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Abstract A radiometric assay has been developed for the detection of proteolytic activity capable of releasing 
transforming growth factor alpha (TGF,) from i ts membrane bound precursor. The assay is dependent upon the 
separation by thin layer chromatography of hydrolytic products of a nonapeptide substrate containing a radioactive 
iodinated tyrosine residue as a reporting group N-terminal to an octapeptide which is cognate to the N-terminal 
cleavage sequence of TGF,. We describe the selectivity of the peptidase assay with commercially purified proteases and 
with cell-associated peptidases, its exquisite sensitivity, and its applicability to defining peptidase activity, which may be 
responsible for the processing of the membrane-bound preproTGF O1. The activity of two different elastases had different 
profiles which thus may be of use in characterizing them. The characteristics of the intact and extracted HeLa cell assay 
with respect to time, cell density, and peptidase concentration are defined, as are conditions needed to remove 
endogenous, confounding, proteolytic activity from the serum used to support cell culture. Intact HeLa cell cultures 
exhibit both exo- and endo-peptidase activity at approximately equal levels in both sparse and dense monolayer culture 
without relationship to cell density, and at a level equal to 1-2% of total cell activity of these enzyme classes. 
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Post-translational activation of many growth 
factors involves the proteolytic cleavage of a less 
active precursor. Mature transforming growth 
factor (TGF,) is released from its membrane- 
bound precursor via hydrolysis of peptide bonds 
between an alanine (A) and a valine (V) set in 
the hydrophobic sequences VAAATWSH and 
LLAtWAA (Derynck et al., 1984; Lee et al., 
1985). Proteolytic cleavage in an extended hydro- 
phobic sequence is suggestive of an elastase-like 
or thermolysin-like cleavage (Geneste and 
Bender, 1969). While it was shown that porcine 
pancreatic elastase and polymorphonuclear leu- 
kocytic elastase were able to cleave TGFa from 
its precursor (Ignotz et al., 1986; Mueller et al., 
1990), it was not established whether the AV 
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bonds were specifically cleaved. Site-directed mu- 
tagenesis against the scissile bond (ATW) still 
resulted in the detection of mature TGF,, but at 
much reduced levels, and it was not until resid- 
ual AA or AV dipeptides were removed that 
processing was fully blocked (Wong et al., 1989; 
Brachmann et al., 1989). 

Many protease substrates contain chro- 
mophoric or fluorophoric groups which are di- 
rectly hydrolyzed from peptide carriers via ester 
hydrolysis, indicative of esterolytic activity. The 
release of these chromophores is then moni- 
tored directly or indirectly by a change in absor- 
bance or fluorescence. Nitroanilides, aminome- 
thylcoumarins, and methoxynapthylamines, to 
name a few, have all been used extensively as 
leaving groups in the development of sensitive 
assays (cf. Castillo et al., 1979). It could be 
argued, however, that these chromogenic sub- 
strates are not specific or selective in that they 
ignore the contribution imparted to catalysis by 
interactions at remote subsites (Knight, 1977). 
These interactions can be shown to influence 
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catalysis such as is observed for the acid pro- 
teases (Moore et al., 1989), various metallo- 
endoproteases (Powers and Harper, 1986), and 
elastases (Bode et al., 1989). Furthermore, the 
presence of a chromophoric leaving group may 
result in distorted specificity (Atlas and Berger, 
1972) and proton inventory studies suggest that 
the catalytic mechanism for monomeric or dipep- 
tide carrier substrates is distinct from that of 
extended peptides (Stein et al., 1987). While the 
usefulness of these synthetic substrates, which 
have well-defined chemical structures, in deter- 
mining catalytic parameters or in the purifica- 
tion of enzyme(s) is well attested, their use to 
identify an  enzyme with tight substrate speci- 
ficity may be inadequate. This must be consid- 
ered when designing an  artificial assay for a 
catalytic event involved in a physiological pro- 
cess. 

We have set out to characterize the cellular 
protease&) which may be responsible for control- 
ling the release of TGF,. To ensure detection of 
a specific enzyme(s) an assay was developed in 
which the substrate was a nonapeptide contain- 
ing an octapeptide cognate with the N-terminal 
cleavage sequence of TGF,. The N-terminal oc- 
tapeptide was preferred to the C-terminal oc- 
tapeptide because the former contained a serine- 
histidine pair which aids the separation of 
products and substrate by TLC. We describe the 
characteristics of the peptidase assay, its exquis- 
ite sensitivity, and its use to define several pepti- 
dases which are associated with intact HeLa cell 
cultures, as a prerequisite to understanding the 
release of mature TGF, (Ellem et al., 1988) 
during the cellular response to UV-irradiation. 

MATERIALS AND METHODS 
Materials 

or-Chymotrypsin (TLCK treated, Type VIII), 
leucine aminopeptidase (Type 111-CP), human 
leukocytic elastase, porcine pancreatic elastase 
(Type IV), polyoxyethylene(23)lauryl ether (Brij- 
351, Tris(hydroxymethy1)aminomethane (Tris), 
L-tyrosine, bestatin, trypsin (TPCK treated, 
Type XIII) were purchased from Sigma (St. 
Louis, MO); aminopeptidase-M, Calbiochem Cor- 
poration (Alexandria, NSW, Australia); dispase 
(Type II), Boehringer Mannheim Australia (Cas- 
tle Hill, NSW, Australia); sodium dihydrogen 
orthophosphate, MAX Chemicals Pty Ltd (Au- 
burn, NSW, Australia); butan-1-01 and sodium 
chloride (NaCl), May & Baker Ltd (Dagenham, 

England); chloramine-T, polyoxyethylene(20) 
sorbitan mono-oleate (Tween-80), BDH Chemi- 
cals Ltd (Poole, England); RPMI-1640 growth 
media, Gibco Laboratories (Grand Island, NY); 
Suc(Ala),NA, Bachem Inc. (Torrance, CA); 
trypsin, penicillin, and streptomycin, Common- 
wealth Serum Laboratories (Melbourne, Victo- 
ria, Australia). All other reagents were of AR 
grade. All aqueous solvents were prepared with 
Milli-Q purified water. 

Cell Culture 

The epithelial cervical carcinoma cell line, 
HeLa, was cultured in RPMI-1640 containing 
penicillin (100 pg/mL), streptomycin (100 kg/ 
mL), and 10% foetal bovine serum (FBS), heat 
inactivated at  either 56°C for 30 min (S56) or 
70°C for 60 min (S70). Cells were incubated in a 
humidified atmosphere of 5% GO, in air a t  37°C. 
HeLa cells that had been selected for over 20 
passages in 70°C heat inactivated serum (S70) 
media, from an original cell line (HeLaN56) 
maintained in 56°C treated serum (5356) media, 
are referred to as HeLaS7O. Those which were 
not fully selected (only 1-3 passages) are re- 
ferred to as HeLaN7O. HeLa cell lines were 
shown to be mycoplasma free (Hoechst stain) 
(Chen, 1977). 

Continuous growth of HeLa cell lines was 
achieved by trypsinizing and passaging (1: 10 or 
1:20) when near confluence. Typically 2 x lo5, 
lo6, and 10' cells were used to inoculate 2-, 20-, 
and 120-cm2 petri disheslflasks containing 1, 5, 
and 25 mL of fresh medium respectively, unless 
otherwise stated. Neutralization of the trypsin 
was effected by the serum. Total cell counts and 
viable cell number were determined on cell sus- 
pensions containing 0.1% trypan blue with a 
minimum of eight counts per sample (four per 
chamber). 

Peptide Syntheses 

The peptide substrate H,N-YVAAAWSH- 
NH,, (PJ, and all possible proteolytic fragments 
containing the amino terminal residue tyrosine 
(Table I) were prepared and purified within this 
institute by Dr. Graham Jones and associates. 
Peptides were synthesized using the simulta- 
neous multiple peptide synthesis technique orig- 
inally described by Houghten (1985), utilizing 
benzhydrylamine resins for amide and phenylac- 
etamidomethyl resins for acid-derived peptides 
upon hydrogen fluoride cleavage. The crude pep- 
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TABLE I. TLC Mobilities of 
Synthetic Peptides 

Rf 
Peptide Structure BAW BAWPb 

p, HZN-Y-OH 0.59 0.47 
p* H,N-YV-OH 0.70 0.65 
p3 HZN-YVA-OH 0.69 0.52 
p* H,N-YVAA-OH 0.57 0.37 
p5 HZN -YVAAA-OH 0.51 0.39 
p, HZN-YVAAAV-OH 0.60 0.40 
p, H,N-YVAAAW-OH 0.67 0.52 
P8 HZN-YVAAAWS-OH 0.45 0.25 
p9 HZN-YVAAAWSH-NH, 0.29 0.21 

"BAW: Butan-l-ol:H,O:acetic acid, 100:30:10; pH 2.6. 
bBAWP: Butan-l-ol:H,O:acetic acid:pyridine, 100:30:6: 1; pH 
4.0. 

tides were purified by reversed-phase HPLC on 
an Ultrasphere-ODS preparative C,, column in 
0.1% TFA with a gradient of acetonitrile. The 
purified peptides were homogeneous as assessed 
by a single peak (280 and 216 nm) on analytical 
RP-HPLC and a single spot by TLC (Merck 
Silica Gel-60 F254), except for P,. Subsequent 
analysis of P, by quadrupole mass spectrometry 
(Dr. P. Alewood, Bond University) revealed the 
correct amino acid sequence (M, 916). 

lodination of Synthetic Peptides With lZ5l 

Peptides P, to P,, typically 20 pg of peptide in 
20 pL of H,O, were iodinated with 3-5 pL of 
NaIz5I (100 mCi/mL, carrier free) (Amersham) 
according to  the procedure of Hunter and Green- 
wood (1962) which employed chloramine-T. In 
the case of tyrosine (P,) and P, the reaction 
employed Todobeads (Pierce) (Markwell, 1982) 
due to the lower incorporation of radio-iodide 
with chloramine-T. All iodinated products were 
purified by gel filtration (Sephadex-G10, 5 mL) 
using a disposable column (Bio-Rad). 

Separation of Peptides by TLC 

Peptide or assay aliquots were applied to the 
preadsorbent stacking area of channeled What- 
man TLC plates (LK6D or LKGDF) and sepa- 
rated by ascending chromatography [butan-1-01: 
H,O:acetic acid, 100:30:10 (BAW), pH 2.6 or 
butan-l-ol:H,O:acetic acid:pyridine, l00:30:6: 1 
(BAWP), pH 4.01. Radioiodinated peptides were 
visualized by exposure of the TLC plate to auto- 
radiography (Kodak XAR-5 diagnostic film) or 
by phosphorimaging (storage Phosphor screen, 

Kodak). Typically 50,000-200,000 CPM of radio- 
activity was spotted per lane in a 1 0 4 0  pL 
volume, requiring overnight exposure. 

For the purposes of quantitating peptide bands 
the original technique required the alignment of 
developed autoradiograms with the TLC plates 
followed by band scraping. Silica fines were col- 
lected under low pressure ( = 60 mm Hg) into a 
scintillation vial which was replaced after fiush- 
ing the line ( = 15 cm in length, 2 mm id.) with 
0.5 mL of H,O. Vials were counted in an LKB- 
1282 Compugamma y-Counter (58.5% efficient) 
or a Minaxi Auto-Gamma Counter (5000 series) 
(60.8% efficient). Alternatively radioactivity was 
quantitated using the recently developed technol- 
ogy of phosphorimaging (Molecular Dynamics, 
CA). 

Used plates, provided they had not been 
scraped, were regenerated for reuse by reverse 
(descending) chromatography using ethanol: 
H,O:acetic acid (50:50:5 v/v). Regeneration of 
TLC plates could be performed several times 
(typically four times) until the plates were no 
longer effective in their separation of peptides. 
The plates were activated by prerunning in BAW 
or BAWP and air drying at room temperature 
before reuse. R, values were found to vary signif- 
icantly with these plates; however the order of 
the bands remained the same, and for some 
products separation was better (v.i.1. 

Assays of Peptide Hydrolysis 

Intact HeLa assay. Intact HeLa cells (2 
cm', 24-well plate, Linbro) were assayed in situ 
by first aspirating the conditioned media, gently 
washing the cells with HBSS (Hanks balanced 
salt solution without phenol red indicator) to 
remove all traces of RPMI-1640, and then incu- 
bating for up to 4 h at 37°C in 200 pL of HBSS 
containing approximately 3 x lo5 CPM of P, 
substrate. Typically 160 pL of HBSS was first 
added to the cells followed by 40 pL of stock 

I-P, containing the required radioactivity. Af- 
ter a fixed incubation time the assay solution 
was removed and 40 pL immediately applied to 
TLC. Inhibition studies with bestatin were per- 
formed by incubating the cells with 160 FL 
HBSS, containing the inhibitor at the desired 
concentration for 10 min, before the addition of 
P, substrate. Alternatively, the aminopeptidase 
inhibitor was first added to the P, substrate 
before application to the cell culture. Assaying 
in the presence of RPMI-1640 was found to be 
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inhibitory but the presence of up to 10% FBS 
(S70) in PBS had no effect. 

appropriate dilution made before 
described. 

assaying as 

Extracted HeLa assay. Butanol (5% in 
PBS) or Triton X-100 (0.05% in PBS) cell ex- 
tracts were assayed (10 pL, 20 &, or 40 PL 
aliquots) in 96-well microtitre plates in a total 
volume of 100 p,L or 200 pL. The proteolytic 
assay was allowed to proceed for a specified time 
at 37°C. 

Protease assay. Commercially obtained pep- 
tidases were assayed in a total volume of 100 pL 
at 37°C in which 20 gL of stock enzyme was 
added to 60 pL HBSS followed by 20 pL of P, 
(150,000 CPM/20 p,L). Trypsin-TPCK, a-chy- 
motrypsin-TLCK, thermolysin, dispase, HLE 
(human leucocytic elastase), and PPE (porcine 
pancreatic elastase) were each dissolved in 20 
mM Tris, pH 7.6, to give a final concentration of 
10 pg/mL. Leucine aminopeptidase and ami- 
nopeptidase-M, as supplied, were each diluted 
1 : l O O  with 20 mM Tris, pH 7.6, and assayed as 
above. 

PPE was also dissolved in 100 mM Tris, pH 
8.0, at 10 pg/mL from which further dilutions 
were made with the same buffer. Assays were 
performed by adding 20 pL of P,, in HBSS, to 80 
p,L of different concentrations of elastase in 100 
mM Tris, pH 8.0, and incubating for 30 min or 
16 h at 37°C (Fig. 2). Activities hydrolyzing 
Suc(Ala),NA (succinoyl trialanine para-nitroanil- 
ide), a synthetic substrate for the determination 
of elastase activity, were determined according 
to Bieth et al. (1974). 

Extraction of protease activities. HeLa 
cells in 24-well Linbro culture plates (area of 
each well 2.0 cm2) were washed free of condi- 
tioned media and non-viable cells with PBS and 
aspirated. The cells were then overlayed with 
200 ~J.L of 5% butanol (v/v) in PBS and allowed 
to stand at room temperature with occasional 
agitation for 5 min. The cells were released by 
the butanol and the contents were then trans- 
ferred to an Eppendorf microfuge tube. The 
tissue culture well was then washed with 0.3 mL 
of PBS followed by a further 0.5 mL of PBS. All 
washes were combined with the original extract 
and thoroughly triturated. Alternatively all cell 
associated peptidase activity could be extracted 
with 0.1% Triton X-100 in a similar manner. 
The samples were then centrifuged for 5 min at 
lo4 rpm (eppendorf microfuge) at room temper- 
ature. The supernatant was collected and an 

RESULTS 
Separation of Peptides 

The mobilities of the potential radio-iodinated 
proteolytic fragments of the nonapeptide sub- 
strate P, (Fig. 1) were identified by TLC. Of 
particular importance was the ease of separa- 
tion of P, from all possible products, particularly 

Fig. 1. Separation of radioiodinated synthetic peptides by thin 
layer chromatography using two different solvent systems. Pep- 
tides were visualized by autoradiography with Kodak XAR-5 film 
and are presented as densitometer images. A: Lanes 1 and 1 1  
are a mixture of all peptides (P,-P, inclusive) and lanes 2-10 are 
P, to P, individually (cf. Table I ) .  Lane 12 is a mixture of all 
peptides separated on a TLC plate prerun in BAW and air dried 
prior to sample application. B: Lanes 1-9 show P,-P, respec- 
tively; lane 10 shows the positions of P2, P,,,,,, P4,s,6, P8, and P,, 
respectively. Layer: Whatman LK6D(F) Silica Gel G60A; Solvent 
(A): Butan-1-01, H,O, acetic acid (100:30:10; BAW); (8): butan- 
1-01, H,O, acetic acid, pyridine (1 00:30:6:1; BAWP); Chroma- 
tography: 5 h. 
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P,, which would be the expected product if the 
cleavage site observed in proTGF, was recog- 
nized within the P, substrate and was hydro- 
lyzed by the appropriate protease (cf. Discus- 
sion). Adequate separation between P,, P,, and 
P, as well as PI, P,, and P, was not achieved 
using the BAW solvent system (Fig. IA). Prerun- 
ning the TLC plate in BAW before application of 
the peptides, however, did result in the separa- 
tion of P, from P,,, (Fig. lA, lane 12) as did 
changing the ratio of solvents from 100:10:30 to 
100:30:10 (as seen in Fig. 6 ) .  BAWP (Fig. 1B) 
allowed the distinct separation of P, from P,,,. 
P,, P,, and P, were distinctly separated by BAWP 
but P,,, were not resolved nor were P,,, which 
now ran with P,, although P, was distinct in 
BAW. The mobilities of P, and P, were both 
found to be sensitive to slight changes in pH 
when BAWP was used. No solvent system was 
found to resolve P,,, and P,,, satisfactorily. 

Radioiodination of P, 

A typical iodination of 20 p,g of P, resulted in 
10' CPM (1.71 x 10' DPM) of labelled peptide 
collected in a total volume of 1 mL. The specific 
activity of the peptide (corrected for decay) was 
calculated to be 3.85 pCi/pg (7.84 x 10, CPM/ 
nmol) based on an M, of 916 for P, and an  
assumed recovery of 100% by gel filtration. This 
compares with a theoretical maximum of 2400 
FCi/Fg (lZ5I, 2200 Ci/mAtom) based on 100% 
isotopic abundance and the incorporation of 1 
mol of lz5I per mol of P,. It follows that the 
concentration of 1251-P, employed in the assays 
was 0.5 nM with the concentration of the unla- 
belled P, being no greater than 200 nM which 
must be considered an  overestimate. These con- 
centrations are much lower than typical K, val- 
ues in the range of 10 pM-1 mM for synthetic 
peptide substrates with HLE and PPE (Castillo 
et al., 1979; Del Mar et al., 1980), which sug- 
gests that the concentration of P,, labelled or 
not, will be much lower than the K, for the 
peptidase(s) which will act on it. Under these 
conditions the initial reaction velocity of the 
assay should be proportional to the substrate 
concentration and thus be first order with re- 
spect to substrate (v.i.). 

Hydrolysis of P, by Commercially 
Prepared Enzymes 

Several proteases were examined for their ac- 
tivity towards P, (Fig. 2). Leucine aminopepti- 

1 2 3  4 5 6 7 8 9 1 0 1 1  

Fig. 2. Densitometer image of an autoradiograph showing the 
susceptibility of P, to hydrolysis by peptidases. Time of assay 
was 30 min for commercial proteases and 120 min for con- 
fluent cultures of intact cells. Solvent system was BAWP and the 
TLC plates were run for 5 h. The peptidases are (by lane) leucine 
aminopeptidase (1 ); aminopeptidase M (2); thermolysin (3); 
dispase (4); trypsin-TPCK (5); a-chymotrypsin-TLCK (6); PPE 
(7); and HLE (8) .  Also shown are the products of assay media 
from intact HeLa cell cultures preincubated without (9) or with 
(1 0) bestatin before the addition of P,. The P, substrate standard 
(1 I) ,  in HBSS, was preincubated at 37°C for 96 h (sterile). 

dase and aminopeptidase-M both yielded P, 
whereas the neutral metalloendopeptidase ther- 
molysin exhibited broad specificity in hydrolyz- 
ing P, to generate PI, P,,,, and P,,,. Dispase 
produced P,,, and P, although a trace of PI and 
P,,, could also be detected upon overexposure of 
the radioimage. TPCK-treated trypsin and 
TLCK-treated a-chymotrypsin showed no activ- 
ity towards P,. PPE and HLE hydrolyzed P, to 
yield P, and P, with P, and P, also being detected 
with PPE but not with HLE. P, was identified as 
a major product as the peptides P, to P, gave the 
same proteolytic product thus eliminating P, as 
a confounder (results not presented). Intrigu- 
ingly PPE at  25 ng/mL was unable to hydrolyze 
P, as demonstrated in Figure 3 (cf. lanes 17,181. 
In fact, the proportion of P,:P,:P,:P, formed was 
found to be the same regardless of the concentra- 
tion of PPE employed and the time of incuba- 
tion or pH of the assay. 

In  a separate experiment the concentration of 
PPE activity was standardized from a series of 
assays done in triplicate with the substrate 
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1 3 5 7 9 11 13 15 17 
Fig. 3. Sensitivity of the assay to various concentrations of PPE. Lanes 1-8 represent a 30 min incubation of P, at 
37°C with PPE at 200, 100, 50, 25, 5, 2.5, 1, and 0.5 ng/mL respectively. Lanes 9-12 are the same as lanes 5-8 but 
are overexposed to autoradiography. Lanes 13-1 6 represent a 16 h incubation of P, at 37°C with PPE at 5.0, 2.5, 7 .O, 
and 0.5 ng/mL. Lane 17 is the P, control which has a slower migrating contaminant. Lane 18 shows P, incubated with 
PPE at 50 ng/mL for 30 min. Solvent system employed was BAWP and the autoradiographs are presented as 
densitometer images. 

Suc(Ala),NA according to the procedure of Bieth 
et al. (1974). PPE at 10-100 ng/mL typically 
hydrolyzed 10-80% of the substrate P, a t  37°C 
after a 30 min incubation (Fig. 3). Overexposure 
of autoradiograms has further indicated that 
concentrations of PPE at 0.5 ng/mL resulted in 
distinct hydrolysis of P, after only a 30 min 
incubation and effected Z= 20% hydrolysis of P, 
after 16 h of sterile incubations (Fig. 3, lanes 
13-16). Control, sterile assays at  37°C resulted 
in no autohydrolysis of P, after 96 h (Fig. 2, lane 
11). In contrast, with Suc(Ala),NA as substrate 
at 1 mM, a 4 h incubation did not reliably detect 
activity with 25 ng/mL of PPE. 

Subculturing in Peptidase-Free Media 

It  is important to note that control assays 
with fresh media (S56) alone also revealed signif- 
icant proteolytic activity towards P, which was 
shown to be present in FBS. P, was the predom- 
inant product, attributable to aminopeptidase 
activity, although bestatin-insensitive proteases 
were also detected (results not presented). The 
removal of serum proteases was essential in that 
their presence could obscure the interpretation 
of the origin of cell-associated activity. Heat 
inactivation of FBS at 69-70°C for 1 h (S70) was 
necessary for the complete removal of prote- 

olytic activity against P,, after which the serum 
was still able to support cell growth. Heat treat- 
ment at 72°C resulted in the serum becoming 
too viscous to filter and unable to support cell 
culture when added to RPMI-1640. 

HeLaN7O cells were established by subcultur- 
ing HeLaN56 once in S70 media before seeding 
in 24-well plates for assay. Many cells adapted 
poorly to the 70°C inactivated serum as evi- 
denced by clumped colonial growth and poor 
adherence to the culture flasks. The first few 
passages in S70 eliminated these poorly adher- 
ent cells and allowed for the loss of contaminat- 
ing protease activity that may have adsorbed to 
the cells during prior growth in 5356 medium. 
Cells that readily adapted formed coIonies that 
were looser in form without the close cell-cell 
apposition characteristic of the parent He- 
LaN56, but preserved a similar growth rate to 
that in S56 medium. Consequently cell cultures 
appeared to reach confluency much quicker in 
S70 medium than did their counterparts in S56 
medium. 

Cell Associated Peptidase Activity 

Intact HeLa cells, cultured in S70 media, hy- 
drolyzed P, (Figs. 2,6) with the appearance of P, 
as the major product band, indicative of ami- 
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nopeptidase activity. This was verified by the 
addition of 10 pM bestatin (an inhibitor of ami- 
nopeptidases, Suda et al., 1976) to the assay, 
which eliminated the formation of PI and re- 
sulted in P, and P, as the major products. The 
effect of bestatin was similar, with or without a 
15 min preincubation with the cells, prior to 
assay. The R, of P, was increased slightly rela- 
tive to adjacent lanes (Fig. 2)  as is usually ob- 
served when the substrate has been incubated 
with intact cell cultures. That the band was PI 
was further verified by separation of peptides 
with BAWP and by performing a series of assays 
with monolayers of intact cells using the various 
peptides in the absence of bestatin. The final 
product band was P, as evidenced by an assay 
with P, as substrate (results not presented). P, 
was hydrolyzed to a band which ran with P,,,,, 
and could therefore only be P,. Furthermore 
this same product band was generated by incu- 
bating P, with commercially obtained aminopep- 
tidases (Fig. 2). Interestingly, incubation of HeLa 
cells with the various peptides (results not pre- 
sented) revealed that for smaller peptides (P4- 
P,) the product P, was relatively more abundant 
than that following the hydrolysis of P, and P,. 

Peptidase Extraction 

Peptidases responsible for the proteolytic deg- 
radation of P, could be effectively extracted 
( > 95%) with 5% butanol in PBS or completely 
with 0.05% Triton X-100 as determined from 
assays with the extracts and resulting cell pellet. 
Peptidase activity was not extracted by a 5 min 
incubation with butanol up to 2% in which cell 
viability was retained as determined by the ab- 
sence of trypan blue staining and the ability of 
cells to resume replication. Extraction with 3-4% 
butanol resulted in less than 10% of the activity 
being removed but with the cells becoming in- 
creasingly non-viable. At > 7% butanol the over- 
all activity of the extracted peptidases decreased 
relative to 5% butanol extraction, a decrease 
which was not reversible upon dilution of the 
butanol. Peptidase activity was, therefore, pre- 
sumed to be inactivated by concentrations of 
butanol > 7%. 

Five percent butanol caused immediate “bleb- 
bing” of the surface of the cells (Jewel1 et al., 1982; 
Lemasters et al., 1987) which readily detached 
within minutes and stained with trypan blue. The 
use of 0.05% Triton X-100 in PBS caused complete 

and immediate lysis with dissolution of the cell 
membrane. 

Linearity of Peptidase Activity 

While it will become clear that several en- 
zymes capable of cleaving P, are present in bu- 
tanol extracts of HeLa cell cultures, it was useful 
to know whether the total activities monitored 
conformed to standard enzyme kinetics so that 
differences in such activity could be quantified. 
Therefore, the peptidase activity of HeLa cell 
extracts as well as that of intact cell cultures was 
examined as a function of cell extract, volume, 
and time. 

With Cell Extracts 

Culture plates were seeded in duplicate with 
varying numbers of cells and incubated for 3 
days. The cultures were then extracted with 
butanol and cell numbers counted using ali- 
quots of the triturated suspension before centrif- 
ugation of the extract. Figure 4A shows that 
despite the low substrate concentration ( < 0.2 
pM) there was a linear relationship between the 
percent hydrolysis of P, in a standard time ‘30 
min’ and enzyme activity causing < 50% conver- 
sion of the substrate. The three curves illus- 
trated define three sets of data generated by 
adding 10 pL, 20 pL, and 40 pL of extract from 
each culture to the fixed volume assay. Linear 
regression using only those assays with less 
than 50% hydrolysis yielded excellent correla- 
tion coefficients (r = 0.9901,0.9856, and 0.9566 
respectively). The ratios of the slopes of the lines 
were 4.29 (2 0.55, the 95% confidence interval): 
2.00 (t 0.19): 1.23 (? 0.43) which are in good 
agreement with the ratio of the volume of the 
extract assayed (4:2:1), so that the rate of the 
reaction is, to a useful approximation, propor- 
tional to the enzyme concentration up to 50% 
substrate hydrolysis. 

Since the low substrate concentrations used 
in these assays would be expected to be nonsat- 
urating for the protease activities, we would 
anticipate first-order kinetics to prevail, given 
that the hydrolyses are linear with time (v.i.1. 
We have therefore plotted the data of Figure 4A 
as -1n (concentration of unhydrolyzed P, divided 
by the initial concentration of P, measured as 
the sum of all bands) [-Zrz(P,/XPJ] vs. cell den- 
sity (standardized as cell density equivalents of 
the added extract) to see if this function was 
linear. Although the data of Figure 4B are well 
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Fig. 4. Characterization of the extracted HeLa cell assay. A 
Quantitative analysis of TLC for the percent hydrolysis of sub- 
strate (P,) with 10 pL (+), 20 pL  (.), and 40 pL (A) aliquots of 
HeLa cell extracts from cultures at various densities. P,/ZP, 
represents the amount of radioactivity under the P, band, 
divided by the sum of all radioactivity recovered from TLC 
scrapings [CPM,,,,, = (1.7 ? 0.06) x lo', SEMI. Cell extracts 
were assayed in a total volume of 100 pL for 1 h. TLC solvent 
was BAW and ran for 3.5 h. 6: Represents the logarithmic 
transformation of the above results in which the 10 pL or 20 p L  
assays have been adjusted to represent a 40 pL assay at '/4 or 1h 
the cell density respectively. The data for all values correspond- 
ing to less than 70% hydrolysis were used to calculate the 
regression, yielding a correlation coefficient r = 0.9844, while 
the 95% confidence limits for the estimates of -h(P ,/BP,) are 
shown as dotted lines. 

described by linear regression ( r  = 0.985) for all 
values of substrate hydrolysis ( < 80%) it is appar- 
ent that the set of data greater than 70% hydrol- 
ysis I-Zn(P,ICP,) > 1.21 lies outside the 95% con- 
fidence interval about the regression line on the 
rest of the data. The six values which fall below 
the regression line (all 40 pL of extract) deviate 
from first-order kinetics at these extreme values 
of hydrolysis because the values of hydrolytic 
activity obtained with lesser amounts of the 
same extracts (1OpL and 20 pL vs. 40 pL for cell 

densities > 4.5 x lo4 /cm2) did in fact fall on the 
regression line. 

The enzyme assay proved to be linear with 
time. Figure 5A shows representative data for 
the percent hydrolysis of substrate with increas- 
ing time of incubation in the absence of bestatin. 
Again 10 pL, 20 pL, or 40 pL volumes of cell 
extract were employed and resulted in linear 
plots for all three assays ( r  = 0.999, 0.999, and 
0.996) where the degree of hydrolysis was less 
than 50%. The ratios of the slopes were in agree- 
ment with those of the volume of extract as- 
sayed L4.49 (? 1.53):2.00 (+ 0.13):1.14 (-c 0.lO)l. 
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Linearity of substrate hydrolysis as afunction of incuba- 
tion time. A: Extracted cells; 10 pL (+), 20 p L  (O),  and 40 p L  
(A) aliquots from a 5% butanol extract of intact cells at a density 
of 2.3 x lo4 cells/cm* (cf. Fig. 4) were assayed for 30, 60, 90, 
and 120 min in the absence of bestatin. 6: Intact cells; a series 
of 24-well plates, seeded at 15 x l o 4  cells/cm2 and left to 
incubate for 48 h until they reached confluency (24 x lo4 
cells/cm*). Each point represents a separate culture. lodinated 
species monitored were P, (O) ,  P, (A), P, (0); the filled 
symbols, (m), P,; (O),  P,; (+), P, respectively, resulted from 
assays performed in the presence of bestatin. In both experi- 
ments the % hydrolysis was determined by scraping the TLC 
plate and counting the '*7 in a y-counter. 
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These experiments show for cell extracts over 
the cell densities investigated, that there was 
useful linearity between cell number, volume of 
extract assayed, incubation time, and the per- 
cent P, hydrolyzed for values < 50%. 

With Intact Cells 

The effect of cell density on peptidase activity, 
associated with intact HeLa cultures, was also 
investigated. Figures 6A and B are representa- 
tive radioimages showing the increased levels of 
P, hydrolysis with increasing cell density in the 
presence (Fig. 6A) or absence (Fig. 6B) of besta- 
tin. The proportion of P, not yet hydrolyzed was 
quantitated from duplicate assays, performed 
on separate cultures, and normalized to a cell 
density of 25 x lo4 cells/cm2 (the density corre- 
sponding to 100% confluence) to determine 
whether the degree of hydrolysis varied with cell 
density on a per cell basis (Fig. 6E). Within the 
error of the experiment, the resulting curves 
were linear with zero slope indicating a constant 
level of total peptidase activity on a per cell basis 
for intact cultures varying from 40% confluence 
to a tightly packed monolayer. 

Cultures assayed in the presence or absence of 
bestatin exhibited linearity for the percent hy- 
drolysis of P, (T- > 0.980) with time (Fig. 5B). 
Similarly the kinetics of appearance of product 
bands (PI, P,) were also linear and the experi- 
mental curves were described by linear regres- 
sion with correlation coefficients better than 
0.940. The appearance of P,, however, had a lag 
period of 50-60 min which implies more com- 
plex steps leading to its appearance. For this 
reason quantitation of experiments addressing 
total activity were simply equated with percent 
hydrolysis of P, rather than the percent produc- 
tion of P, (i = 1-8). 

For comparison, the assays for total cell ex- 
tracts of this experiment are included in Figure 
6. The radioimaged results are presented alter- 
natively as a 3D-projection. Quantitation of the 
results showed that a 125-fold dilution of the 
original 1 mL extract, for a particular cell cul- 
ture, was required in the final assay to result in 
a level of hydrolysis comparable to that observed 
for the intact cell assay (Fig. 6). 

DISCUSSION 

Several well defined enzymes recognize and 
hydrolyze P, (YVAAAWSH) generating a num- 
ber of peptide products. The suitability of P, as a 

substrate for thermolysin-like enzymes as well 
as the elastases was evident and variations in 
the specificities of these enzymes were apparent. 
Dispase has been described as similar to thermo- 
lysin in substrate specificity and may be used in 
place of thermolysin in protein sequencing stud- 
ies. However, a notable difference in our assay 
was that dispase generated P, from P, whereas 
thermolysin did not. PPE and HLE both cleaved 
P, to generate P, and P, as major products 
thereby showing no obvious preference for an 
alanine over a valine or vice versa. However 
PPE also generated P, and P, (YVAAA), concur- 
ring with prior observations that PPE has a 
preference to cleave C-side to Ala (Werb et al., 
1982). To define the nature of the cleavage pat- 
tern, an independent assay in which P, and P, 
were added as substrates for PPE resulted only 
in P, generating P, and P, whereas there was no 
hydrolysis observed for P,. These data empha- 
size the importance of an extended sequence 
about the scissile bond to confer specificity for 
the elastase group of enzymes (Bode et al., 1989). 

The tendency for the products P, and P, as 
opposed to P, to be formed from P, by both 
elastases, which have been shown to release 
bioactive TGF, from its precursor (Mueller et 
al., 1990; Ignotz et al., 19861, and by cell surface 
endopeptidases (this study) may be explained by 
considering subsite specificities. In a larger poly- 
peptide such as preproTGF,, the reported speci- 
ficity of cleavage may depend on distal subsite 
interactions and structural factors. Alterna- 
tively, ‘wobble’ in the site of cleavage of prepro- 
TGF, may actually occur (Wong et al., 19891, 
such that hydrolysis of V,,tA,7 or A37?fA38 in 
preproTGF,, equivalent to generating P, and P, 
from P,, would still result in the release of 
bioactive TGFa. N-terminal sequencing of TGF, 
from a variety of different natural sources has 
not yet been done to verify the uniqueness of 
A,,tV,, or A,,tV,, cleavage nor have the scissile 
bonds resulting from experimental elastase exci- 
sion of TGF, from its precursor been identified. 
Most interesting is the observation that similar 
enzymes, in this case the elastases, can produce 
different product patterns which are recognized 
by characteristic proportions of radioiodinated 
cleaved peptides. Such cleavage profiles may 
prove useful in recognizing individual enzyme 
specificities as well as indicating preferential 
scissile bonds for refining structure-function 
studies. It will be of considerable interest to 
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determine the effects of extending the substrate 
currently used to determine the effects of other 
structural features of the TGF, molecule on the 
specificity of defined proteases for the presumed 
A-I-W scissile bond. 

A series of experiments to determine the sen- 
sitivity of the assay revealed that PPE at concen- 
trations as low as 25 ng/mL was detectable after 
30 min with greater than 50% turnover of P,. 
Overexposure of the autoradiograms revealed 
that PPE at 0.5 ng/mL was detectable in the 
hydrolysis of P, although resulting in < 1% turn- 
over of substrate. Allowing the incubation pe- 
riod to increase to 16 h resulted in = 20% hydrol- 
ysis. This compares with a limit of detectability 
of 50 ng/mL for PPE with Suc(Ala),NA as sub- 
strate (Bieth et al., 1974; Castillo et al., 1979). 
Detection limits of 0.15 ng/mL with benzylthiol 
peptides and 0.47 ng/mL with aminomethyl- 
coumarins for PPE have been reported (Castillo 
et al., 1979). 

This method of assay also facilitates micro- 
adaptation. We are currently estimating prote- 
olytic activity on surface epithelia in an area of 
0.03 cm2 (= 5,000 cells) in 5 p1 of assay mix. 
Since proportionate hydrolysis (P,/CP,) is, to a 
close approximation, linear with enzyme hydrol- 
ysis ( I 50%), quantitative recovery of the assay 
fluid is unnecessary making the manipulations 
simple. We have also applied the assay success- 
fully to the detection of thermolysin which was 
separated by capillary electrophoresis from a 
single run with nanolitre sampling. The employ- 
ment of radioiodinated peptides as substrates 
has been previously reported. Kenny and cowork- 
ers (Kenny, 1977; FuIcher and Kenny, 1983) 
used ‘251-insulin B chain for probing cell surface 
protease activity which initially revealed the 
existence of endopeptidase-24.11. More recent 
work by Vanneste et al. (1990) has examined the 
metabolism of brain natriuretic peptide in vivo. 
In vitro assays with endopeptidase-24.11 (1 pg/ 
mL) and angiotensin-converting enzyme (20 pg/ 
mL) resulted in hydrolysis of their natural sub- 
strate at a concentration of 1.4 nM (V = 200 
pL). Interestingly this group also reported the 
ability of serum to effect hydrolysis of the natri- 
uretic peptide. Similarly Nyberg et al. (1990) 
have used a radioiodinated nonapeptide to pu- 
rify and characterize an aminopeptidase from 
human cerebrospinal fluid where they employed 
pM concentrations of substrate. In all cases 
HPLC was the method used for the quantitation 

and analysis of results. We have found that TLC 
has provided a simple, cost-effective, rapid 
method for analysis of peptidase product while 
maintaining sensitivity allowing the detection of 
sub fmol levels of product, assayed in KL vol- 
umes of assay mixture. 

Intact monolayer cultures of HeLa cells, cover- 
ing less than 2 cm2, were active in the hydrolysis 
of P, after exogenous proteolytic activity was 
removed from the growth media. The peptidases 
responsible for hydrolysis are associated with 
the cell since neither conditioned media nor salt 
and mild detergent washes of intact cells showed 
activity towards the substrate. These findings 
strongly suggest that the peptidase(s) of interest 
are membrane associated but does not rule out 
the possibility of protease secretion during the 
course of the assay. Amino(exo-) peptidase activ- 
ity dominated in assays of intact cells. Umezawa 
and coworkers (Umezawa and Aoyagi, 1977) 
found unexpectedly high exopeptidase activity 
compared with endopeptidase activity on the 
surface of mammalian cells. Many exopeptid- 
ases have also been partially characterized and 
have been shown to be associated with plasma 
membranes (Kenny, 1977) and constitute mem- 
bers of the ectoenzyme family (Kenny et al., 
1987). In the absence of specific inhibitors (e.g., 
bestatin) these exopeptidases mask the endopep- 
tidase activity because they can readily hydro- 
lyze the smaller peptide products of P, (P,-PJ. 

Aminopeptidase activity was easily measured 
and eliminated in the peptide assay. Assays per- 
formed in the presence of bestatin (a general 
inhibitor of aminopeptidases) resulted in any- 
where from 0-20% less proteolytic activity to- 
wards P, in different experiments, with the ma- 
jor product P, being replaced by p,, while P, 
remained relatively unchanged. Typically, when 
the same number of intact cells were extracted, 
a 100-fold dilution of the extract in the final 
assay was required for a comparable percent 
hydrolysis of substrate as was observed for in- 
tact cells. Thus, the putative cell surface peptid- 
ase activity is only about 1% of the total cell 
activity for both amino- and non-amino peptid- 
ase activities. Interestingly, ectopeptidases and 
other ectoenzymes [specifically aminopeptidases 
(Louvard, 1980)] circulate via intracellular 
routes of membrane traffic (Luzio et al., 1987). 

The hydrolysis of P, by intact or extracted 
cells was kinetically uncomplicated and most 
easily performed under limiting substrate condi- 
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tions. Our results suggest that with increasing 
cell density the level of cell-associated peptidase 
activity for intact or extracted cultures was con- 
stant. 

We have thus established the suitability and 
applicability of a nonapeptide substrate cognate 
with the cleaved amino acid sequence of TGF, to 
monitor cell-associated proteases. The assay is 
highly sensitive and has provided a useful prote- 
olytic probe for the identification of enzyme(s) 
that will specifically hydrolyze it. These results 
have demonstrated the predominance of exopep- 
tidase activity but with appropriate inhibitors or 
peptide modifications, non-aminopeptidases (pre- 
sumably endopeptidases) can be distinguished. 
Purification and kinetic characterization of can- 
didate proTGF,-ases is underway. 
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