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The synthesis and proteolytic inhibitor function of new modified pentapeptide MeOSuc-AAAPF-CH,Cl 6 is
described. The efficacy of 6 in inhibiting the proteolytic activity of proteinase K at a concentration of
0.10 mM allows a signal to be obtained for an exogenous target (‘Xeno RNA’) at 29 PCR cycles (i.e.,
Ct=29), whereas the control MeOSuc-AAAPV-CH,Cl 1 requires a 7.5-fold higher concentration
(0.75 mM) to produce the same Ct.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Proteases are otherwise called proteolytic enzymes which selec-
tively catalyze the hydrolysis of peptide bonds that are involved in a
number of disease states.! In particular, the target serine proteases
play a crucial role in a broad spectrum of physiological process such
as food digestion, protein turn over, blood coagulation, wound heal-
ing, fertilization, cell differentiation and growth, cell signaling, im-
mune response, and apoptosis.'™ It is believed that uncontrolled,
unregulated or undesired proteolysis leads to many disease states
such as emphysema, arthritis, stroke, viral infections, cancer, Alzhei-
mer’s disease, and inflammation. Selective regulation of these and
other proteases in the disease state is an important clinical prob-
lem.® It is noteworthy that several protease inhibitors have entered
into advanced clinical trials.%” Consequently, medicinal chemistry
efforts aiming at the discovery of chemical inhibitors of the serine
protease are currently pursued in the biotech industries as well as
academia.

The use of peptidyl chloromethyl ketones has been demonstrated
as the first active site-directed irreversible inhibitors for any
enzyme.® In addition, it has been reported as the first affinity label
for serine proteases.” While several classes of inhibitors such as
halenol lactones,'® substituted 6-chloro-2-pyrones,'' N-nitro lac-
tams,'? halomethylcoumarins,® and 2-bromomethyl-3,1-benzoxa-
zin-4-one'®> have been developed, the most commonly used
active-site serine protease is the use of peptidyl chloromethylke-
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tones. There are two special structural features on peptidyl chloro-
methyl ketones that play an important role in the specific
interaction of inhibitor-enzyme complex based on the X-ray crys-
tallographic data.'"'® First, the presence of chloromethyl ketone
group is necessary that covalently linked with the active site func-
tional groups His®*(Ng) and Ser?%(0,). Second, the peptide chain
of the inhibitor is inserted into the recognition site such that an anti-
parallel three stranded B-pleated sheet is formed. It also helps to in-
crease the resemblance of the inhibitor to enzymes. The effect of the
chain length!” and the nature of the amino acid at P1 position!® on
the peptidyl chloromethyl ketones appear to have a significant
impact on the proteinase K activity. In continuation of our search ef-
forts'®19 to find better inhibitors to eliminate the need for protein-
ase K removal prior to further in vitro enzymatic reactions
prompted us to explore the possibility of using pentapeptidyl chlo-
romethyl ketones for inhibiting serine proteases. The modified pen-
tapeptides are designed in such a way as to provide a
methoxysuccinyl group at the N-terminus and a chloromethyl ke-
tone group at the C-terminus of the penta-amino acid chain. From
the X-ray crystallographic studies, it appears that the presence of
the methoxysuccinyl group aids binding to the recognition site
of proteinase K by two hydrogen bonds, one directly between
the methoxy oxygen of the succinyl group and the hydrogen of
the Tyr'% (N), and the other mediated by a water molecule,
succinylpeptide (C+0)...Wat*> . (HN)Gly'*¢.'* In this article,
we report the synthesis and biological validation of new
modified pentapeptide MeOSuc-AAAPF-CH,Cl (AAAPF) 6 by using
MeOSuc-AAAPV-CH,Cl (AAAPV) 1'° as control against proteinase K
validation. The chemical structure of control inhibitor MeOSuc-
AAAPV-CH,Cl 1 was represented in Figure 1.
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2. Results and discussion
2.1. Synthesis

The designed pentapedptidyl chloromethyl ketone MeOSuc-Ala-
Ala-Ala-Pro-Phe-CH,Cl 6 was synthesized through a three step
synthetic route as shown in Scheme 1. The peptide coupling reaction
of 2 with Phe-CH,Cl-HCl 3 via the mixed anhydride method with iso-
butyl chloroformate and N-methylmorpholine using THF as the sol-
vent afforded the corresponding Boc-AAAPF-CH,Cl 4 in 89% yield.
The cleavage of Boc group was accomplished using 6 M HCI/EtOAc
system to afford the corresponding H-AAAPF-CH,CI-HCl 5 in 91%
yield. Finally, treatment of 5 with methyl succinimido succinate in
the presence of THF/NaHCO3 system furnished corresponding 6 in
79% yield. The structure of 6 was confirmed by NMR and mass data.

2.2. Biological validation

The proteinase K activity of new analog 6 was examined using a
real-time reverse transcription-polymerase chain reaction (RT-
PCR) assay. For this purpose, we have used the TagMan® gene
expression Cells-to-CT™ kit and TagMan® Cells-to-CT™ control
kit (Life Technologies Corporation). The stop solutions with and
without inhibitors 1 and 6 were prepared and reverse transcription
and real time PCR were carried out as described in Section 4. The
outcome of the analysis of RT and qPCR with new proteinase K
inhibitor 6 was compared with the standard inhibitor 1 as a control
and their average Ct values plotted against the various concentra-
tions of the pentapeptides (Fig. 2).
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Figure 1. Chemical structure of MeOSuc-Ala-Ala-Ala-Pro-Val-CH,CI 1.

As shown in Figure 2, compound 6 showed proteinase K inhibi-
tion at a series of concentrations from 0.1 to 1 mM, resulting in a Ct
of about 29, whereas the control showed inhibition at concentra-
tions higher than 75 mM to produce the same Ct. These data clearly
indicate that the new inhibitor 6 is 7.5 times more active than the
control 1.

Encouraged by the higher proteinase K inhibitory activity of
modified pentapeptide 6, we then validated by in vitro detection
of B-actin RNA in HelLa Cells (Fig. 3). In this protocol, HeLa cells
(~10,000 cells) were lysed in 50 pL lysis solution for 5 min at room
temperature. Stop solution (5 pL) was then added; the lysate-stop
solution was mixed, and incubated for 2 min at room temperature.
A volume of 10 pL of stopped lysate was added to a 50 pL RT reac-
tion followed by addition of 4 pL of RT reaction into a 20 uL PCR
reaction using the p-actin primers/probe of the TagMan® Gene
Expression Cells-to-CT™ Kit (Life Technologies Corporation). Nota-
bly, compound 6 inhibits proteinase K at a concentration of
0.10 mM, whereas control 1 inhibited at a concentration of
0.5 mM.

The high proteinase K inhibitory activity of 6 was further con-
firmed by an independent assay looking at the digestion of BSA
by proteinase K solution in the presence of each of the putative
inhibitors. A direct assay for inhibition of proteinase K activity by
6 was carried out using bovine serum albumin (BSA) as substrate
and analyzing products using precast protein gels.

The outcome of the direct assay (Fig. 4) shows that 6 was capa-
ble of inhibiting proteinase K (100 pig/mL) at concentrations as low
as 0.25 mM, while 1 was not capable of inhibiting proteinase K
(100 pg/mL) at a concentrations as high as 0.75 mM. This assay
demonstrate that the results of the indirect linked assay of MeO-
Suc-AAAPF-CH,Cl 6 and MeOSuc-AAAPV-CH,CI 1 are due to inhibi-
tion of the proteinase K by the test inhibitors and are not due to an
inhibition of the RT-PCR reaction.

From the present study, it seems that the modification at the P1
residue on pentapeptidyl chloromethyl ketones has had a signifi-
cant effect on the proteinase K activity. It is noteworthy that the
presence of phenylalanine at P1 position 6 inhibits at 7.5-fold low-
er concentrations than the corresponding isomeric compound with
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Scheme 1. Reagents and conditions: (i) isobutyl chloroformate; N-methymorpholine; THF, 4 °C, 15h; (ii) 6 N HCI/EtOAc, rt, 3 h; (iii) methyl succinimido succinate,

THF/NaHCOs, 1t, 3 h.
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Figure 2. Histograms of average Ct (cycle threshold) values were plotted against the varying concentration of control MeOSuc-AAAPV-CH,Cl 1, and MeOSuc-AAAPF-CH,CI 6.
The term “Ct” represents the PCR cycle number when the signal is first recorded as statistically significant.
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Figure 3. In vitro validation data showing the detection of B-actin in HeLa cell cultures.

a valine at P1 position 1. This result is in similar agreement with
the results obtained for the modification of P1 residue on tetrap-
eptidyl chloromethyl ketones in which the phenylalanine analog
(MeOSuc-AAPF-CH,Cl) is 10 times more active than the corre-
sponding valine analog (MeOSuc-AAPV-CH,Cl).'"® The remarkable
proteinase K inhibition of 6 over 1 may be understood in terms
of the nature of the amino acid at P1 position. While, the exact rea-
son for the reactivity difference is not clear it seems that aromatic
amino acid, phenylalanine at P1 position makes more stable com-
plex between phenylalanine residue and proteinase K than the ali-
phatic amino acid, valine at P1 position.

3. Conclusion

In summary, we have synthesized and evaluated the inhibitory
efficiency of pentapeptidyl chloromethyl ketone such as AAAPF 6.
The presence of phenyl alanine at P1 position appears to be critical
for the higher proteinase K activity compared to the presence of
valine at P1 position. Considering the superior inhibitory efficiency
of 6 over the control 1, one can expect their applications in molec-

ular biology, such as in qRT-PCR, where inhibition of proteinase
K is required after their role in digesting cellular components. In
addition, due to the runaway protease activity occurring in some
pathogenic situations, this inhibitor 6 may find applications in
the medical field in the future as well.

4. Experimental
4.1. Chemistry

TH NMR spectra were recorded in CDCl; on a Bruker 400. Chem-
ical shifts are reported in ppm, and signals are described as s
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).
ESI mass was recorded on a Applied Biosystems/Sciex MDX API
150 model. HPLC was run on a Waters 2996 (Waters Corporation)
using anion-exchange column.

4.1.1. Preparation of Boc-AAAPF-CMK 4
To a stirred solution of Boc-Ala-Ala-Ala-Pro-OH 2 (0.5g,
1.17 mmol) in 10 mL of THF under argon atmosphere at 4 °C,
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Figure 4. Independent digestion of proteinase K in presence of BSA and the
inhibitors 1 and MeOSuc-AAAPF-CH,CI 6.

isobutyl chloroformate (0.23 mL, 1.76 mmol) and N-methylmor-
pholine (0.51 mL, 4.65 mmol) were added and the reaction mix-
ture was allowed to stir for 15 min. After 15 min. a solution of
Phe-CMK-HCI 3 (0.38 g, 1.63 mmol) in 10 mL of THF was added
by syringe over 15 min. The resulting reaction mixture was al-
lowed to stir for 15h and diluted with dichloromethane
(50 mL). The resulting solution was washed successfully with
10 mL of 1 N HCl, 10 mL of 5% NaHCOs, and 10 mL of 2 M NaCl
solution. The collected organic layer was dried over MgSQ,, fil-
tered and concentrated under rotary evaporator. To the resulting
residue, 50 mL hexane was added and stirred for 10 min. After
stirring for 10 min filter the resulting suspension and dried un-
der vacuum for 10 min to give Boc-AAAPF-CMK 4 (0.63 g, 89%)
as a pale yellow colored solid.

4.1.2. Preparation of H-AAAPF-CMK-HCI 5

To a stirred solution of Boc-AAAPF-CMK 4 (0.62 g, 1.02 mmol) in
10 mL of ethyl acetate, 10 mL of 6 N HCl was added. The resulting
reaction mixture was allowed to stir at rt for 3 h. After 3 h, the
resulting mixture was washed with 50 mL dichloromethane. The
collected aqueous solution was evaporated under rotor evaporator
to give H-AAAPF-CMK-HC1 5 (0.51 g, 91%) as oil. This crude product
was used for next step without further purification.

4.1.3. Preparation of MeoSuc-AAAPF-CMK 6

To a stirred solution of H-AAAPF-CMK-HCI 5 (0.51 g, 0.94 mmol)
in 10 mL of THF, a suspension of sodium bicarabonate (1.0 gin 1 mL
water) was added and allowed to stir at for 10 min. After 10 min,
methyl succinimido succinate (0.19 g, 0.83 mmol) was added and
the resulting reaction mixture was allowed to stir at rt for 3 h. After
3 h, the reaction mixture was diluted with dichloromethane
(50 mL). The resulting organic layer was washed with water
(15 mL) and brine (15 mL). The organic layer was evaporated under
rotary evaporator to give the pure MeoSuc-AAAPF-CMK 6 (0.41 g,
79%) as a white colored solid. Data for MeoSuc-AAAPF-CMK: 'H
NMR (CDCls, 400 MHz) 6 7.57 (d, J = 8.0 Hz, 1H), 7.47 (d, J = 5.6 Hz,
1H), 7.29-7.13 (m, 5H), 7.05 (d, J = 8.4 Hz, 1H), 6.38 (d, J= 6.0 Hz,
1H), 4.71 (m, 1H), 4.61 (m, 1H), 4.46 (m, 2H), 4.36 (d, J = 16.8 Hz,
1H), 4.32 (m, 1H), 4.15 (d, J= 16.8 Hz, 1H), 3.65 (m, 1H), 3.63 (s,
3H), 3.56 (m, 1H), 3.21 (m, 1H), 2.87 (m, 2H), 2.61 (m, 1H), 2.46
(m, 2H), 2.01-1.81 (m, 4H), 1.41 (d, J=7.2 Hz, 3H), 1.36 (d,
J=7.6Hz, 3H), 1.31 (d, ] = 6.8 Hz, 3H); MS (m/z): 622 [M+H]".

4.2. Biology validation
4.2.1. Preparation of stop solution with inhibitor

Typically, stop solution was prepared in 100 pL volumes, con-
taining the following components: Tris pH 8.0, 11 mM; EGTA pH

9.0, 88 mM; MeoSuc-AAAPV-CH,Cl 1 and 6 separately in each tube
at final concentration of 11 mM; placental RNase inhibitor protein,
2.2 U/uL; and DTT, 0.11 mM. The solution pH was adjusted to 8.0,
if required, by dilute HCI. A dilution solution was prepared identi-
cally, except that inhibitor analog was omitted. A series of solutions
was made for each inhibitor were made by diluting the initial solu-
tions with the dilution solution so that the final concentrations were
1mM (100%), 0.75mM (75%), 0.5 mM (50%), 0.25 mM (25%),
0.10 mM (10%), 0.05 mM (5%) and control 0 mM (0%).

4.2.2. Reverse transcription reactions

All reactions were carried out in triplicate. 50 pL of proteinase K
solution (without DNase mixed in) from the TagMan® gene expres-
sion Cells-to-CT™ kit (Applied Biosystems) were aliquoted into 18
tubes. To each of these (these are equivalent to lysis mixtures in
the Cells-to-CT™ workflow), 5 pL of the various stop solutions of
MeoSuc-AAAPV-CH,Cl 1 and 6 were added separately in each tube,
resulting in 1, 0.75, 0.5, 0.25, 0.10, 0.05 mM and control 0 mM con-
centrations of the inhibitor analogs in the proteinase K solution.
These were incubated 2 min at room temperature. For the control
reaction, 50 pL of proteinase K solution was mixed with 5 pL of the
dilution solution and heated at 95 °C for 10 min to thermally inac-
tivate the proteinase K reaction. Next, the reverse transcription re-
agents were prepared, that is, 15 pL 2x RT buffer, and 1.5 pL of
20x RT enzyme mix, were aliquoted and mixed in the wells of a
96 well plate. To this solution, 13.5 uL of each proteinase K + stop
mixture was added and the solution was mixed well. The resulting
mixtures, containing various concentration of the appropriate ana-
log were incubated at room temperature for 1 h for residual PK
activity to degrade the RT enzyme. After 1 h incubation at room
temperature, 1 pL of Xeno RNA (diluted to 25,000 copies/pL in
10 ng/uL poly(A) was added to all wells except for the no template
control wells. Then the reverse transcription (RT) reaction was
incubated at 37 °C for 60 min, 95 °C for 5 min, and cooled to 4 °C,
using the GeneAmp® 9700 PCR system (Applied Biosystems).

4.2.3. Real time PCR

Real time PCR was performed by using the Xeno AOD (Assay on
Demand) TagMan® Cells-to-CT™ control kit, on a 7500 Fast Real-
Time PCR system. (Applied Biosystems) In each reaction, the equiv-
alent of 12.5 pL of TagMan GEX master mix mixed with 1.25 pL of
20x Xeno AOD was dispensed in each well of a 96 well plate.
11.25 pL of each RT reaction was then added to each well. For three
control reactions, 11.25 pL of water was added to the three wells.
Then the 96 well plate was run by using the gene expression
parameters as per manufacturer’s instruction.

4.2.4. Independent digestion assay of 1 and 6

For the direct assay of PK inactivation, 50 puL of proteinase K
(100 pg/mL) solution was mixed with 5 pL of stop solution with
varying amounts of 1 and 6 separately and incubated for 10 min
at room temperature. 10 pL of Ultrapure BSA (5 mg/mL) was added
to each sample and the samples were incubated for 10 min at room
temperature. The reaction mixture was heated for 30 min at 95 °C
to inactivate any remaining functional PK and the sample mixes
analyzed using precast protein gels. For each 65 L of total reaction
mixture, 10 pL was mixed with 5 pL of gel loading dye and further
heated at 95 °C for 5 min. Then, the samples were kept on ice for
2 min and 15 pL of reaction mixture was loaded on the gel along
with ladder. For the control reactions, 50 pL of PK solution without
BSA, and 10 pL of BSA were mock-incubates and analyzed in a sim-
ilar fashion.

4.2.5. Protein gel
The precast protein gel was run at 120V for 1 h using 1x Tris/
glycine/SDS buffer (BIO-RAD, Hercules, CA). The gel was stained
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with Coomassie blue stain for 1 h at room temp and destained with
destaining solution (20% acetic acid, 10% methanol in 1 L). The gel
was analyzed using AlphaEase™ rc software (Alpha Innotech, San
Leandro, CA). The protein ladder ranges in size from 10 to
260 kDa (Novex® Sharp Pre-Stained Protein Standard (Invitrogen,
Carlsbad CA).
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