative potential
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Figure 3. Potentiometric response of tubular polycation-sensitive
membrane electrodes (average of two) in 50 mM Tris-HCI, pH 7.4, 120
mM NaCl toward 5 pg/ml synthetic peptide P4 and the effect of adding
different amounts of chymotrypsin to this solution. a) 0.025; b) 0.1; c)
0.25; d) 0.5 U/ml. The insert shows the rate of potential decrease (—lE/
lt) immediately after addition of the protease as a function of the chy-
motrypsin activity.

1624 Vol. 10 December 1996

The FASEB Journal

Chymotrypsin
30 1
201
s |
E
w
< d
10} €8 .
g
I gl
0 - T ! 2r
1 2 3
i Peptide P4 Chymotrypsin (U/mL)
0 200 400 600
Time (sec)

Figure 4. Potentiometric response of tubular polycation-sensitive
membrane electrodes (average of two) in undiluted human plasma to-
ward 5 pg/ml synthetic peptide P4 and the effect of adding different
amounts of chymotrypsin to this solution: a) 0.25; b) 1.0; c( 2.0;d)3.0
U/ml. The insert shows the rate of potential decrease (—/E/lt) imme-
diately after addition of the protease as a function of the chymotrypsin
activity.

direction, with the rate of change proportional to the
amount of chymotrypsin added (in the range of 0.25-3 U/
ml; see Fig. 4, insert) As anticipated, the overall sensitivity
to chymotrypsin in undiluted plasma is somewhat less than
that observed in buffer owing to the presence of endoge-
nous plasma proteins that undoubtedly compete with pep-
tide P4 as substrates for chymotrypsin activity.
Nonetheless, the ability to monitor relative peptidase ac-
tivities in real time within a sample as complex as undi-
luted plasma represents a significant advance in peptidase
detection methodology, and could lead to the design of
polycationic peptide substrates that can be used to mea-
sure more clinically relevant peptidase activities in plasma
or whole blood (e.g., plasmin, factor Xa, etc.).

Since renin is known to hydrolyze Leu-Leu sequences
within polypeptide chains (1-3), it is possible to detect
renin activity electrochemically using the synthetic pep-
tide P5. However, since the renin activity is much lower
than that of chymotrypsin or other peptidases, it is nec-
essary to use much longer incubation times to observe sig-
nificant changes in the response of the DNNS-based
membrane electrode toward P5 in the presence of renin
(this is also true for the current radioimmunoassay used to
detect renin activity) (3, 4). Using an incubation time of 4
h at 37°C, a given concentration of peptide P5 (5 pg/ml)
was incubated with different amounts of renin (in 5 ml of
buffer). At the end of this period, the EMF response of the
DNNS-based tubular membrane electrode was measured
for each solution and compared to the plain buffer (without
renin or substrate). As shown in Fig. 5, renin digestion of .
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Figure 5. Renin activity measurement with tubular polycation-
m2Dsensitive membrane electrodes (average *sD of three electrodes
given). Synthetic peptide P4 (O) and P5 ([]) (5 pg/ml) were incubated
in 5 ml 50 mM Tris-HC, pH 7.4, 120 mM NaCl with different amounts
of the protease renin (0.001-0.02 U/ml) for 4 h at 37°C. After this
incubation step, the electrodes were immersed into these solutions and
the potential was recorded after 3 (PS) or 4 (P4) min.

PS5 results in a decrease in the response to the substrate
that is proportional to the amount of renin added. There
was no change in EMF when the PS5 peptide was incubated
for 4 h in the absence of renin (data not shown). As also
shown in Fig. 5, a much smaller change in the potentio-
metric responses was observed when the synthetic peptide
P4 was incubated with the varying renin activities for the
same length of time. The small but measurable digestion
of peptide P4 is probably due to low levels of trypsin-like
peptidase impurities within the renin preparation, as sug-
gested by the manufacturer.

To confirm this, we conducted a colorimetric assay on
the renin preparation to determine the trypsin-like pepti-
dase contamination, using a chromogenic substrate, o-
benzoyl-L-arginine p-nitroanilide (BAPNA), for trypsin
measurement. Our results show that in one unit of the
renin preparation, there was about 0.3 BAPNA unit of
trypsin-like peptidase activities. Because trypsin-like
peptidases cleave primarily at the carbonyl group of L-
arginine residues, it should be possible to eliminate inter-
ference from trypsin-like peptidases simply by using
D-arginine residues in the synthetic peptide to create the
polycationic charge and L-amino acids as selective cleav-
age sites to link segments of D-arginine residues. Alter-
nately, the addition of specific peptidase inhibitors to the
assay mixture can be used to further decrease cross-
reactivity of the synthetic substrates with given pepti-
dases, a common practice with existing peptidase assay
methods (2).

PEPTIDASE ASSAY USING SENSOR

The current study was established with the use of a con-
ventional membrane electrode that requires a relatively
large sample volume (5 ml) and a long regeneration time
(5 min) of the membrane for subsequent use. Because of
the simple nature of the membrane technology involved,
however, the membrane electrode could easily be fabri-
cated into a disposable, miniature device to alleviate such
problems. Indeed, mass production of disposable, coated-
wire polyanion-sensitive membrane electrodes has been
proved feasible, and their clinical utility in precisely and
reproducibly measuring blood heparin concentrations in a
sample volume as small as 0.2 ml has been successfully
demonstrated (9).

The concept of using synthetic polyion substrates to
devise novel peptidase assays should not be limited to
polycation peptide structures as demonstrated here. In-
deed, use of polyanion-sensitive membrane electrodes
(5, 6) in conjunction with judiciously designed peptides
that are rich in glutamate and/or aspartate segments
linked by appropriate amino acids that are recognized
by given peptidases should also prove effective for mon-
itoring specific peptidase activities. Whether working
with polycation or polyanion peptides, the concept of
incorporating suitable cleavage sites into synthetic po-
lyion peptides and detecting the degradation of these
substrates directly with newly developed polyion-sen-
sitive membrane electrodes appears to be a promising
new technology especially well suited to monitoring
more clinically important peptidase such as thrombin,
factor Xa, tissue plasminogen activator, collagenase,
etc., in undiluted blood samples and tissue culture sam-
ples. Alternatively, the new technology can also be mod-
ified to detect the activity of inhibitors specific for these
peptidases. Efforts toward this direction are currently in
progress in our laboratories. F
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