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This protocol describes the gram-scale solution-phase synthesis of the colorimetric caspase-3/7 substrate Ac-DEVD-pNA. The
caspase enzymes are integral to cellular inflammation and apoptotic cascades, and are commonly studied by cell biologists,
medicinal chemists and chemical biologists. In particular, the assessment of caspase enzymatic activity is a standard method to
evaluate cell death pathways and new apoptosis-modulating agents. Caspase enzymatic activity can be conveniently monitored
with peptidic chromogenic or fluorogenic substrates, with certain peptide sequences imparting selectivity for certain caspases.

The synthesis of these peptide substrates is typically carried out by solid-phase synthesis, a method that is not ideal for production
of the gram quantities needed for high-throughput screening. Described herein is a facile method for the synthesis of the
Ac-DEVD-pNA caspase-3/7 substrate using solution-phase peptide synthesis. This protocol, involving iterative PyBOP-mediated
couplings and Fmoc deprotections, is rapid (about 5 d), operationally simple and can be used to generate over 1 g of product at a

fraction of the cost of the commercial substrate.

INTRODUCTION

Caspases are a group of cysteine proteases that have critical roles in
the inflammatory response (caspases-1, -4 and -5) and apoptotic
cascade (caspases-2,-3,-6,-7,-8,-9,-10 and -12)'. Caspases reside
in the cell as low-activity zymogens called procaspases®. During
apoptosis, a caspase activation cascade begins with a signal that
activates an ‘initiator’ procaspase to the active caspase enzyme,
with procaspase-8 and -10 being activated through the dimeriza-
tion of cellular death receptors® and procaspase-9 being activated
through cytochrome c release from the mitochondria and forma-
tion of the apoptosome*®. Once activated, caspase-8 and caspase-9
catalyze the hydrolysis of procaspase-3 and procaspase-7, forming
the ‘executioner’ caspases-3 and -7 (refs. 6-8). Caspase-3 (and to a
lesser extent caspase-7) is responsible for the proteolytic cleavage of
over 100 different protein substrates”'’, resulting in the systematic
dismantling of the cell and apoptosis (Fig. 1).

Given their central role in apoptotic cell death, aberrant caspase
activity can have disastrous consequences for an organism. For
example, in many degenerative diseases, an increase in caspase
activity is observed and is believed to lead to premature cell death.
Evidence for elevated caspase activity has been seen in Alzheimer’s
disease'™", Parkinson’s disease'>"*, Huntington’s disease', ALS'
and several others. In these cases, caspase inhibitors have been long
sought as potential cytoprotective agents and indeed the first caspase
inhibitors are now in clinical trials for the treatment of liver dis-
ease, myocardial infarction and rheumatoid arthritis'”. Conversely,
resistance to apoptosis is a hallmark of cancer'® and cancer cells can
evade apoptosis through a modulation in caspase activity. Caspase-
8 (refs. 19-24) and -10 (refs. 25,26) are mutated in some cancers,
and the elevated levels of endogenous caspase-inhibitor proteins
(e.g., XIAP and survivin) are commonly observed in a variety of
cancers” . It is interesting to note that the levels of procaspase
proteins are elevated in many tumor types®*° and this has led to
the hypothesis that drugs that directly activate procaspase enzymes
could selectively induce apoptotic death in cancer cells*.

Shortly after the discovery of the caspases, a series of elegant studies
defined the preferred cleavage site for each caspase isozyme®**.
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Asindicated by their name (cysteine aspartic acid protease), caspases
recognize short peptidic sequences and universally cleave on the
C-terminal side of aspartic acid residues. The substrate recogni-
tion sequence for each caspase has been largely elucidated; for the
most part, these enzymes recognize tetrapeptide sequences. The
discovery of the preferred recognition sequence for each caspase
led directly to the development of peptidic inhibitors and sub-
strates for each isozyme. In the development of inhibitors*#, an
electrophilic ‘warhead’ (typically an aldehyde or o.-fluoro ketone)
is appended to the carboxy terminus of the scissile aspartic acid.
Likewise, substrates can be created by appending the appropri-
ate chromophore or fluorophore to this same position. The use of
the p-nitroaniline (pNA) chromophore is especially popular and as
such the pNA tetrapeptide substrates for caspases-1, -3, -6, -8 and
-9 are available from many commercial vendors.

Caspase-3, with its multiple cellular substrates, is one of the
most studied and important caspases. Procaspase-3 is activated
to caspase-3 through the action of either caspase-8 or caspase-9,
meaning that procaspase-3 is a lynchpin upon which both the
death receptor and mitochondrial apoptotic pathways con-
verge (Fig. 1)°. As such, there is much interest in and usage of
the preferred peptidic substrates for caspase-3, Ac-DEVD-pNA
(colorometric) and Ac-DEVD-AMC (fluorogenic; AMCis 7-amino-4-
methylcoumarin) in cell biology, chemical biology and medicinal
chemistry. For example, Ac-DEVD-pNA and Ac-DEVD-AMC are
widely used to monitor caspase-3/7 activity in cell culture, have been
used for the in vitro identification of caspase-3/7 inhibitors**=!, and
in the identification and assessment of small molecule activators of
procaspase-3/7 (refs. 35-37). Caspase-3 or caspase-7 will catalyze
the hydrolysis of Ac-DEVD-pNA, releasing the pNA chromophore
whichhasaA___of 405 nm (Fig. 2).

Although the average cost of Ac-DEVD-pNA from commercial
vendors (5 mg for ~$60) is reasonable when small quantities of
this reagent are needed, it is prohibitively expensive to purchase
the gram quantities required to screen a small molecule library
for caspase inhibition/activation. For example, to screen a 200,000
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Figure 1 | Pathways of caspase activation. Release of pro-apoptotic
proteins (such as cytochrome c) from the mitochondria promotes the
formation of the apoptosome, a multimeric complex including Apaf-1,
cytochrome ¢ and procaspase-9. In the apoptosome, procaspase-9 becomes
activated to caspase-9, an enzyme that can then proteolytically cleave
procaspases-3 and -7, resulting in their activation. In an analogous manner,
procaspases-8 and -10 are activated to caspases-8 and -10 after death
ligands bind to surface death receptors, initiating the dimerization and
recruitment of procaspase-8 and -10. Once activated, caspases-8 and -10
can also proteolytically cleave procaspases-3 and -7 to form the active
caspases-3 and -7.

compound library for caspase-3 inhibition under standard 384-
well plate assay conditions would require ~1.25 g of Ac-DEVD-
pNA. Described herein is a protocol to synthesize 1 g of this
Ac-DEVD-pNA substrate. Through this method, Ac-DEVD-pNA
can be produced for approximately one-fiftieth of the commercial
cost using rapid, continuous solution-phase peptide synthesis®*>.
Ac-DEVD-pNA synthesized through this method has been used
to generate substrate for the assessment of caspase inhibitors®, for
the high-throughput screening for procaspase-3 activators®, and
for mechanistic studies on procaspase-3-activating compounds®**’
and cytoprotective agents™.

Comparison between solution-phase and solid-phase synthesis
Standard solid-phase peptide syntheses involve coupling to a resin,
followed by C- to N-terminal peptide construction in an itera-
tive sequence involving deprotection, purification and coupling.
Purification of products is achieved by filtration, where impurities
are washed through a filter, which retains the solid support and the
growing peptide chain. The ability to filter the product is advanta-
geous when synthesizing longer peptides and facilitates automation
of solid-phase peptide synthesis. As the peptide is formed on a solid
support and not in solution, coupling reactions are not as effi-
cient and require large excess of each amino acid (as high as 5-40
equivalents). Furthermore, owing to low loading efficiency on the
solid support, a large amount of resin is often required to produce
gram quantities of the final peptide. The solution-phase synthesis
described herein is advantageous when large quantities of a rela-
tively short peptide are desired. In this example, gram quantities
of the Ac-DEVD-pNA caspase-3/7 substrate can be synthesized, in
good overall yield, using nearly stoichometric quantities of reagents
(the amino acids are used in only slight excess, 1.1 equivalents).
This route also allows for the addition of the chromophore before
couplings, thereby enabling the purification of this product to
be carried out early in the synthesis. In contrast, in solid-phase
synthesis the protected peptide is typically cleaved from the resin
before being coupled to the chromophore.

Experimental design
Asshown in Figure 3, the Ac-DEVD-pNA peptide is synthesized from
C- to N-terminus. The synthetic route begins by coupling pNA to
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Figure 2 | The hydrolysis of Ac-DEVD-pNA to Ac-DEVD and p-nitroaniline (pNA), as catalyzed by

caspase-3 or caspase-7.
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Fmoc-Asp(Ot-Bu)-OH using POCI, (ref. 55). After workup, the result-
ing Fmoc-Asp(O#-Bu)-pNA amide (1 in Fig. 3) is purified by silica
gel and isolated in 77% yield. This product is then carried through
iterative Fmoc deprotection, amino acid coupling and workup
steps without any intermediate purification; protected valine is first
coupled to provide 2, then Fmoc deprotection and PyBOP coupling
with protected glutamic acid provides 3, and finally Fmoc depro-
tection and coupling with acylated aspartic acid provides the fully
protected peptide 4. This protected peptide is difficult to isolate
by extraction and column chromatography. Attempted extraction
of the resulting product into ethyl acetate (EtOAc), chloroform,
methylene chloride or hexane results in a persistent emulsion and
an insoluble precipitate. Efforts to purify the crude material using
column chromatography result in an insoluble material that pre-
cipitates on the column. However, this peptide can be isolated by
trituration in diethyl ether. Protected peptide 4 is then globally
deprotected using trifluoroacetic acid (TFA) to provide the final
product. The product is isolated by trituration in diethyl ether to
give an overall yield of 40% for the three couplings and the global
deprotection.

This procedure has been performed on a 1-10 mM scale with
minimal differences in protocol. When working on smaller scales,
reaction times may be decreased to 20 min per coupling/deprotection
step. Conversely, larger scales may require longer reaction
times and should be monitored to verify completion. Although
the synthesis reported herein is specific for the Ac-DEVD-pNA
substrate, analogous strategies could likely be used to produce other
caspase substrates, inhibitors or reporters including, Ac-DEVD-
AFC, Ac-DEVD-AMC, FAM-DEVD-fmk and others. Individuals
wishing to carry out such modified protocols should ensure
that there is a free amine on the chromophore or fluorophore of
choice and the initial coupling reaction to the protected aspartic
acid residue may require optimization. Owing to the relatively
low nucleophilicity of pNA, the strong activator POCI, was used
in the Ac-DEVD-pNA protocol described
herein. For other reporters, different cou-
pling methods may be more suitable. After
coupling to aspartic acid, an analogous
protocol would be followed for the remain-
oNA ing coupling/deprotection steps.
=405 nm) The method outlined in Figure 3 repre-
sents an improvement over our previously
reported synthesis®, as the earlier protocol
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requires an extraction (after final coupling)
that results in an emulsion that is difficult to
resolve. The method reported herein takes
advantage of the insolubility of the prod-
uct in common solvents in the utilization
of precipitation-based purifications. We
anticipate this method and those related to
it will be useful for the preparation of large
quantities of caspase substrates required for
high-throughput screening. 2
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MATERIALS
REAGENTS~ . N \)L
* Brine solution, saturated NaCl solution
(Fisher Scientific, cat. no. S271)
. . . t- BuO
* Sodium bicarbonate, saturated solution 4
(Fisher Scientific, cat. no. $233) O
+ Sodium sulfate, anhydrous (Sigma-Aldrich,

o, Bu DIEA PyBOP and CH2CI2
Fmoc” \)J\ Fmoc

1) TAEA, CH,Cl,
PQQIS 2) Fmoc-Val-OH
Pyridine DIEA PyBOP, CHZCI2

NO, 7%

t-BuO
Fmoc :
1) TAEA, CH,Cl, o)

Ot-Bu
2) Fmoc-Glu(Ot-Bu)-

O

) TAEA, CH,Cl,
2) Ac-Asp(Ot-Bu)-OH
DIEA PyBOP and CH CI2
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40% Overall
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Figure 3 | Solution-phase synthesis of Ac-DEVD-pNA.

cat. no. 239313)

+ Acetone (Sigma-Aldrich, cat. no. 179124)

+ Methylene chloride (Sigma-Aldrich, cat. no.
D65100) ¥ CAUTION Irritant, wear gloves and avoid long-term exposure.

* Methanol (Fisher Scientific, cat. no. A412) ¥ CAUTION Poisonous, highly
flammable, avoid long-term exposure.

+ Hexanes (Fisher Scientific, cat. no. H303) ! CAUTION Highly flammable,
avoid long-term exposure and environmental toxin.

+ EtOAc (Sigma-Aldrich, cat. no. 319902)

+ Diethyl ether (Fisher Scientific, cat. no. E138)

+ N, N-diisopropylethylamine, DIEA, Hiinig’s base (Sigma-Aldrich, cat. no.
D12, 580-6) ! CAUTION Highly flammable, corrosive and avoid exposure.

+ Tris(2-aminoethyl)amine (TAEA; Sigma-Aldrich, cat. no. 225630)

! CAUTION Corrosive, hygroscopic, handle with care.

+ TFA (Sigma-Aldrich) ! CAUTION Corrosive, handle with care.

+ Phosphate buffer

* pNA (Aldrich) ¥ CAUTION pNA is toxic. Use proper protective equipment
when handling this compound.

* Ac-Asp(O1tBu)-OH (ChemImpex, cat. no. 04343)

+ Fmoc-Asp(OrBu)-OH (Novabiochem, cat. no. 04-12-1013)

* Fmoc-Glu(O1Bu)-OH (Novabiochem, cat. no. 04-12—-1020)

» Fmoc-Val-OH (Novabiochem, cat. no. 04-12-1039)

+ PyBOP (Novabiochem, cat. no. 01-62-0016) ¥ CAUTION Irritant, avoid
contact.

+ Pyridine (EMD, cat. no. PX2020-6) ! CAUTION Pyridine is toxic. Avoid
breathing the fumes. Work with pyridine in a chemical fume hood and
cover reaction vessels with septum when moving between the hood and
the rotary evaporator to minimize the spread of vapors.

* Ninhydrin TLC stain

+ DPIP TLC stain

* NaCl (Fisher Scientific, cat. no. S271)

* POCI, (Sigma-Aldrich, cat. no. 201170) ¥ CAUTION POCI, is corrosive.
Avoid contact with skin.

EQUIPMENT

* Biichner funnel (CoorsTek, cat. no. 60243)

+ One-necked 500 ml round-bottom flasks (Chemglass)

* 500 ml Erlenmeyer flasks (Pyrex)

PROCEDURE
Recrystallization of pNA

+ 250 ml Erlenmeyer flask (Pyrex)

« Filter paper (Whatman)

+ Glass funnel (Pyrex)

+ 150 ml fritted filter funnel with course frit (Chemglass)

* Glass stoppers (Pyrex)

+ 50 ml Graduated cylinder (Kimax)

+ High vacuum pump (Welch)

« Laboratory clamps (Fisher Scientific)

« Laboratory jacks (Fisher Scientific)

+ Magnetic stir/hot plate (Corning)

* Rotary evaporator (Biichi)

+ 1,000 ml Separatory funnel (Pyrex or Kimax)

+ 500 ml Separatory funnel (Pyrex or Kimax)

* Small stir bars (Fisher Scientific)

* 4-Vane stir bar (Fisher Scientific)

* Rubber septa (Chemglass)

+ 100 cm X 190 cm recrystallization dish (Kimax)

* Thermometer (—20 to 20 °C)

+ 50 ml disposable syringe (Henke Sass Wolf)

+ 1 ml disposable syringe (Henke Sass Wolf)

+ 5 ml disposable syringe (Henke Sass Wolf)

+ 100 ml beaker (Pyrex)

+ Silica gel (Silicycle)

+ TLC plates (Silicycle)

REAGENT SETUP

Phosphate buffer Phosphate buffer is 90 g NaHPO,-H,O (EMD 567549) and
37.5 g NaH,PO, (EMD 567547) (Sigma-Aldrich) in 500 ml H,O pH 5.5.
Hiinig’s base Hiinig’s base was dried by distillation over CaH, immedi-
ately before use. An appropriate volume of Hunig’s base was placed into a
distillation flask, CaH, was added, the flask was heated and the distillate was
collected. Alternatively, a sure-seal bottle of Hiinig’s base may be purchased
and used.

EQUIPMENT SETUP

Glassware Thoroughly clean and dry overnight (12 h) all glasswares in
an oven (100 °C) before use.

1| Add 10 g of pNA to a 500 ml Erlenmeyer flask. Add 450 ml of H,0. Boil on a stirring hot plate with a stir bar to
completely dissolve all the solid material. If needed, add additional H,0 until all solid has been dissolved.
! CAUTION pNA is toxic. Use proper protective equipment when handling this compound.

2| Set up a hot filter by placing a funnel over an Erlenmeyer flask with ~10 ml of boiling H,0. Place a fluted piece of filter
paper into the funnel and wet with a small volume of H,0 (~5 ml). Allow the funnel and filter paper to heat in the steam

from the Erlenmeyer flask.
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3| Filter the hot pNA solution through the hot filter to remove any insoluble particulates.

4| Boil the filtrate until crystals begin to form. Immediately remove from heat and allow it to cool completely in an
undisturbed location. Long yellow needles will be formed.

5| Filter the crystals through a piece of filter paper to obtain pure crystals. Wash the crystals with two washes (20 ml) of
ice cold H,0. Allow the crystals to air dry on a filter paper.
B PAUSE POINT The recrystallized pNA can be stored at room temperature for at least 1 year.

Coupling of pNA to Fmoc-Asp(0tBu)-OH

6| To a clean, dry, 500 ml round-bottom flask add 4.115 g (10 mmoles) of Fmoc-Asp(0t-Bu)OH, 1.381 g (10 mmoles) of
pNA and 30 ml of pyridine. Add a stir bar.

! CAUTION Pyridine is toxic. Avoid breathing the fumes. Work with pyridine in a chemical fume hood and cover reaction
vessels with septum when moving between the hood and the rotary evaporator to minimize the spread of vapors.

7| Make a salt-ice bath by placing a large 4-vane stir bar at the bottom of a 100 cm x 190 cm recrystallization dish.
Fill the dish with ice and pour 200 g of NaCl over the ice. Place the dish on a stir plate in a chemical fume hood and stir
until the bath reaches a temperature of =10 to —15 °C as monitored with a thermometer.

8| Place the round-bottom flask containing the Fmoc-Asp(Ot-Bu)OH, pNA and pyridine into the salt-ice bath with the
neck clamped to a support in the hood and the flask submerged 1.5 inches in the ice-water-salt mixture.

9| Slowly add 1.02 ml (11 mmoles) of POCL, through a syringe and stir for 30 min while maintaining the salt-ice bath in
the —10 to —15 °C range.
! CAUTION POCL, is corrosive. Avoid contact with skin.

10| Quench the reaction by adding 100 ml of ice water. Fill a 100 ml beaker with ice. Add water till the 100 ml mark.
Slowly pour ice and water into the reaction vessel and allow to stir for 1 min. The quenching reaction is exothermic and
results in the release of HCL.

11| Pour the contents of the reaction vessel into a 500 ml separatory funnel. Add 150 ml of EtOAc. Extract the reaction
mixture. The product will be extracted into the organic (upper) phase.

! CAUTION Pressure can build up in the separatory funnel during extraction. Vent the separatory funnel several times during
shaking by turning the separatory funnel upside down and opening the stopcock to release built up air pressure.

12| Drain the aqueous (lower) phase into a 250 ml Erlenmeyer flask. Pour the organic phase into a separate 500 ml
Erlenmeyer flask.

13| Pour the aqueous phase back into the separatory funnel and extract two more times, as above, with 150 ml of EtOAc
by combining the organic phases.

14| Pour the three collected organic phases (~450 ml) into a 1 liter separatory funnel. Add 150 ml of a saturated
bicarbonate solution and shake vigorously, venting the funnel frequently. Allow the phases to separate (it may take up to
2 h for this separation) and remove the aqueous phase.

15| Add 150 ml of brine to the separatory funnel and shake. Allow the phases to separate and remove the aqueous
phase.

16| Pour the organic phase into a 1 liter Erlenmeyer flask and add 20-30 g of solid anhydrous sodium sulfate to remove
any residual water. The sodium sulfate should be free flowing in the bottom of the flask.

17| Pour the dried organic phase through a fluted filter paper in a funnel and collect the filtrate in a clean dry
round-bottom flask.

18| Concentrate the solution to <100 ml by rotary evaporation.
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19| Attach a large 150 ml fritted filter funnel with a course frit to a clamp in a fume hood. Fill the filter 2 high with silica
gel. Pour the concentrated product over the 2” silica pad and elute the product with a 3:1 mixture of hexane-EtOAc under
mild vacuum. The product should elute in the first 300 ml and the impurities such as pyridine or the unreacted starting ma-
terials should stay on the column. The elution of product may be monitored by TLC. Rf = 0.71.

20| To remove residual pyridine, the reaction mixture should be co-evaporated in a series of solvents. Concentrate to near
dryness using a rotary evaporator. Redissolve the product in 50 ml of toluene to create an azeotrope with the pyridine.
Concentrate this solution to near dryness. Add 50 ml of EtOAc. Concentrate to dryness. Add 50 ml of MeOH. Concentrate to
dryness. The product will be a yellow residue until the final evaporation, at which point it will be a yellow to white powder.
The theoretical yield for this step should be 5.316 g of pure product.

B PAUSE POINT This is a good stopping point. The purified product can be stored in solid form, at room temperature,
protected from light, for up to 6 months with no observable degradation. The following steps through the workup of
Ac-DEVD-pNA should be completed during the course of 1 d.

Deprotection of Fmoc-Asp(0t-Bu)-pNA

21| Dissolve 2.658 g (5 mmoles) of the Fmoc-Asp(0t-Bu)-pNA in 30 ml of methylene chloride in a 500 ml round-bottom
flask. Add a stir bar and clamp to a support in a chemical fume hood directly over a stir plate. Add 30 ml (200 mmoles) of
TAEA slowly to the reaction vessel. Allow stirring for 30 min.

22| Monitor the reaction by TLC to verify conversion. The TLC should be run in 10% MeOH in EtOAc. The TLC can be stained
with Ninhydrin to visualize the free amines that are exposed during deprotection. Dip the TLC plate into the Ninhydrin
stain and heat with a heat gun until color is exposed. Rf=0.43.

Workup
23| After conversion has been verified, add 60 ml of EtOAc to the reaction and then wash the reaction mixture with 50 ml
of brine in a separatory funnel.

24| Extract the reaction mixture three times with 50 ml of phosphate buffer. Discard the aqueous fractions and dry the
organic layer over anhydrous sodium sulfate using 20-30 g as in Step 16.

25| Concentrate to dryness with a rotary evaporator. The product should be a fluffy yellow to white powder. The theoretical
yield should be 1.547 g.

PyBOP coupling of Fmoc-Val-OH to Asp(0t-Bu)-pNA

26| Redissolve the product carried over from the previous step in 30 ml of methylene chloride in a 500 ml round-bottom
flask with stirring. Add 1.867 g of Fmoc-Val-OH (5.5 mmoles) to the reaction vessel.

A CRITICAL STEP Steps 27 and 28 must be done as close in time as possible to prevent epimerization. Weigh out the
PyBOP for Step 28 before adding DIEA in Step 27.

27| Add 1.3 ml of DIEA (7.5 mmoles) to the reaction vessel slowly through syringe.

28| Add 2.861 g (5.5 mmoles) of PyBOP and stir reaction for 30 min. The reaction should turn from cloudy to a clear
yellow over the course of a 30 min reaction.

29| Verify coupling by TLC. The TLC should be run in 10% MeOH in EtOAc. The TLC may be stained with Ninhydrin to verify
the absence of the free amine, thus indicating stoichiometric conversion. Rf=0.51.

Deprotection of Fmoc-Val-Asp (0t-Bu)-pNA

30| After verification of coupling, add 40 equivalents of TAEA (200 mmoles, 30 ml) through syringe to the reaction mixture
to deprotect the N-terminal amino acid. Allow the reaction to stir for 30 min at room temperature. The reaction should
turn cloudy over the course of a 30 min reaction.

31| Verify deprotection by TLC. The deprotection can be detected by the presence of the free amine using the Ninhydrin
stain. Rf=0.33.
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Workup
32| After verifying that the deprotection has come to completion, add 30 ml of EtOAc.

33| Transfer the reaction to separatory funnel and wash with 50 ml of brine. Allow phases to separate.

34| Extract the reaction three times with 50 ml of phosphate buffer. Discard the aqueous phases and dry the organic
phase over anhydrous sodium sulfate using 20-30 g as in Steps 16 and 24.

35| Concentrate to dryness with a rotary evaporator. The product should be a yellow residue.

Coupling of Fmoc-Glu(0t-Bu)-OH to Val-Asp(0t-Bu)-pNA
36| Add 30 ml of methylene chloride to the residue obtained above and stir to dissolve.

37| Add 2.341 g (5.5 mmoles) of Fmoc-Glu(0t-Bu)-0H to the reaction vessel.

A CRITICAL STEP Steps 38 and 39 must be done as close in time as possible to prevent epimerization. Weigh out the
PyBOP for Step 39 before adding DIEA in Step 38.

38| Add 1.3 ml of DIEA (7.5 mmoles) to the reaction vessel through syringe.

39| Add 2.862 g of PyBOP (5.5 mmoles) to the reaction vessel and stir for 30 min.

40| Verify coupling by TLC in 10% MeOH in EtOAc. Stain with Ninhydrin to verify the absence of any free amine. Rf=0.45.

Deprotection of Fmoc-Glu(0t-Bu)-Val-Asp(0t-Bu)-pNA
41| After verification of coupling, add 40 equivalents of TAEA (200 mmoles, 30 ml) through syringe to the reaction mixture
to deprotect the N-terminal amino acid. Allow the reaction to stir for 30 min at room temperature.

42| Verify deprotection by TLC. The deprotection can be detected by the presence of the free amine using the Ninhydrin
stain. Rf=0.42.

Workup
43| After verifying the deprotection has come to completion, add 30 ml of EtOAc.

44| Transfer the reaction to separatory funnel and wash with 50 ml of brine.

45| Extract the reaction three times with 50 ml of phosphate buffer. Discard the aqueous phases and dry the organic
phase over anhydrous sodium sulfate using 20-30 g as in Steps 16, 24 and 34.

46| Concentrate to dryness with a rotary evaporator. The product should be yellow residue.

Coupling of Ac-Asp(0t-Bu)-OH to Glu(0t-Bu)-Val-Asp(0t-Bu)-pNA
47| Add 30 ml of methylene chloride to the residue obtained above and stir to dissolve.

48| Add 1.272 g (5.5 mmoles) of Ac-Asp(0t-Bu)-OH to the reaction vessel.
A CRITICAL STEP Steps 49 and 50 must be done as close in time as possible to prevent epimerization. Weigh out the
PyBOP for Step 50 before adding DIEA in Step 49.

49| Add 1.3 ml of DIEA (7.5 mmoles) to the reaction vessel through syringe.

50| Add 2.862 g (5.5 mmoles) of PyBOP to the reaction vessel. Allow stirring at room temperature (22-25 °C) for 30 min.
Take a TLC to verify coupling in 10% methanol in EtOAc. Stain the TLC plate with DPIP. Rf=0.65.

Workup of protected Ac-DEVD-pNA
51| Concentrate the reaction mixture to dryness using a rotary evaporator.

52| Add 60 ml of diethyl ether and triturate the solid product, washing the solid by swirling the flask. If necessary, pipette
the ether over the solid several times to ensure good mixing.
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53] Filter and collect the precipitate. The impurities such

as HOBT and the phosphoamide byproducts of the PYBOP
coupling will be soluble in the diethyl ether. Wash the
precipitate with 15 ml of diethyl ether. Allow the precipitate
to dry and transfer to a round-bottom flask.

54| Allow to dry under vacuum overnight. The product
should be a white/off-white powder.

Il PAUSE POINT At this point, the solid may be stored at room
temperature for a week or at —20 °C for at least 6 months.

Global deprotection

55| Add 30 ml of TFA through syringe to the solid product
and stir for 30 min to globally deprotect the fully protected
product.

56| Remove the TFA by rotary evaporation.

57| Triturate the solid with 30 ml of diethyl ether, wash-
ing the solid by swirling the flask. If necessary, pipette the
ether over the solid several times to ensure good mixing.
Allow the precipitate to settle to the bottom and decant
the diethyl ether. Repeat two times.

58| Allow the final product to dry under vacuum overnight.
The product is a light tan solid.

59| Assess the product by *H NMR, mass spectrometry
and/or HPLC to verify proper synthesis and complete
deprotection. The product appears as a single peak on an
analytical reverse-phase HPLC (see Fig. 4a). The product
should be stored at —20 °C and is stable for at least 1 year.

@ TIMING
Steps 1-5, Recrystallization of pNA: 4 h
Steps 6-20, Coupling pNA to Fmoc-Asp(0t-Bu)-0OH: 6 h

Steps 21 and 22, Deprotection of Fmoc-Asp(0t-Bu)-pNA: 0.5 h

Steps 23-25, Workup of Asp(0t-Bu)-pNA: 1 h
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Figure 4 | Evaluation of Ac-DEVD-pNA. (a) HPLC-trace (detection at
280 nm) for final product shows single peak at 4.58 min. Analysis was run
on a C18 column using a gradient of 95:5 H,0:ACN with 0.1% formic acid
to 5:95 H,0:ACN with 0.1% formic acid over 10 min. (b) Progress curves
for the enzymatic hydrolysis of Ac-DEVD-pNA. A 1 uM solution of caspase-3
and a 10 pM solution of the uncleavable procaspase-3 (D,A) mutant®** were
incubated with 200 M of Ac-DEVD-pNA in a buffer containing 50 mM HEPES
(pH 7.4) and 300 mM NaCl. The absorbance at 405 nm was read over the
2 h incubation.

Steps 26-29, PyBOP coupling of Fmoc-Val-OH to Asp(Ot-Bu)-pNA: 0.5 h
Steps 30 and 31, Deprotection of Fmoc-Val-Asp(0t-Bu)-pNA: 0.5 h

Steps 32-35, Workup of Val-Asp(0t-Bu)-pNA: 1 h

Steps 36-40, Coupling of Fmoc-Glu(Ot-Bu)-0OH to Val-Asp(0t-Bu)-pNA: 0.5 h
Steps 41 and 42, Deprotection of Fmoc-Glu(0t-Bu)-Val-Asp(0t-Bu)-pNA: 0.5 h

Steps 43-46, Workup of Glu(Ot-Bu)-Val-Asp(Ot-Bu)-pNA: 1 h

Steps 47-50, Coupling of Ac-Asp(0t-Bu)-OH to Glu(0t-Bu)-Val-Asp(0t-Bu)-pNA: 0.5 h

Steps 51-54, Workup of protected Ac-DEVD-pNA: 15 h
Steps 55-58, Global deprotection of Ac-DEVD-pNA: 20 h

? TROUBLESHOOTING

If the fully protected product is not pure after washing with diethyl ether, the product may be further washed with diethyl
ether to remove further impurities. Alternatively, the product may be purified by reverse-phase HPLC using a C18 column
and a gradient elution of 95:5 H,0:ACN with 0.1% formic acid to 5:95 H,0:ACN with 0.1% formic acid over 10 min.

ANTICIPATED RESULTS

As described, the synthesis will produce 700-1,000 mg of Ac-DEVD-pNA. The procedure can be scaled if desired. The Ac-DEVD-pNA
product may be evaluated as a substrate for procaspase-3, caspase-3, procaspase-7 or caspase-7 by a standard enzyme
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activity assay. As shown in Figure 4b, when this substrate (at 200 uM in 50 mM Hepes (pH 7.4), 300 mM NaCl buffer)
is treated with caspase-3 (1 uM final concentration) or an uncleavable procaspase-3 (D,A) mutant®*® (10 uM final
concentration), an increase in absorbance at 405 nm is observed.

Analytical data

Ac-DEVD-pNA:

m.p.: 179-184 °C

HPLC (C18, See Fig. 4a for trace)

'H-NMR (500 MHz, CD,0D) (see Supplementary Data)

HRMS(ESI) (m/z) calculated for C, H, N 0., 639.22; found, 639.2254

260 34 6 137

Note: Supplementary information is available via the HTML version of this article.

ACKNOWLEDGMENTS We are grateful to the National Institutes of Health
(R01-CA120439) for the support of this work. Q.P.P. was partially supported by a
Chemistry-Biology Interface Training Grant from the National Institutes of Health
(Ruth L. Kirschstein National Research Service Award 1 T32 GM070421 from the
National Institute of General Medical Sciences) and by a predoctoral fellowship
from the ACS Division of Medicinal Chemistry. D.C.W. was partially supported by
Ruth L. Kirschstein National Research Service Award 3F31CA130138-01S1.

AUTHOR CONTRIBUTIONS All authors contributed extensively to the work
presented in this paper.

Published online at http://www.natureprotocols.com/.
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/.

1. Shi, Y. Mechanisms of caspase activation and inhibition during apoptosis.
Mol. Cell 9, 459-470 (2002).

2. Bose, K., Pop, C., Feeney, B. & Clark, A.C. An uncleavable procaspase-3
mutant has a lower catalytic efficiency but an active site similar to that
of mature caspase-3. Biochemistry 42, 12298-12310 (2003).

3. Hengartner, M.0. The biochemistry of apoptosis. Nature 407, 770-776
(2000).

4. Acehan, D. et al. Three-dimensional structure of the apoptosome:
implications for assembly, procaspase-9 binding, and activation. Mol. Cell
9, 423-432 (2002).

5. Chao, Y. et al. Engineering a dimeric caspase-9: a re-evaluation of the
induced proximity model for caspase activation. PLoS Biol. 3, €183
(2005).

6. Yin, Q. et al. Caspase-9 holoenzyme is a specific and optimal procaspase-3
processing machine. Mol. Cell 22, 259-268 (2006).

7. Walsh, J.G. et al. Executioner caspase-3 and caspase-7 are functionally
distinct proteases. Proc. Natl. Acad. Sci. USA 105, 12815-12819 (2008).

8. Riedl, S.J. et al. Structural basis for the activation of human procaspase-
7. Proc. Natl. Acad. Sci. USA 98, 14790-14795 (2001).

9. Luthi, A.U. & Martin, S.J. The CASBAH: a searchable database of caspase
substrates. Cell Death Differ. 14, 641-650 (2007).

10. Timmer, J.C. & Salvesen, G.S. Caspase substrates. Cell Death Differ. 14,
66-72 (2007).

11. Engidawork, E., Gulesserian, T., Yoo, B.C., Cairns, N. & Lubec, G.
Alteration of caspases and apoptosis-related proteins in brains of patients
with Alzheimer's disease. Biochem. Biophys. Res. Commun. 281, 84-93
(2001).

12. Blandini, F. et al. Peripheral proteasome and caspase activity in Parkinson
disease and Alzheimer disease. Neurology 66, 529-534 (2006).

13. Roth, K.A. Caspases, apoptosis, and Alzheimer disease: causation,
correlation, and confusion. J. Neuropathol. Exp. Neurol. 60, 829-838
(2001).

14. Nagatsu, T. & Sawada, M. Biochemistry of postmortem brains in
Parkinson’s disease: historical overview and future prospects. J. Neural.
Transm. Suppl. 113-120 (2007).

15. Rubinsztein, D.C. & Carmichael, J. Huntington’s disease: molecular basis
of neurodegeneration. Expert Rev. Mol. Med. 5, 1-21 (2003).

16. Martin, L.J. Neuronal death in amyotrophic lateral sclerosis is apoptosis:
possible contribution of a programmed cell death mechanism.

J. Neuropathol. Exp. Neurol. 58, 459-471 (1999).

17. Green, D.R. & Kroemer, G. Pharmacological manipulation of cell death:

clinical applications in sight? J. Clin. Invest. 115, 2610-2617 (2005).

22.

23.

25.

26.

27.

28.

29.

31.

32.

33.

37.

38.

39.

40.

. Hanahan, D. & Weinberg, R.A. The hallmarks of cancer. Cell 100, 57-70

(2000).

. Soung, Y.H. et al. Caspase-8 gene is inactivated by somatic mutations in

gastric carcinomas. Cancer Res. 65, 815-821 (2005).

. Soung, Y.H. et al. Caspase-8 gene is frequently inactivated by the

frameshift somatic mutation 1225_1226delTG in hepatocellular carcinomas.
Oncogene 24, 141-147 (2005).

. Kim, H.S. et al. Inactivating mutations of caspase-8 gene in colorectal

carcinomas. Gastroenterology 125, 708-715 (2003).

Mandruzzato, S., Brasseur, F., Andry, G., Boon, T. & van der Bruggen, P. A
CASP-8 mutation recognized by cytolytic T lymphocytes on a human head
and neck carcinoma. J. Exp. Med. 186, 785-793 (1997).

Teitz, T. et al. Caspase 8 is deleted or silenced preferentially in childhood
neuroblastomas with amplification of MYCN. Nat. Med. 6, 529-535 (2000).

. Teitz, T., Lahti, J.M. & Kidd, V.J. Aggressive childhood neuroblastomas do

not express caspase-8: an important component of programmed cell
death. J. Mol. Med. 79, 428-436 (2001).

Shin, M.S. et al. Inactivating mutations of CASP10 gene in non-Hodgkin
lymphomas. Blood 99, 4094-4099 (2002).

Park, W.S. et al. Inactivating mutations of the caspase-10 gene in gastric
cancer. Oncogene 21, 2919-2925 (2002).

Kania, J., Konturek, S.J., Marlicz, K., Hahn, E.G. & Konturek, P.C.
Expression of survivin and caspase-3 in gastric cancer. Dig. Dis. Sci. 48,
266-271 (2003).

Zou, H. et al. Regulation of the Apaf-1/caspase-9 apoptosome by
caspase-3 and XIAP. J. Biol. Chem. 278, 8091-8098 (2003).

Shiozaki, E.N. et al. Mechanism of XIAP-mediated inhibition of caspase-9.
Mol. Cell 11, 519-527 (2003).

. Roy, S. et al. Maintenance of caspase-3 proenzyme dormancy by an

intrinsic ‘safety catch’ regulatory tripeptide. Proc. Natl. Acad. Sci. USA 98,
6132-6137 (2001).

Grigoriev, M.Y., Pozharissky, K.M., Hanson, K.P., Imyanitov, E.N. &
Zhivotovsky, B. Expression of caspase-3 and -7 does not correlate with
the extent of apoptosis in primary breast carcinomas. Cell Cycle 1,
337-342 (2002).

Krepela, E., Prochazka, J., Liul, X., Fiala, P. & Kinkor, Z. Increased
expression of Apaf-1 and procaspase-3 and the functionality of intrinsic
apoptosis apparatus in non-small cell lung carcinoma. Biol. Chem. 385,
153-168 (2004).

Fink, D. et al. Elevated procaspase levels in human melanoma. Melanoma
Res. 11, 385-393 (2001).

. Estrov, Z. et al. Caspase 2 and caspase 3 protein levels as predictors of

survival in acute myelogenous leukemia. Blood 92, 3090-3097 (1998).

. Putt, K.S. et al. Small molecule activation of procaspase-3 to caspase-3 as

a personalized anticancer strategy. Nat. Chem. Biol. 2, 543-550 (2006).

. Peterson, Q.P. et al. PAC-1 activates procaspase-3 in vitro through relief

of zinc-mediated inhibition. J. Mol. Biol. 388, 144-158 (2009).
Peterson, Q.P. et al. Procaspase-3 activation as an anti-cancer strategy:
structure-activity relationship of PAC-1, and its cellular co-localization
with procaspase-3. J. Med. Chem. 52, 5721-5731 (2009).

Thornberry, N. et al. A combinatorial approach defines specificities of
members of the caspase family and granzyme B. Funtional relationships
established for key mediators of apoptosis. J. Biol. Chem. 27,
17907-17911 (1997).

Nicholson, D.W. et al. Identification and inhibition of the ICE/CED-3
protease necessary for mammalian apoptosis. Nature 376, 37-43 (1995).
Goode, D.R., Sharma, A.K. & Hergenrother, P.J. Using peptidic inhibitors
to systematically probe the S1’ site of caspase-3 and caspase-7. Org. Lett.
7, 3529-3532 (2005).

NATURE PROTOCOLS | VOL.5 NO.2 | 2010 | 301



‘@3 © 2010 Nature Publishing Group http://www.nature.com/natureprotocols

| PROTOCOL

41.

42.

43.

44.

45,

46.

47.

48.

Smolewski, P., Grabarek, J., Phelps, D.J. & Darzynkiewicz, Z. Stathmo-
apoptosis: arresting apoptosis by fluorochrome-labeled inhibitor of
caspases. Int. J. Oncol. 19, 657-663 (2001).

Hardy, J.A. & Wells, J.A. Dissecting an allosteric switch in caspase-7 using
chemical and mutational probes. J. Biol. Chem. 284, 26063-26069 (2009).
Chu, W., Rothfuss, J., Chu, Y., Zhou, D. & Mach, R.H. Synthesis and in
vitro evaluation of sulfonamide isatin Michael acceptors as small molecule
inhibitors of caspase-6. J. Med. Chem. 52, 2188-2191 (2009).

Chu, W. et al. Isatin sulfonamide analogs containing a Michael addition
acceptor: a new class of caspase 3/7 inhibitors. J. Med. Chem. 50,
3751-3755 (2007).

Chu, W. et al. N-benzylisatin sulfonamide analogues as potent caspase-3
inhibitors: synthesis, in vitro activity, and molecular modeling studies.

J. Med. Chem. 48, 7637-7647 (2005).

Guo, Z., Xian, M., Zhang, W., McGill, A. & Wang, P.G. N-nitrosoanilines:

a new class of caspase-3 inhibitors. Bioorg. Med. Chem. 9, 99-106 (2001).
Chen, Y.-H. et al. Design, synthesis and biological evaluation of
isoquinoline-1,3,4-trione derivatives as potent caspase-3 inhibitors.

J. Med. Chem. 49, 1613-1623 (2006).

Lee, D. et al. Potent and selective non-peptide inhibitors of caspases 3
and 7. J. Med. Chem. 44, 2015-2026 (2001).

302 | VOL.5 NO.2 | 2010 | NATURE PROTOCOLS

49.

50.

51.

52.

53.

54.

55.

Wu, J.C. & Fritz, L.C. Irreversible caspase inhibitors: tools for studying
apoptosis. Methods 17, 320-328 (1999).

Chapman, J.G. et al. A novel nonpeptidic caspase-3/7 inhibitor, (S)-(+)-5-
[1-(2-methoxymethylpyrrolidinyl)sulfonyl]isatin reduces myocardial
ischemic injury. Eur. J. Pharmacol. 456, 59-68 (2002).

Hardy, J.A., Lam, J., Nguyen, J.T., O'Brien, T. & Wells, J.A. Discovery of
an allosteric site in the caspases. Proc. Natl. Acad. Sci. USA 101,
12461-12466 (2004).

Hoeg-Jensen, T., Jakobsen, M.H. & Holm, A. A new method for rapid
solution synthesis of shorter peptides by use of PyBOP. Tetrahedron Lett.
32, 6387-6390 (1991).

Carpino, L.A. et al. Rapid, continuous solution-phase peptide synthesis:
application to peptides of pharmaceutical interest. Org. Process Res. Dev.
7, 28-37 (2002).

Thompson, C.M., Quinn, C.A. & Hergenrother, P.J. Total synthesis and
cytoprotective properties of dykellic acid. J. Med. Chem. 52, 117-125
(2009).

Rijkers, D.T.S., Adams, H.P.H.M., Hemker, H.C. & Tesser, G.I. A
convenient synthesis of amino acid p-nitroanilides; synthons in the
synthesis of protease substrates. Tetrahedron 51, 11235-11250
(1995).



	Preparation of the caspase-3/7 substrate Ac-DEVD-pNA by solution-phase peptide synthesis
	INTRODUCTION
	Comparison between solution-phase and solid-phase synthesis
	Experimental design

	MATERIALS
	PROCEDURE
	Recrystallization of pNA
	Coupling of pNA to Fmoc-Asp(OtBu)-OH
	Deprotection of Fmoc-Asp(Ot-Bu)-pNA
	Workup
	PyBOP coupling of Fmoc-Val-OH to Asp(Ot-Bu)-pNA
	Deprotection of Fmoc-Val-Asp(Ot-Bu)-pNA
	Workup
	Coupling of Fmoc-Glu(Ot-Bu)-OH to Val-Asp(Ot-Bu)-pNA
	Deprotection of Fmoc-Glu(Ot-Bu)-Val-Asp(Ot-Bu)-pNA
	Workup
	Coupling of Ac-Asp(Ot-Bu)-OH to Glu(Ot-Bu)-Val-Asp(Ot-Bu)-pNA
	Workup of protected Ac-DEVD-pNA
	Global deprotection

	● TIMING
	? TROUBLESHOOTING
	ANTICIPATED RESULTS
	Analytical data

	Acknowledgments
	Figure 1 Pathways of caspase activation.
	Figure 2 The hydrolysis of Ac-DEVD-pNA to Ac-DEVD and p-nitroaniline (pNA), as catalyzed by caspase-3 or caspase-7.
	Figure 3 Solution-phase synthesis of Ac-DEVD-pNA.
	Figure 4 Evaluation of Ac-DEVD-pNA.




