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ABSTRACT. We have previously identified proteolytic activity in rat liver microsomes that cleaves an intact
tripeptide, VIS, fromS-farnesylated-CVIS tetrapeptide. This enzymatic activity, termed prenyl protein-
specific endoprotease (PPEP) activity, has been solubilized in CHAPS and purified 5-fold. To probe the
peptide recognition features of PPEP activity, 64 tripeptiddeadetyl-C&farnesyl)aa] were prepared

and tested as competitive inhibitors of PPEP activity-catalyzed hydrolysisaafetyl-CS-farnesyl)VI-

[3H]S. It was found that PPEP activity prefers large hydrophobic residues in tnedaa positions. A

subset ofN-acetyl-CG&farnesyl)aa, peptides were prepared in radiolabeled form, and it was found that
PPEP activity preferences for these substrates correlated well in most cases with the inhibition data. The
exception is that R in the;goosition does not prevent binding of peptide to PPEP activity, but such
peptides are poor substrates. The anionic residue D instpesition is not tolerated by PPEP activity.

Five farnesylated radiolabeled tetrapeptides, Ac-C(FAHW, Ac-C(F)LI[3H]L, Ac-C(F)LL[3H]L, Ac-
C(F)LM[3H]L, and Ac-C(F)VIPH]L were prepared, and PPEP activity kinetic studies revealed that they
are good substrates and show comparkijeralues (2.2-13.5uM). Ac-C(F)RL[*H]S is a poor substrate.

The reported peptide binding preferences of PPEP activity should be useful in designing compounds that
block the C-terminal proteolysis of prenylated proteins. Nonprenylated peptides do not bind to PPEP
activity, and replacement of the farnesyl group withrapentadecyl group modestly reduces binding.
Peptide-membrane partitioning studies were used together with theoretical arguments to fully understand
the substrate specificity of PPEP activity toward these compounds.

A diverse group of eukaryotic cell proteins has been entially farnesylates Ga,X-containing proteins in which X
reported to be posttranslationally modified by prenylation is serine, methionine, glutamine, cysteine, or possibly other
(1, 2). Such proteins include yeast a-mating fac®) Ras residues. PGGT-1 preferentially geranylgeranylates proteins
proteins 4—6), other GTP-binding proteins7¢9), and having a carboxyl-terminal leucine or phenylalanine.
nuclear lamins 10, 11). All of these prenylated proteins The prenyl protein-specific methyltransferag6«28) and
contain a carboxyl-terminal CysAliAliXaa (referred to in this  methylesterase20) have been detected in the membrane
paper as GaX) sequence (Ali is usually but not necessarily fraction of mammalian tissue. Genetic studies in yeast
an aliphatic amino acid, and Xaa can be a variety of amino demonstrate that both farnesylated and geranylgeranylated
acids). Prenylation occurs first on the cysteine residue via cysteine residues are methylated by the same enzgfe (

a thioether linkage with either a 15-carbon farnesyl or a 20- 31). The geneSTEl4encodes the prenyl protein-specific
carbon geranylgeranyl group, followed by proteolytic re- methyltransferase in yeast. The nucleotide sequence reveals
moval of the last three amino acids. Finally, the biologically that the enzyme encoded by it contains 239 amino acids and
reversibleS-adenosyl-methionine-dependent methylation of multiple transmembrane domain32( 33). Although the

the newly exposed-carboxyl group of th&-prenyl-cysteine  mammalian counterpart of this enzyme has not yet been
completes the final modification, although some proteins are purified, its characterizatior8B4—36) and kinetic mechanism
further modified by palmitoylation of nearby cysteine of the action 87) have been studied in its membrane-bound
residues 12). state.

Protein farnesyltransferase (PFT)3( 14) and protein The prenyl protein-specific endoprotease (PPERBdivity
geranylgeranyltransferase-l (PGGT-1)5( 16) catalyze has been detected in homogenates from y&8&safid bovine
transfer of farnesyl or geranylgeranyl from farnesyl pyro- (39) and rat 40) liver membranes with synthetic farnesylated
phosphate or geranylgeranyl pyrophosphate, respectively, toand geranylgeranylated peptides as substrates. In all cases,
CaaX-containing proteins and have been identified and a single endoproteolytic event occurs to release an intact
purified from cytosol fractions of mammalian and yeast cells
(17) The .type_ of prenyl grogp added to the protein is 1 Abbreviations: Ac-C(F)a and Ac-C(F)aaX, tri- and tetrapep-
dictated primarily by the X residuel8—24). PFT prefer- tides containingN-acetyl+ -(Sfarnesyl)-cysteine linked to dipeptides
i or tripeptides gX, respectively; H]Ac-C(F)aa, tritium is on
the acetyl group; ECB-C(F)\AH]S, C(F)VI[PH]S tetrapeptide with a
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tripeptide (aaX) from the structure C¥prenyl)aaX, and tion. The general strategies are briefly mentioned here.
proteolysis occurs only if the peptide is prenylated. Cell Peptides of the type Ac-C(F@ or Ac-C(F)aaX were
fractionation studies suggest that PPEP activity is mainly prepared by coupling dipeptide;aa or tripeptide aaX
localized in the endoplasmic reticulusQ). PPEP activity (prepared by standard solid-phase or solution synthesis or
can cleave prenylated tri- and tetrapeptides with the structurepurchased commercially) with thi-hydroxysuccinimide
N-acetyl-CG-prenyl)aa or N-acetyl-C&prenyl)aaX (39, ester of Ac-C(F). A few peptides were prepared by
40). Peptides with these structures but contairbrgmino farnesylation of Ac-Ca, or Ac-CaaX. Final products were
acids in place of.-C, L-a;, or L-a& are not PPEP activity  purified by HPLC and analyzed B NMR. Small amounts
substrates4l). PPEP activity is not inhibited by a variety of the undesired diastereomer-¢onfiguration of the C(F)
of standard protease inhibitors but is sensitive to the thiol residue] were obtained in some cases, and these were
reagentp-chloromercuribenzoate39, 40). Analogues of removed from the desired allpeptide by HPLC.
short prenylated peptides containing protease-resistant func- Prior to the synthesis of all radiolabeled peptides, the
tional groups in place of the protease-susceptible amide werenonradiolabeled versions were synthesized, HPLC purified,
prepared, and some were found to be potent inhibitors of and characterized byH NMR. HPLC retention times
PPEP activity 42). PPEP activity has been solubilized and provided a guide for the purification of radiolabeled peptides.
partially purified (~10-fold) from bovine liver microsomes  Two methods were developed for the synthesestdfAc-
(43) and appears to be in an aggregate form (MW641 C(F), and this material was elaborated into tripeptides using
kDa, estimated by gel filtration). The partially purified the same methods that were used for the nonradiolabeled
enzyme is unstable, and its purification to homogeneity has peptides. Peptides of the type Ac-C(#H]X were
not been reported. prepared by coupling Ac-C(Fja to [3H]X-CO,Me using
More recently, two genefRCEland AFC1) responsible 1-ethyl-3~(3-dimethylaminopropyl)carbodiimide hydrochloride/
for PPEP activity were identified in yeast by genetic methods N-hydroxybenzotriazole. The methyl ester was removed by
(44). The sequences of Rcelp and Afclp, which these genessaponification. Saponification using the specific conditions
encode, indicate that they are integral membrane proteins.(Supporting Information) did not result in epimerization of
The yeast mutant containing defects in both genes loses thehe X residue as revealed by HPLC alttl NMR analysis
ability to proteolytically process prenylated proteins. Loss of reactions carried out with nonradiolabeled peptides. All
of proteolysis renders Ras2p, which normally localizes to radiolabeled peptides have a specific activity of 6-140
the plasma membrane, to mislocalize to internal membranes,Ci/mmol. To minimize radio decomposition, all peptides
at least when overexpressed. Furthermore, loss of proteolysisvere stored in DMF or DMSO/40 (4/1) at typically 175
reduces but does not eliminate Ras2p function in yeastuCi/mL at—20°C. Rapid decomposition occurs if peptides
expressing either high or endogenous levels of this protein.are stored as a dry film. When necessary, radiolabeled
It has been shown that proteolysis and methylation are peptides were repurified by HPLC and used immediately in
important in promoting efficient membrane binding and PPEP activity studies. Peptides containingSampentade-
function of K-Ras4B 45). In Xenopusocytes, proteolysis  cyl-C residue were prepared by treating the desired cysteine-
and methylation are probably required for palmitoylation, containing peptide witn-pentadecyl bromide (Supporting
membrane binding, and function of H-Ra46). These Information).
studies suggest that PPEP activity and the methyltransferase, The concentrations of all peptides in stock solutions were
like PFT, may be good targets for anti-oncogenic therapeu- determined either by weighing the solid peptidel(mg
tics, especially because yeast lacking PPEP activity are viableamounts) or by integrating NMR resonances of stock
(44). solutions in DMSOeds containing a known amount of GH
In the present study, membrane-bound PPEP activity wasCl, as internal standard (NMR recycle delay set to 10 s).
solubilized from rat liver microsomes using CHAPS and was Solubilization and partial purification of PPEP activity from
partially purified. Studies of the binding of a large number rat liver microsomes are given in full detail as Supporting
of peptides of the typdl-acetyl-CGfarnesyl)aa [Ac-C(F)- Information.
ad] to partially purified PPEP activity revealed that the PPEP Actiity Assays. (i) Assays with RatJder Mi-
enzyme prefers aliphatic or aromatic amino acids at the a crosomes.The assay mixture (50L) contained 47.%L of
and a positions. A series of radiolabeled peptides of the buffer A, 1.5uL (29 ug of protein) of a suspension of washed
type PH]Ac-C(F)aa were also prepared and tested as rat liver microsomes (Supporting Information), angl1 of
substrates of partially purified PPEP activity, and the results Ac-C(F)VI[?H]S or Ac-C(F)RLEH]S stock in DMF (final
are consistent with those obtained from binding studies. concentration 3:M in the assay, added last). The reaction
Furthermore, six farnesylated tetrapeptides were preparedwas incubated at 37C for 20 min. The reaction was stopped
and kinetic studies revealed that the presence of arginine inby placing the tube in boiling water for 6 min, and 150
the a position prevents proteolysis but not peptide binding of water, 1.6uL of 7.2% CHAPS in buffer A (20 mM Tris-
to PPEP activity. PPEP activity is not inhibited by various HCI, pH 7.2, 1 mM EDTA, 1 mM EGTA), L of buffer
nonprenylated Ga,X-containing peptides at concentrations D (20 mM Tris-HCI, pH 7.2, 0.2% CHAPS2 M NacCl),
17-fold higher than that of the prenylated substrate, and and nonradiolabeled standard [VISg§) or RLS (10ug)],
replacement of the farnesyl group by mupentadecyl chain  were added. Precipitated protein was removed in a mi-
modestly reduces PPEP activity-peptide binding. crofuge, and the supernatant was injected onto an HPLC
column (Vydac 218TP104). The products were eluted with
MATERIALS AND METHODS an isocratic solvent mixture of 97% solvent A (100% water/
Peptide SynthesesFull details for the syntheses of all 0.06% trifluoroacetic acid)/3% solvent B (100% acetonitrile/
peptides used in this study are given as Supporting Informa-0.06% trifluoroacetic acid) at a flow rate of 1 mL/min (HPLC
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method i). Serine elutes in the solvent front, and the retention was evaporated, fluorography of the TLC plate was carried

times for LS, RLS, IS, and VIS are 5, 7.3, 4.8, and 9.7 min,
respectively. For quantifying the amounts of peptide prod-

ucts, the eluants at 28.2 (S), 4.2-6.2 (IS or LS), 6.2
8.7 (RLS), and 8.711.2 min (VIS) were collected, and a
0.7 mL aliquot of each was mixed with 6 mL of scintillation

out by spraying it with ERHANCE (NEN), wrapping it with
Saran Wrap, and placing it in a film cassette with an
intensifying screen (Kodak X-Omatic) and X-ray film
(Kodak X-OMAT AR) at—80 °C for 48-96 h.

(iv) Measurement of M and Ky of Ac-C(F)aay[3H]X

cocktail for scintillation counting. Some microsomal assays Substrates with Q Sepharaose Partially Purified PPEP
were carried out in the presence of various concentrationsActivity. Q Sepharose partially purified PPEP activity (7.7
of competing, nonradiolabeled farnesylated peptides (seeug, 50uL) was incubated with LL of different amounts of

Results and Discussion). In these assaygsM3Ac-C(F)-
VI[3H]S and 19ug of microsomal protein were used.

(i) Assays with Q Sepharaose Partially Purified PPEP
Activity in the Presence of Peptide InhibitorsA second
isocratic solvent mixture (87% solvent A/13% solvent B at
a flow rate of 1 mL/min, HPLC method ii) was used to elute
the major peptide product, V]S [2.8—5.6 min, using Ac-
C(F)VI[?H]S as substrate], from the HPLC column. This

substrate stocks of Ac-C(R@[*H]X (Table 3) in DMF at

37 °C for 60 min. The reaction was stopped by placing the
tube in boiling water for 6 min, and 150L of water and
5—-10 ug of the corresponding unlabeledXaand aaX
products were added. After centrifugation in a microfuge,
the supernatant was analyzed by HPLC. For Ac-C(F)VI-
[®H]S, HPLC method i was used, and the amount of VI-
[®H]S was quantified as the above. For Ac-C(FPIL,

rapid HPLC method was used to assay PPEP activity afteran isocratic solvent mixture of 86% solvent A/14% solvent
gel filtration or Q Sepharose chromatography, since after B at a flow rate of 1 mL/min was used (HPLC method iii).

these steps little, if any,3H]S- and IPH]S-producing
enzymes were detected. The assay mixture Bpcon-
tained 22-23 uL of buffer (20 mM Tris-HCI, pH 7, 0.2%
CHAPS) plus peptide inhibitor delivered ir-2 uL of DMF,
DMSO/water (4/1), or DMSQls, 1 uL of substrate stock of
Ac-C(F)VI[*H]S in DMF (final concentration 3.aM in the
assay), and 24l of Q Sepharaose partially purified PPEP
activity (4.5 ug) added last to initiate the reaction. The
reaction was incubated at 3T for 40 min. The reaction
was stopped by placing the tube in boiling water for 6 min,
and 150uL of water was added. After centrifugation in a

microfuge, the supernatant was injected onto the HPLC (10.8).

column. The product was quantified as described above.
(i) Assays with Q Sepharaose Partially Purified PPEP

Activity and [FH]Ac-C(F)aia,. Q Sepharose partially purified

PPEP activity (1Qug, 39 uL) was incubated with kL of

substrate stocks of the peptidéd]JAc-C(F)aa (1 Ci/mmol)

in DMF at 37°C for 90 min. For H]Ac-C(F)aa peptides

of lower specific activity (0.74 Ci/mmol), Q Sepharose

partially purified PPEP activity (89, 58uL) was incubated

with 2 uL of substrate stock in DMSO/water (4/1) at 32

for 90 min. Both reactions were quenched with /0 of

Leucine elutes in the solvent front, and the retention times
for IL and VIL are 7.2 and 13.6 min, respectively. For
guantifying the amount of V#H]L, the eluant at 12.515.5
(VIL) was collected, and an aliquot (0.7 mL) of this fraction
was mixed with 6 mL of scintillation cocktail for scintillation
counting. For the other peptide substrates (Table 3), an
isocratic solvent mixture of 81% solvent A/19% solvent B
at a flow rate of 1 mL/min was used (HPLC method iv).
Leucine elutes in the solvent front, and the retention times
(min) for di- and tripeptides are as follows: IL (5), LL (5.5),
ML (4.8), FML (16.6), LIL (11.6), LLL (13.7), and LML
For quantifying the amounts of the tripeptide
products, the eluants at 15:18.7 min (FML), 10.2-13 min
(LIL), 12.2—15 min (LLL), and 9.4-12 min (LML) were
collected, and an aliquot (0.7 mL) of each fraction was mixed
with 6 mL of scintillation cocktail for scintillation counting.
Membrane Binding and Kinetic Studies with the Microso-
mal Membranes The experiment was set up exactly as for
the microsomal PPEP activity assay but with 4M
competing, nonradiolabeled farnesylated peptide in the
absence of radiolabeled substrate. The nonradiolabeled
farnesylated peptide (14L of a 2 mM stock in DMSO#dg)

90% methanol containing 0.2 M acetic acid, the reaction and 14ulL of DMF were added to a polyallomer microfuge

mixture was transferred to a 0.5 mL tube to which3ug

tube (1.5 mL, Beckman). To the tube, 6BB of buffer A

of each of the unlabeled standard, Ac-C(F), and the corre-and 14uL of microsomes (19 mg of protein/mL) were added,

sponding Ac-C(F)a peptide were added. The original tube
was rinsed twice with 3QuL portions of DMF, and the

and the tube was briefly vortexed and incubated afG7
for 20 min. A control experiment was carried out in parallel

reaction mixture and the rinse were combined and injected except that 14ulL of buffer A was added instead of

onto the HPLC column with gradient H (80% solvent A/20%
solvent B to 65% B in 40 min, to 80% B in 10 min, and to
100% B in 10 min) at a flow rate of 1 mL/min. The common
product, fH]Ac-C(F), coeluting with the unlabeled standard
at 38.4 min was collected (3%#39.3 min), and 0.6 mL of

the eluant was mixed with 7 mL of scintillation fluid for

scintillation counting. To further confirm the identity of the

product, the product fraction was dried down in a Speed-

microsomes. Samples were ultracentrifuged at°€5at
9690@max for 70 min in KA-30 rotor (Composite Rotor,
Mountain View, CA). The supernatant of each sample was
carefully removed and mixed with 350 of 90% methanol
containing 0.2 M acetic acid, and the resulting mixture was
dried in a Speed-Vac. For the control sample, 3%0of
90% methanol containing 0.2 M acetic acid were added
directly into the tube and dried in a Speed-Vac. The dried

Vac (Savant Instruments), and the residue was dissolved inresidue and the pelleted microsomes were separately dis-
a small volume of methanol and spotted onto a TLC plate solved in 70uL of DMF (sonication for -2 min followed

(Merck silica gel, k54, 0.25 mm, 20x 20 cm). The plate

by 1 min vigorous vortexing), and samples were microfuged

was developed with chloroform:methanol:32% aqueous for 2 min to pellet the insoluble materials. After removal
acetic acid (6:2:0.2 by volume). After being dried, the plate of the supernatant to a new polyallomer microfuge tube, 15
was exposed to iodine to reveal the unlabeled standard [Ac-uL of DMF and 15uL of water were added to the original

C(F), which was included in the HPLC run]. After iodine

tube and proceeded as above. The supernatants were com-
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bined and 1Q:L of 2 mM internal standard was added [using 25 7 71— 7 17— ) 0.50
Ac-C(F)VI for Ac-C(F)ID, Ac-C(F)IQ, and Ac-C(F)RL; Biue Dextran 2°{i |, Thyroglobulin (669 kba)
using Ac-C(F)ST for Ac-C(F)IV and Ac-C(F)VI]. The 20 [ lFermin {440 kDa) 1 .40
mixture was injected onto the HPLC column with gradient i ! Catalase (232 kDa) -
H at a flow rate of 1 mL/min. The computer-digitized o '. y Aldolase (158 kD) E
. . 215 - \ J ] 030 B
peptide peaks were integrated. x ' ] E
[y " £
RESULTS AND DISCUSSION “10 | K 1 0-20 §
In our early studies, we used rat liver microsomes as a 1 010
crude source of PPEP activity and the biotinylated, farne- ]
sylayed, and radiolabeled peptide ECB-C(FMIS (pat- |
terned after the C-terminus of thesubunit of transducin) 0 ‘ $e0e0sesssseeseeseess 0.00
as PPEP activity substratdQ). On the basis of detailed 0.0 20.0 400 600 80.0  100.0

A . . Elution Vol (mL)
kinetic analyses, we were able to establish the source of theFIGURE 1 Chromato;r:;h; :)n;eon;w CHAPS-solubilized PPEP
i 3 3 : 5% -
proteolytic products, *HIS, I[ H]S’ and VIFH]S' We activity on a calibrated Superdex 200 HR 16/50 column. The
concluded that a ViH]S-producing enzyme activity (PPEP  gojupilization of rat liver microsomes and the operation of the

activity) is present that did not utilize nonfarnesylated column are described under Supporting Information. Fractions of
peptides. We also concluded thatH[S is derived solely 1 mL (up to 70 mL) and of 1.5 mL (72100 mL) were collected.

by proteolysis of VIfH]S and that production ofi]S comes Aliquots (10uL) of each fraction (36-40) and every other fraction

. . . (42—84) were assayed (50L assay volume) for PPEP activity
from ECB-C(F)VIPH]S _and IFH]S_’ both reactions being (closed circles VRH]S, opgﬁ circles AH]S) with Ac-C(F)VI[?H]S
catalyzed by proteases in crude microsomes that are presumgr Ci/mmol, 3.54M) as substrate (37C for 25 min). Products
ably not part of the prenyl protein proteolysis pathway were analyzed by HPLC method i. Aliquots (ZD) of each fraction
because they showed no requirement for the peptide farnesy(30—-54) were assayed for protein (dashed line, BCA method with
BSA as standard).

group.
Solubilization and Partial Purification of PPEP Actty. 30 [ . 1.40
As described in Supporting Information, we have now been [
able to detergent-solubilize PPEP activity from microsomes 25 | 1.20
using 0.5% CHAPS. The CHAPS concentration in PPEP 1.00
activity assays is typically 0.2%, and higher concentrations . 2° [ ]
lead to progressive inhibition. Thus, subsequent column E ] 080
chromatographies of solubilized PPEP activity were carried = 15 [ ] 0,60 <
out with buffer containing 0.2% CHAPS so that the © ¢ )
minimally diluted column fraction could be used in the assay ~ '® 0.40
mixture (needed because of the low abundance of PPEP i
activity in tissue). [ . 0.20
The post-CHAPS solubilized (12608} supernatant) and 0 oo ‘ ‘ ‘ 0.00
filtered (0.22um) PPEP activity was first analyzed by gel 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
filtration on a calibrated Superdex 200HR 10/30 FPLC Fraction Number

column (Pharmacia, 23.6 mL) using elution buffer with two  Figure 2: Chromatography of 0.5% CHAPS-solubilized PPEP
different concentrations of CHAPS, 0.2% (3.2 mM) and 0.5% activity on Q Sepharose Fast Flow. The gradient and the operation
(8.1 mM). The cmc of CHAPS at the ionic strength that of the column are described under Supporting Information. Fractions
we are using for the gel filtration is-610 mM. In both were collected as follows: 424, 18 mL/fraction; 2569, 14 mL/

- . . .. fraction; 70-79, 25 mL/fraction. Aliquots (5@L) of every other
cases, the activity peak eluted in the void volume along with 4 tion'were assayed for PPEP activity (c?ésed circle$ms,

the marker blue dextran 2000 (not shown). With 0.5% open circles fH]S, and closed diamonds foiH]S) with Ac-C(F)-
CHAPS, the recovery of PPEP activity was only 10%, but VI[3H]S (1 Ci/mmol, 3.5uM) as substrate (37C for 25 min).

the recovery in the presence of 0.2% CHAPS wds0%. Products were analyzed by HPLC method i.

After completion of this phase of our study, Chen and co- )

workers reported that PPEP activity can be solubilized from tions produce virtually only VAH]S from ECB-C(F)VIPH]S
bovine liver microsomes in the presence of 1% CHAPSO and AC—C(F)V!FH]S, and the results also confirm our earlier
and that the enzymatic activity eluted in the void volume of Studies showing that 3]S and PH]S are produced by

a Sephadex 200 HR columd3). These consistent results Proteases in microsomes distinct from PPEP activity. The
suggest that even under optimized solubilization conditions, PH—rate profiles for PPEP activity partially purified by gel
based on yield of enzymatic activity, PPEP activity seems filtration and anion exchange were very similar with a pH
to form large aggregates with itself or other proteins when P€ak optimum around-66.5 (not shown). Table 1 sum-
chromatographed with 0.2% CHAPS; the possibility of large Marizes the solubilization and parual purification of PPEP
aggregates of protein with CHAPS micelles cannot be ruled activity through the hydroxylapatite step (see Supporting
out. As described in Supporting Information, in the presence Information).

of 0.2% CHAPS, PPEP activity can be partially purified by  Selection of Substrates for Specificity Studigéhe major

gel filtration (~5-fold, Figure 1) on a calibrated Superdex goal of the present study is to explore the substrate specificity
200HR 16/50 FPLC column and anion exchange chroma- of PPEP activity. We focused on the three amino acids on
tography (4-fold, major peak in Figure 2). These prepara- the C-terminal side of theSfarnesyl-cysteine residue;
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Table 1: Partial Purification of PPEP Activity from Rat Liver Microsomes

total activity specific activity purification yield
protein (uunity? (uunit/mg) (fold) (%)
fraction (mg) PBHIS IPHIS VI[PHIS [PHIS I[?H]S VI[*H]S [PHIS I[3H]IS VI[CH]S [*H]S I[®H]S VI[3H]S
microsomes (34 mL suspension) 597 1015 9552 38208 1.7 16 64 1 1 1 100 100 100
0.5% CHAPS extract (78 mL) 296 296 4588 15510 1.0 155 524 059 0.97 0.82 29 48 40.6
Q Sepharose (fractions 452, 140 mL)  13.3 0 51 3312 0 3.8 249 0 0.2 3.9 0 0.5 8.7
hydroxylapatite concn (3.4 mE) 7.4 NDF ND 2218 ND ND 300 ND ND 4.7 ND ND 5.8

a All assays were carried out with Ac-C(F)VH]S (1 Ci/mmol) using the various assay conditions given in Supporting Information for the
various PPEP preparations. Qunit is defined as picomoles of product produced per thifhese data were based on using 50 mL of Q Sepharose
fractions in the experiment (Supporting InformatiohND, not detectable.

presumably every substrate for PPEP activity will have a value. Inhibition data are summarized in Table 2 for all 64

three amino extension beyond the prenylated cysteine. SinceAc-C(F)aa; tripeptide competitors.

there are 29possible tripeptide combinations, a full analysis
of PPEP activity specificity is virtually impossible with

The following trends are apparent from the data in Table
2. When ais a large hydrophobic residue (F, I, or L), potent

limited amounts of enzyme. Rando and co-workers reportedinhibition is seen when ,ais hydrophobic or somewhat

studies with PPEP activity and a series of substrates Ac-

C(F)VIX, where X is varied41). Vna!Kwm for the tetrapep-
tide Ac-C(F)VIM is only 6.7-fold larger thaiVma/Km for

the tripeptide N-Ac-C(F)VI. Der and co-workers studied the
posttranslational modification of recombinant mutant Ras
proteins in mammalian cells and found that wher=X\,
D,C, G, Y, S N T, Q,L, or F, the protein underwent
farnesylation, proteolysis, and methylatietY). Previously,
we found that the tripeptide ECB-C(F)VI at 20M causes
50% inhibition of the proteolysis of the tetrapeptide ECB-
C(F)VI[3H]S present in the assay au® (40). This point

hydrophilic (T), less inhibition is seen when & more
hydrophilic (Q or S), and little if any inhibition is seen when
& is anionic (D). The same is true when B a large
hydrophobic residue (L, M, V, F) in that good inhibition is
seen even when & somewhat hydrophilic (C, N, Q, S, T).

When both aand a are small hydrophobic residues (AA

and AG), inhibition is modest. When both and a are
hydrophilic, uncharged residues (CS, HS, QN, SN, SS, ST),
poor inhibition is seen. D in the;@osition always leads to
poor inhibition regardless of what is in thegosition. When
a& is CG, SA, SG, SP, and TG, i.e., a hydrophilic uncharged

was further explored in the present study. With Q Sepharoseresidue along with a small hydrophobic residue, weak

purified PPEP activityymax andKy for Ac-C(F)VI[3H]S are
286 pmol mint mg and 6uM, respectively, and the values
for [*H]Ac-C(F)VI are 50 pmol min! mg?* and 8 uM,
respectively. Thus, the ratio &:,./Kwm for the tetrapeptide
versus tripeptide is 7.6. Some additional studies with

inhibition is seen. W and Y are tolerated in thepasition;

when a& is WP, WQ, YL, YP, and YT, intermediate

inhibition is seen. Interestingly, even K and R are tolerated
in the a position when ais a large hydrophobic residue,
and those peptides with R at hind somewhat better than

tetrapeptides versus tripeptides are described below. All ofthose with K at a Poor inhibition is seen when & K or
these results argue that, although PPEP activity “senses” theR and a is a small hydrophobic residues or a hydrophilic

C-terminal residue, this residue is not critical for recognition

residue. A clear conclusion of this extensi study is that

by PPEP activity. On the basis of these findings, we decided those Ac-C(F)a; tripeptides that hae the most hydrophobic

to focus on the series of 64 tripeptides Ac-C(@@awhere
a and a are different amino acids (listed in Table 2).
Preparation of Ac-C(F)ga, and PPEP Actiity Inhibition

Analysis As a general approach to preparing the series Ac-

C(F)ag&, a large amount of the N-hydroxysuccinimde ester

a,a; dipeptide unit bind tightest to PPEP agtly. This result

is in agreement with studies of the processing of K-Ras4B
in transfected mammalian cells, where it was shown that
proteins with VI following the farnesylated cysteine are
efficiently proteolyzed 47). However, it is difficult to

of Ac-C(F) was prepared and distributed into a series of understand why the Ras protein with VY appears by SDS

reaction tubes each containing one of the @4 dipeptides
(Table 2). Each of the 64 Ac-C(Rm tripeptides was
purified by HPLC, and structures were confirmed ty
NMR. Each Ac-C(F)ga; tripeptide was tested for its ability
to inhibit the PPEP activity-catalyzed production of $H]S
from Ac-C(F)VI[H]S. It was first established that Ac-C(F)-
VI, derived from the known PPEP activity substrate Ac-C(F)-
VIS, inhibits the hydrolysis of 3.2M Ac-C(F)VI[3H]S with

an G of 13 uM (not shown). Therefore, we decided to
tested all Ac-C(F)a, tripeptides at a concentration somewhat
higher than 13«M. All reaction mixtures contained PPEP
activity that had been solubilized in CHAPS and purified
on a Q Sepharose column, 381 Ac-C(F)VI[®H]S, and 40
uM Ac-C(F)ax test peptide. After a 40 min incubation at
37°C, the reaction mixture was submitted to rapid, isocratic
HPLC analysis of VIfH]S. In all cases, less than-8.0%

PAGE gel shift analysis to be proteolyzed poordyr),
Although we have studied mostly tripeptides, one should
not automatically assume that the addition of the C-terminal
X will not affect PPEP activity specificity. However, our
tripeptide Ac-C(F)a inhibition results containing a variety
of amino acids with respect to hydrophobicity and charge
in the a and a positions still provide very useful information
about PPEP activity specificity that can be utilized, for
example, in the design of PPEP activity inhibitors.
Molecular Analysis of Ac-C(F)VIS as a PPEP Adly
Inhibitor. Figure 3 shows the inhibition of PPEP activity-
catalyzed hydrolysis of Ac-C(F)VAH]S by a series of
truncated Ac-C(F)VIS analogues, nonfarnesylated (Ac-
CLML), and three farnesylated, full-length peptides. As
expected, Ac-CLML shows very little, if any, inhibition
(~8%) at the highest concentration tested (88, 16-fold

of the total substrate was hydrolyzed, and thus the concentra-higher than the substrate concentration, g\f). Ac-C(F)
tion of substrate during the assay remained close to its initial and Ac-C(F)V are poor binders; Ac-C(F)VI shows interme-
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Table 2: Percent Inhibition of PPEP Activity-Catalyzed Hydrolysis
of 3.5uM Ac-C(F)VIS[*H]S by 40uM Ac-C(F)aa

a1 mixed
a1 & ap large hydrophobic

a2 anionic
FL 86 HD 8
M 82 KD 13 o25%, e-75%]
FV 84 iD 5
1 83 LD 9
™M 82 ND 17 .
v 86 QD 10
LI 83 RD 17
LL 84 SD 9
LM 84

YL 69 a1 & a2 hydrophilic

cs
a1 small hydrophobic HS
a2 large hydrophobic QN

SN

AL 48

SS
ay large hydrophobic
1 farge hyarophobic ST
a2 small hydrophobic

FA 80 a1 & ap small hydrophobic

WP 57 AA

YP 48 AG

a1 hydrophilic ay hydrophilic

a2 large hydrophobic a2 small hydrophobic

cL 78 CG 48

™M 56 SA 23

cv 52 SG 21

NI 40 sp 20

NL 47 TG 26

QI 51

QL 59 a] cationic

SF 57 ap mixed

SI 53 KA 30 o-90%, e-10%

SL 53 KF 34 o-40%, e-60%

sV 32 KI 45 0-90%, £-10%

T 57 KM 25 o-70%, e-30%

vV 37 KsS 17 «-90%, £-10%

Kv 30 «-70%, e-30%

a1 large hydrophobic RI 72

a2 hydrophilic RL 72

FT 71 RR 42

1Q 33 RV 60

LS 60

55 a1 hydrophilic

wQ

YT 38 ap cationic

TR 29
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VI[H]S Production (%)
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Ficure 3: Inhibition of PPEP activity-catalyzed hydrolysis of Ac-
C(F)VI[®H]S (1 Ci/mmol, 3.5uM) by nonradiolabeled peptides.
The reaction was performed at the optimal pH of PPEP activity
(pH 6). The assay mixture contained 28 of 100 mM sodium
phosphate, 0.2% CHAPS (pH 6),.L of various concentrations
of peptide inhibitor stock in DMF or DMS@, 1 uL of substrate
stock in DMF, and 2QuL of Q sepharose partially purified PPEP
activity (3.2ug), added last to initiate the reaction. Reaction mixture
with Ac-CLML also contained 0.5 mm dithiothreitol. The reaction
was incubated at 37C for 25 min. Assays were analyzed by HPLC
method ii. The percent VAH]S produced in the presence of the
indicated concentration of the peptide inhibitor as compared to that
produced in the absence of this inhibitor is plotted.

Table 3: PPEP Activity-Catalyzed Hydrolysis of-8.5 uM
[BH]Ac-C(F)aig, and Ky and Vimax for Ac-C(F)aa[3H]X (1 Ci/
mmol) Substrates

ad [®H]Ac-C(F) produced from
(sp act, concn [®H]Ac-C(F)aix vs
Ci/mmol) (uM) [BH]Ac-C(F)VI (%)
VI (1) 6 100
FM (1) 6 51
ID (1) 6 0
IM (1) 6 47
1Q (1) 6 5
IV (1) 6 45
LI (2) 6 50
LL (1) 6 83
LM (1) 6 120
VI (0.74) 8.5 100 (33)
FL (0.74) 8.5 72 (34)
RL (0.74) 8.5 6 (24)
ST (0.74) 8.5 4(4)
aapX Kwm (M) Vmax (pmol minmt mg)
VIS 6 287
VIL 5 426
FML 13.5 424
LIL 4.2 301
LLL 3.6 299
LML 2.2 170
RLS not determined very weak activity

a Ac-C(F)aa peptides containing lysine are the indicated mixture
of isomers (determined bAH NMR) in which the Ac-C-C(F) unit is
attached to theo-NH; group or e-NH, group of the dipeptide
(Designated in table &s)

diate binding; and Ac-C(F)VIS, Ac-C(F)VIL, and Ac-C(F)-
LML are the best binders. Thus, PPEP activity is sensitive
to the length of the C-terminal peptide extension adjacent
to the farnesylated cysteine. Consistent withKieresults
from Table 3 (described below) Ac-C(F)LML is the best

aNumbers in parentheses are percent inhibitions of PPEP activity-
catalyzed hydrolysis of 3.5M Ac-C(F)VI[3H]S by 8.5uM [*H]Ac-
C(F)a& using Q Sepharose partially purified protein (4. ® PPEP
activity detected with Ac-C(F)RIEH]S was only~0.5% of that with
Ac-C(F)VI[®H]S under the same assay conditions using either Q
Sepharose partially purified protein (4:8) or microsomal protein (29

ug).

binder; both the 16 (~0.5uM) and theKy (2.2 uM) are
lowest among the three tetrapeptides tested.

As shown in Figure 4A, the nonfarnesylated peptide Ac-
CVIS does not inhibit PPEP activity even when its concen-
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120 inhibitors of Ac-C(F)VIPH]S hydrolysis by partially purified
PPEP activity, we prepared a smaller set of radiolabeled
Ac-CVIS o tripeptides fH]Ac-C(F)aa and measured the amount of
radiolabeled H]Ac-C(F) formed in the presence of a fixed
amount of partially purified PPEP activity and after a fixed
reaction time (90 min). We mainly focused on those peptides
that are good binders (Table 2) and a few that are weak
Ac-C(n -pentadecyl)VIS binders (IQ, ID, and ST). All reactions give an identical
radiolabeled product that can be detected by HPLC. For all
test substrates, a minus PPEP activity control was included
to ensure that the radiolabeled substrate, which is present in
large excess over product, did not interfere with scintillation
counting. Inthose cases where the plus PPEP activity sample
yielded <2-fold [®H]Ac-C(F) cpm as compared to the minus
enzyme control, the formation of product was confirmed by
TLC with fluorography (see Methods). Substrate specificity
'Ac-CRLS _ (B) data are summarized in Table 3 (top). Those peptides of
[®H]Ac-C(F)aia peptides containing the most hydrophobic
Ac-C(n -pentadecyhRLS _ aa dipeptide (FL, FM, IM, IV, LI, LL, and LM,~5—10%
of peptide substrate hydrolyzed) are hydrolyzed-430%
Ac-C(F)RLS as well as {H]Ac-C(F)VI. The more hydrophilic peptides
(@ = ID, 1Q, or ST) show little, if any, hydrolysis (0
5%). Interestingly, although Ac-C(F)RL binds to PPEP
activity (Table 2 and Figure 4B)3f{JAc-C(F)RL is a poor
substrate (6%) for PPEP activity. This result was further
confirmed using the3H]Ac-C(F)aia (Table 3, aa= VI,
FL, RL, and ST, numbers in parentheses) as inhibitors (8.5
uM) to compete against Ac-C(F)\A{l]S substrate (3.aM).
0, 1’0 2'0 3'0 4'0 5'0 ot Again, PH]Ac-C(F)RL together With {HIAC-C(F)VI and
Peptide (uM) [®H]Ac-C(F)FL showed comparable inhibition, where#s]
Ac-C(F)ST showed very little inhibition. These results were

Ficure 4: (A) Inhibition of PPEP activity-catalyzed hydrolysis of ; ; ; ;
Ac-C(F)VIFHIS (1 Cifmmol, 3.5:M) by nonlipidated and lipidated consistent with those in Table 2, which shows that the

Ac-CVIS. The assay mixture contained 2B of 20 mM Tris-HCI, radiolabeled peptides are structurally intact.
pH 7, 0.2% CHAPS (0.5 mM of dithiothreitol included in mixture On the basis of the above inhibition and substrate

containing Ac-CVIS), 1uL of various concentrations of peptide T
inhibitor in DMSO<s OF water for Ac-CVIS, 1l of substrate specificity results, the next step was to analyze a smaller set

stock in DMF, and 25:L of Q Sepharose partially purified PPEP of AC'C(F)alaQ_X tetrapeptide_;. We first determined which
activity (4.6 ug), added last to initiate the reaction. The reaction type of X residue (hydrophilic or hydrophobic) was most
was incubated at 37C for 40 min. Assays were analyzed by HPLC  preferred by PPEP activity. Ac-C(F)\H]L (1 Ci/mmol)

method i. The percent \ﬂH]S produced in the presence of the and Ac_C(F)V|FH]S (1 Cllmmol) were prepared and tested

indicated concentration of the peptide inhibitor as compared to that __ . . e .
produced in the absence of this inhibitor is plotted. (B) Inhibition WIth Q Sepharaose partially purified PPEP activityy and

of PPEP activity-catalyzed hydrolysis of Ac-C(F)%#{]S (1 Ci/ Vmax values (Table 3, bottom) for Ac-C(F)VHi]L and Ac-
mmol, 3.5xM) by nonlipidated and lipidated Ac-CRLS. Same C(F)VI[3H]S are very similar. Sinc®¥pa/Kw for Ac-C(F)-

conditions as in panel A. VI[3H]L is 2-fold higher than that for Ac-C(F)V#H]S, we
decided to use L in the X position of Ac-C(R¥eX peptides
tration is 17 times higher than the concentration of farne- for subsequent studies. Four peptides, Ac-C(FJFL[, Ac-
sylated substrate. Replacement of the farnesyl group with C(F)LI[*H]L, Ac-C(F)LL[3H]L, and Ac-C(F)LMPH]L, were
a straight-chain hydrocarbon-pentadecyl) leads to a modest  prepared and tested with the hope of finding an optimal PPEP
reduction in binding to PPEP activity. activity substrate. Thely andVimaxvalues are summarized
We were intrigued by the observation that R is tolerated in Table 3, bottom. Ky values for Ac-C(F)LIfH]L, Ac-
in the a position as long as;&ontains a large hydrophobic  C(F)LL[3*H]L, and Ac-C(F)LMPH]L show only modest
residue (Table 2), however see below. This was studied invariation as do th&/m. values. One purpose for studying
more detail (Figure 4B). Again, the nonfarnesylated peptide, the substrate specificity of PPEP activity is to define the best
Ac-CRLS does not bind to PPEP activity. Interestingly, Ac- binder(s) and/or substrate(s) for PPEP activity and utilize
C(F)RL is a better PPEP activity binder than is Ac-C(F)- them for affinity purification of PPEP activity or for the core
RLS. This fits with the notion that PPEP activity prefers structure of PPEP activity-specific photolabeling reagents.
the most hydrophobic C-terminal extension. Again, replace- |n this latter context, we synthesized a radiolabeled, ben-
ment of the farnesyl group by the straight-chain hydrocarbon zoylbenzoylated photoprobe based on our best binder, Ac-
leads to only a modest reduction in PPEP activity binding C(F)LML, by the reaction of th&-hydroxysuccinimide ester
(compare Ac-C(F)RLS to Ac-@¢pentadecyl)RLS). of 4-benzoyl benzoic acid with CLML followed by enzy-
Hydrolysis of Radiolabeled Peptides by PPEP Aitfi matic farnesylation of the peptide. Unfortunately, we failed
After testing the extensive series of peptides Ac-C{#)as to specifically photolabel PPEP activity.

T T T T T (A)
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The a and S subunits of phosphorylase kinase with ref 50), whereas if most of the substrate is in the aqueous
C-terminal sequences CAMQ and CLVS, respectively, are phase, eq 3 applies (eq 11 of &6).
farnesylated but not proteolyzed in musel&)( We decided
to measure the rate of hydrolysis of ECB-C(F)CEN[S Kgff = KLipid] ; (2)
prepared as described previous#@). When this peptide
and ECB-C(F)CVIfH]S were added to microsomes at8! off . 1 Vi
each, the phosphorylase kinase-derived peptide was proteo- Ks' = KlLipid] 5~ 3)
lyzed 2-fold slower than the transducjasubunit-derived sm
peptide. This result together with the fact that two hydro-
phobic residues in the;@ sequence are well tolerated by su
PPEP activity suggest that phosphorylase kinasabunit
escapes proteolysis in muscle for reasons that are no
apparent.

Specificity Studies with Microsomal PPEP Adtfy. It was
of interest to see if the observed trends in relative inhibitor
potency with solubilized, partially purified PPEP activity
(Table 2) are similar to those with microsomal PPEP activity. Ps=
A selected set of Ac-C(F)a tripeptides were tested as
competitive inhibitors of the hydrolysis of Ac-C(F)VH]S
by PPEP activity in rat liver microsomes. In the presence
of a fixed concentration of Ac-C(F)MH]S of 3 uM, 40 From this analysis, an important point emerges when one
uM Ac-C(F)VI, Ac-C(F)ID, Ac-C(F)IQ, Ac-C(F)IV, and Ac- considers the substrate specificity of PPEP activity. If two
C(F)RL inhibited microsomal PPEP activity by 58%, 10% substrates are mostly in the membrane, the difference in
(21% at 10QuM), 18% (35% at 10QuM), 63%, and 35%, observed values ngﬁ (measured by the competitive
respectively. The trend is similar to that seen with solubi- analysis; see Specificity Studies with Microsomal PPEP
lized, partially purified PPEP activity, i.e.,@ dipeptide Activity) will be equal to the difference in values of their
moieties that are more hydrophilic are less well tolerated by intrinsic affinity for PPEP activity K& values, eq 2). On
PPEP activity and R at the gosition is tolerated to some the other hand if the two substrates are mainly in the agqueous
extent. These results suggest that PPEP activity present irphase, the difference in observed valuest(‘é? will reflect
microsomes is the same as that which was solubilized.  a combination of differences iK% and inPs. Thus, for

Partitioning of Ac-C(F)aa, Tripeptides into Microsomes  example, Ac-C(F)ID may be a poorer inhibitor of PPEP
For water-soluble enzymes that operate on water-solubleactivity than Ac-C(F)VI not because it has intrinsically lower
substrates, the equilibrium dissociation constant for the affinity for the active site of the enzyme but because it is
enzyme-substrate complexis is given by the standard partitioned less well into membranes.
expressiorks = [enzyme][substrate]/[enzyraibstrate]. For To explore this issue, the same set of Ac-C{B)a
an integral membrane enzyme such as PPEP activity, thetripeptides that were used in substrate specificity studies with
situation is complicated by the fact that the substrate existsmicrosomal PPEP activity were submitted to membrane
in both the membrane and aqueous phases, while the enzymeartitioning studies. These peptides were mixed with mi-
remains in the membrane phase. For this situation, thecrosomal membranes under the identical condition used for
enzymesubstrate equilibrium is described by eq 1 (eq 9 of kinetic studies, and the fractions of peptide in the membrane

In eq 3, the equilibrium constant for partitioning of
bstrate between the membrane and aqueous plrases,
given by the standard equation whé/g is the volume of
twater phase and, is the volume of membrane phase that
substrate is accessible to.

§<|U’|3<|(Q

ref 50). and the supernatant were measured after pelleting the
membranes in an ultracentrifuge. Controls were also carried

et _ (E(S+S) _ K[Lipid] (1+§) 1) out in which membranes were omitted. HPLC was per-

s Vi (E*-S*) S T S* formed on all samples, and the amount of peptide in the

supernatant and membranes is expressed as a percentage of
Here, the species with an asterisk are in the membrane phasehe amount of peptide detected in control experiments. The
V7 is the total system volume (agueottsmembrane), and  fractions bound to the membranes and in the supernatant are,
[Lipid] 1 is the total concentration of membrane lipid that respectively, 34% and 61% for Ac-C(F)VI, 12% and 86%
S* is accessible to (moles of lipidf). The effective for Ac-C(F)ID, 24% and 73% for Ac-C(F)IQ, 35% and 63%
dissociation constanll(gff and the interfacial dissociation for Ac-C(F)IV, and 79% and 21% for Ac-C(F)RL. It can
constanKf have been introduced. Note that when the total now be stated that the peptide Ac-C(F)IQ is a poorer binder
substrate concentration [(8 S*)/Vq] is equal toKE", half to PPEP activity as compared to more hydrophobic peptides
of PPEP activity will be bound to substrate, and th(& not because of differences in membrane partitioning but
behaves like a dissociation constank® is the mole because of a lower intrinsic affinity for PPEP activity. Ac-

fraction of substrate in the membranx: that gives  C(F)ID is a very poor PPEP activity binder because of a

E*/E*-S* = 1 (eq 5 of ref50). combination of decreased binding to membranes and of lower
intrinsic affinity for PPEP activity. Since Ac-C(F)RL
. E* X% partitions into membranes more favorably than the other
K= E*-S* peptides, its intrinsic affinity for PPEP activity is somewhat

overestimated by the inhibition data described under Speci-
It is useful to consider two extremes. If most of the ficity Studies with Microsomal PPEP Activity. The en-
substrate is in the membrane phase, eq 2 applies (eq 10 ohanced binding of the arginine-containing peptide and the
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poorer binding of the aspartate-containing peptide to mem-
branes is consistent with the fact that biological membranes

have a net negative charge due to the presence of acidic

phospholipids. These issues of substrate specificity, which
are often overlooked, must be considered for any integral or
peripheral membrane protein and, in fact, for any water-
soluble enzyme that is analyzed in the presence of mem-
branes.
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