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Yeast ICEX2 Endopeptidase Correctly Cleaves a 
Neuroendocrine Prohormone in Mammalian Cells 

Mammalian cell lines (BSC-40, NG108-15, and GH4C1) that cannot process the 
murine neuroendocrine peptide precursor prepro-opiomelanocortin (mPOMC) when 
its synthesis is directed by a vaccinia virus vector were coinfected with a second 
recombinant vaccinia virus carrying the yeast KEX2 gene, which encodes an endopepti- 
dase that cleaves at pairs of basic amino acid residues. mPOMC was cleaved 
intracellularly to a set of product peptides normally found in vivo, including mature y- 
lipotropin and P - e n d ~ r p h i n ~ - ~ ~ .  In GH4Cl cells (a rat pituitary line), product peptides 
were incorporated into stored secretory granules. These results suggest that the 
inability of any particular cell line to  process a prohormone precursor is due to the 
absence of a suitable endogenous processing enzyme. 

P REPRO-OPIOMELANOCORTIN (POMC) 
is one of the most thoroughly charac- 
terized polyprotein precursors (1). 

The processing of POMC is complex and 
varies in different cell types (2). Each cryptic 
peptide in POMC is flanked by a pair of 
basic amino acid residues, namely, -Lys-Arg-, 
-Arg-Arg-, -Arg-Lys-, -Lys-Lys- (Fig. l ) ,  a 
motif found in essentially all prohormones 
( I ) .  Liberation of the bioactive segments is a 
two-step process (3): (i) the precursor is 
cleaved at the carboxyl side of the pair of 
basic residues by a trypsin-like endopepti- 
dase; and (ii) &e doublet of basic residues 
exposed on the carboxyl-terminal end is 
removed by an enzyme similar to carboxy- 
peptidase B. 

The biochemical basis for the tissue speci- 
ficity of processing reactions is not under- 
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stood. Several factors may be involved, in- 
cluding: (i) selective expression of distinct 
processing enzymes, (ii) differential com- 
partmentation of either one or more prote- 
ases or the precursor, and (iii) modulation 
of cleavage-site accessibility by differential 
modification of the precursor. In order to 
distinguish among these possibilities, identi- 
fication of one or more endopeptidases re- 
sponsible for the initial cleavages in prohor- 
mone processing is essential. Several classes 
of proteases (3-9) have been proposed as 

Fig. 1. Structure and 
processing of the mouse 
polyprotein precursor, 
POMC. Mouse POMC 

zymes in vivo, however. In contrast, the 
enzyme required for excision of a yeast 
peptide hormone (a-factor mating phero- 
mone) from its precursor has been unequiv- 
ocally identified [for review, see (lo)]. The 
ITCEX2 gene of Saccharomyces cerevisiae 
(baker's yeast) encodes a membrane-bound 
endopeptidase specific for cleaving on the 
carboxyl side of pairs of basic residues that 
contain arginine ( - ~ y s - A r ~ -  and -kg-Arg-)  
(1 1).  The ICEX2 enzyme is an unusual serine 
protease (12) that is strictly Ca2+-dependent 
and has a neutral pH optimum (1 1-13). 

We describe here the identification of cell 
lines and the establishment of conditions 
that permitted the detection of proper pro- 
cessing in vivo of a mammalian prohormone 
by the precursor-cleaving enzyme encoded 
by the yeast KEX2 gene. 

Cell lines were infected with recombinant 
vaccinia viruses expressing the cDNAs for 
prepro-enkephalin (14) or mouse POMC 
(mPOMC) (15). The fate of these precur- 
sors was observed by radiolabeling and elec- 
trophoretic, chromatographic, and imrnu- 
nological analysis. Three cell lines (NG108- 
15, GH4CI, and BSC-40 cells) (16) were 
unable to release bioactive peptides from 
these precursors (14, 15a), (Fig. 2). 

To determine whether the I(EX2 gene 
could produce a functional membrane- 
bound enzyme in tissue culture cells, we 
inserted the I(EX2 gene into a vaccinia virus 
expression vector by the marker transfer 
method (14, 17). When a variety of mamma- 
lian cell lines were infected with this con- 
struction (W:ICEX2), a large increase in an 
activity capable of cleaving a specific fluoro- 
genic peptide substrate was observed (Table 
1). Depending on the cell type, the specific 
activity in cells infected with W : I W 2  was 
16 to 33 times as great as that in mock- 
infected cells or cells infected by control 
viruses ( W :  WT and W:mPOMC) (Table 

Lys-Lys- 
Arg-Lys Arg-Arg Lys-Arg Arg-Arg Lys-Arg Lys-Arg Lys-Lys 
75-76 101-102 122-123 138-141 163-164 203-204 233-234 

(mPOMC) is a 235-resi- I I I I 

due polypeptide that is 1 
' 

by cleaL,age at Signal NH,.terminal fragment ACTH b-~ipotropin 
peptide 

the indicated pairs of ba- Anti- Anti- 
1RL709 7 0 S 7 3 4  

sic amino acid residues 
into distinct sets of pep- 
tide hormones in the an- r M S H  a-MSH CLIP ~Lipotropin b-Endorphin 

terior and neurointerme- 
diate lobes of the pituitary (1 ,Z ) .  Numbering of amino acids in mPOMC is according to that predicted 
from the cDNA sequence (30), beginning with the initiator methionine of the signal peptide. The two 
specific antisera used in this study are directed against the regions inlcated by the brackets. Antiserum 
185-202 is selective for y-LPH (but will also recognize P-LPH and intact mPOMC); similarly, 
antiserum 205-235 is selective for P-END (but will also recognize P-LPH and intact mPOMC). 
ACTH, adrenocorticotropic hormone; y-MSH, y-melanocpte-stimulating hormone; a-MSH, 
a-melanocyte-stimulating hormone; CLIP, corticotropin-like intermediate lobe peptide. 
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1). This activity was apparently Ca2+-depen- 
dent (Table 1) and displayed the same spec- 
trum of sensitivity toward protease inhibi- 
tors [resistant to ~henylmethylsulfonyl fluo- 
ride, tosyl-lysine-chloromethyl ketone, and 
tosyl-phenylalanine-chloromethyl ketone 
but inactivated by Ala-Lys-Arg-chlorometh- 
ylketone (IS)] as has been documented for 
the ICEX2 enzyme isolated from yeast (11- 
13). Furthermore, cell-associated activity 
appeared to be membrane bound, because 
the majority was found in the particulate 
fraction (Table 1). Thus, the ICEXZ enzyme 
produced in mammalian cells had 

similar to those of the ICEX2 protease found 
in yeast cells. In contrast to yeast where all 
ICEXZ activity remains intracellular even 
when the enzyme is overproduced 200- to 
500-fold (12), a significant fraction (25 to 
50%) of the total I(EX2 activity was re- 
leased from the mammalian cells into the 
culture medium (Table 1).  This extracellular 
activity was not sedimentable (200,0008 for 
2 hours), suggesting that the catalytic do- 
main had become separated from the se- 
quences required for its membrane retention 
(12). 

A reversed-phase high-performance liquid 

BSC-40 
cells 

GH4C1 
cells 

0 20 40 60 8010 20 40 60 80 

Fig. 2. Analysis of mPOMC and Elution time (rnin) 

derived P-LPH domain peptides by No virus 
reversed-phase HPLC and radioim- 9 
munoassay. Standard-sized culture 
dishes containing BSC-40 cells and - 
GH4CI cells (each about 1 x lo7 - - 
total) were infected with 8 6 
W:mPOMC (5 PFU per cell) or AtT-20 '90 
coinfected with both W:mPOMC cells 0 
(2 PFU per cell) and W:KEX2 (5 
PFU per cell), as indicated. Unin- 11 3 - 
fected AtT-20 cells (about 1 x lo7 % 
cells), which produce and process 
endogenous POMC, were analyzed 0 
as a control. Twenty hours after 0 20 40 60 80 
infection, the cells were harvested, 
washed, resuspended in UM acetic Elution time (rnin) 

acid, 10 mM HCI (pH 1.9) containing 1 mM PMSF and lysed by brief sonication on ice. Insoluble 
debris was removed by centrifugation, and the extracted peptides were lyophilized and redissolved in 1 
ml of 12.8% acetonitrile containing 0.1% trifluoroacetic acid. This material was applied to a C4 
reversed-phase column (Vydac 214TP54) and eluted with a linear gradient of acetonitrile from 12.8 to 
39.2% over 80 min at a flow rate of 1 mllmin. The content of cross-reacting material in 25 ~1 of each 
fraction (one fraction = 1 min) was determined by radioimmunoassay with specific antibodies, 185- 
202 (filled squares) and 205-235 (open squares) (Fig. 1). BSC-40 cells infected with W:mPOMC 
alone produced 1.8 and 1.2 pmol of total cross-reacting material per lo6 cells against each antiserum, 
respectively; GH4CI cells infected with W:mPOMC produced 2.5 and 2.3 pmol of total cross-reacting 
material per lo6 cells against each antiserum, respectively. In the same cells coinfected with W:I(EX2 
and W:mPOMC at a somewhat lower multiplicity of infection, the total amount of cross-reacting 
material produced was only slightly reduced (30 to 40%). The elution times (in minutes) for authentic 
rnPOMC peptides in the HPLC system used were: 7-LPH, 41; P-ENDI-,,, 48; P-END,-,,, 52; P- 
ENDI-27, 55; P-LPH, 55; and mPOMC, 71-73 (31). 

8 JULY 1988 

chromatographic (HPLC) separation sys- 
tem was developed which, in combination 
with the use of specific antibodies, was able 
to resolve all of the bioactive peptides gener- 
ated by POMC processing (19) (Fig. 2). 
The peptides produced by AtT-20 cells were 
used as standards for authentic mPOMC 
cleavage in vivo, because AtT-20 cells (de- 
rived from a mouse anterior pituitary tu- 

mor) produce endogenously high levels of 
ml'OMC and cleave the prohormone in a 
pattern similar to that observed in intact 
anterior lobe corticotrophs (20). Because 
maturation of adrenocorticotropic hormone 
(ACTH) and the amino-terminal fragment 
of POMC (Fig. 1) involves other posttrans- 
lational events [glycosylation, phosphoryl- 
ation, and sulfation ( I ) ]  that complicate 
analysis, we focused on the carboxyl-termi- 
nal cleavage products of mPOMC to deter- 
mine if the I-2 protease was able to 
process correctly mPOMC synthesized 
simultaneously in the same cells. 

Each of the "maturation deficient" cell 
lines (NG108-15, BSC-40, and GH4Cl) 
was infected with either W : m P O M C  alone 
or coinfected with W : m P O M C  and 
VV:ICEX2. After 20 hours, the culture me- 
dium was removed, and the washed cells 
were extracted with acetic acid. The peptides 
in the cell extracts were then resolved by 
HPLC and analyzed by radioimrnunoassay 
(Fig. 2). In BSC-40 cells (identical results 
were obtained in NG108- 15 cells) infected 
with W:mPOMC, a prominent peak of 
immunor~activity was present that comi- 
grated with the authentic mPOMC pro- 
duced in AtT-20 cells (Fig. 2). A similar 
major peak was found in GH4CI cells infect- 
ed with W:mPOMC, although several mi- 
nor peaks of immunoreactivity, correspond- 
ing to y-lipotropin (y-LPH, 39 and 41 
rnin), P-endorphin (P-END, 48 min), and 
p-lipotropin (P-LPH, 55 min), were also 
detected (Fig. 2). 

In contrast, in cells coinfected with 
W:ICEX2 and W : m P O M C ,  the steady- 
state level of intact mPOMC present in the 
cells was significantly reduced and several 
new prominent mPOMC-derived peptides 
were observed (Fig. 2). When cells separate- 
ly infected with W : m P O M C  alone and 
W:I(EXZ alone were mixed before extrac- 
tion with acetic acid, the peptide profile 
obtained was identical to that in cells infect- 
ed with W : m P O M C  alone, demonstrating 
that the proteolytic cleavages observed had 
not occurred artifactually during cell extrac- 
tion. 

In all three cell lines (data for NG108-15 
not shown), a prominent doublet was found 
at the position of y-LPH (Fig. 2)  and a 
major peak eluted at 48 min, corresponding 
to the position of mature P-ENDI-31 (Fig. 
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2). In GH4CI cells, but not in the other two 
lines, a significant amount of imrnunoreac- 
tivity eluted at 55 min, corresponding to the 
position of P-LPH (Fig. 2). 

The peptide that eluted at 55 min had an 
apparent mobility upon electrophoresis in 
an 18% polyacylamide gel corresponding 
to a molecular weight of 8200, cross-reacted 
with antisera that recognize both y-LPH 
and P-END, and comigrated with authentic 
P-LPH derived from AtT-20 cells, which 
confirmed its identity as P-LPH. The pep- 
tide that eluted at 48 min was subjected to 
cation-exchange chromatography and yield- 
ed a peak of P-END cross-reacting material 
that coeluted with synthetic P - E N D I - ~ ~  
(Fig. 3A), confirming its identity as P- 
ENDI-31. The y-LPH-related material that 
eluted at 41  min, in a position identical to 
mature y-LPH from AtT-20 cells (Fig. 2), 
was also subjected to cation-exchange chro- 
matography and coeluted with authentic y- 
LPH from AtT-20 cells (Fig. 3B). In con- 
trast, the y-LPH-related material that elut- 
ed at 39 min on the reversed-phase column 
(Fig. 2) was significantly retarded on cation- 
exchange chromatography, compared to 
mature y-LPH (Fig. 3B). The stronger re- 

tention of this species suggested that it 
represented y-LPH from which one or both 
of the carboxyl-terminal basic residues had 
not yet been removed after the liberation of 
this peptide from mPOMC by ICEX2 action. 

To test this possibility, this same material 
was treated with carboxypeptidase B before 
cation-exchange chromatography. Under 
the incubation conditions used, the peptide 
was quantitatively converted to a species 
that comigrated with mature y-LPH (Fig. 
3B). If briefer incubation times were used, 
most of the material was converted to a 
species that eluted from the cation-exchange 
column at an intermediate position (29 
min). The two-step shift in mobility upon 
digestion with carboxypeptidase B supports 
the conclusion that this peptide represents 
y-LPH from which the carboxyl-terminal 
Lys-Arg residues have not yet been re- 
moved. These results, and the fact that 
mature P-END1-31 was also produced, de- 
fine precisely the location of one cleavage of 
mPOMC by the IGX2 enzyme in marnrnali- 
an cells: s ecifically, at the carboxyl side of 
Lys203Ar&4. These findings also indicate 
that the I(EX2 enzyme does not cleave at the 
carboxyl side of Lys-Lys doublets in vivo, in 

Table 1. Expression of 3 3 x 2  enzyme activity in mammalian cells. Cultures (28) of the indicated 
mammalian cell lines (about 1 x lo7 cells total) were either mock-infected or infected with wild-type or 
recombinant vaccinia viruses (5 PFUIcell). After 24 hours, the medium was removed from each culture 
and stored at -70°C after addition of glycerol to a final concentration of 10%. The enzymic activity in 
the culture fluid represents the "secreted" activity. The cells were washed once in phosphate-buffered 
saline containing 10 mM EDTA and harvested in 1 mM EDTA, 10 mM Hepes (pH 7.5). Cells were 
broken by multiple passages in a Dounce homogenizer, and this crude extract was clarified by 
centrifugation at 10,0008 for 20 min. Greater than 80% of the total activity of the crude extract was 
recovered in the clarified supernatant solution, and this fraction was designated the "cell-associated 
activity." The clarified lysate was then subjected to centrifugation at 100,0008 for 60 min; the enzymic 
activity in the resulting pellet (particulate fraction) represents the portion of the cell-associated activity 
that was "membrane-bound." The pellet fraction was resuspended in 50 mM Hepes (pH 7.5), 1 mM 
EDTA, and stored at - 70°C prior to assay. Recovery of activity in the combined pellet and supernatant 
fractions after high-speed centrifugation was at least 95%. KEX2 protease activity was measured 
spectrofluorimetricdy, as described elsewhere (11, 1 4 ,  and 0.5 mM phenylmethylsulfonyl fluoride and 
0.1 mM tosyl-phenylalanine-chloromethyl ketone [which do not inhibit the KEX2 enzyme (11, 12)] 
were included to prevent proteolytic degradation of the KEX2 enzyme in the extracts and to reduce the 
nonspecific hydrolysis of the fluorogenic peptide substrate. One unit of activity is defined as the 
hydrolysis of 1 pmol of substrate per minute. Protein concentration was determined by the method of 
Markwell et al. (29). Numbers in parentheses represent the ratio of activity measured in the presence of 
1 mM CaC12 to that measured in the presence of 25 mM EDTA (pH 7). ND, not determined. Total 
activity is secreted activity plus cell-associated activity. The results of two independent experiments are 
given (values presented are single determinations). 

Ex- Cell type infected 
Condition peri- 

ment BSC-40 G H ~ C I  NG108-15 Ltk - 

Cell-associated activity (units per mill&ram of protein) 
Mock-infected 1 29 (0.4) 26 (0.7) ND 34 (0.5) 
Infected with: 

V V : W  1 19 (0.4) 30 (0.6) 46 (0.8) 7 (0.2) 
2 29 (0.7) 4 (0.7) ND 1 (0.4) 

VV:POMC 1 23 (0.5) 50 (1.0) ND 6 (0.2) 
W:KEX2 1 587 (8.8) 864 (15.0) 741 (8.9) 380 (7.5) 

2 540 (7.6) 208 (3.1) ND 488 (9.0) 
Percentage membrane-bound (of cell-associated activity) 

86 ND 85 88 
Percentage secreted (of total activity) 

54 33 36 5 8 

agreement with the substrate specificity of 
the enzyme both in vitro (11-13,21) and in 
yeast (1 0, 11, 22). 

Clearly, however, one or more other fac- 
tors influence the preferential cleavage of 
one potential processing site versus another 
in different cell types and even within the 
same cell type. For example, in BSC-40 cells, 
there was efficient cleavage at both Lys-Arg 
sites in the carboxyl-terminal region of 
mPOMC, resulting in apparently complete 
conversion of the P-LPH segment into y- 
LPH and P-END. In contrast, in GH4Cl 
cells, a significant amount of uncleaved P- 
LPH was observed (Fig. 2). Thus, despite 
the presence of a similar level of I W 2  
activity in both cell types (Table l), the 
cleavage pattern found in BSC-40 cells mi- 
mics that observed in the neurointermediate 
lobe of the pituitary, whereas the pattern 
seen in GHdCl cells is more reminiscent of , . 
the products found in the anterior lobe (2). 

In BSC-40 cells, the majority of the cell- 
associated y-LPH retained the carboxyl-ter- 
minal Lys-Arg residues exposed by ICEX2 
enzyme cleavage. In GH4C1 cells, this spe- 
cies was present, but was a minor fraction of 
the y-LPH produced. This intermediate is 
not normally observed in AtT-20 cells (Fig. 
2). Furthermore, only mature y-LPH is 
produced in "maturation proficient" Rin 
m5F cells (derived from a rat insulinoma) 
upon infection with W:mPOMC (14, 
15a). Hence, accumulation of the form of y - 
LPH that retains the carboxyl-terminal Lys- 
Arg residues is not due to perturbation of 
normal processing events by vaccinia virus 
infection. Inefficient removal of the carbox- 
yl-terminal basic residues in the maturation 
deficient cell lines could be due to an insuffi- 
ciency of the appropriate carboxypeptidase 
activity. 

In yeast, prepro-a-factor is synthesized, 
processed, and secreted via a constitutive 
secretory pathway (23); however, the intra- 
cellular compartment in yeast in which the 
ICEX2 enzvme resides has not been defini- 
tively established. The successful processing 
of mPOMC by the I-2 enzyme in BSC- 
40 cells demonstrates that a mammalian 
constitutive secretory pathway can accom- 
modate the proteolytic processing machin- 
ery required for prohormone maturation. 

Endocrine cells typically utilize a regulat- 
ed secretory pathway in which processed 
peptides are stored in specialized secretory 
granules, which can be released in response 
to certain secretagogues (24). Immuno- 
chemistry and electron microscopy indicate 
that in endocrine cells the trans-Golgi net- 
work and associated nascent secretory vesi- 
cles are the compartments in which prohor- 
mone processing begins (25). To determine 
whether the peptides generated from 
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mPOMC by I(EX2 enzyme cleavage were 
sorted into the regulated pathway present in 
GH4CI cells, we used the secretagogues, 
forskolin (an adenylate cyclase activator) 
and phorbol 12-myristate 13-acetate (a pro- 
tein kinase C activator), to stimulate release 
of secretory granules (26). Increase in the 
amount of prolactin released by such treat- 
ment provided an internal control for the 
function of the regulated secretory pathway 
in GH4CI cells. When produced in GH4C1 
cells, mPOMC was targeted to the regulated 

pathway, and prolactin delivery to the regu- 
lated pathway was not affected (Fig. 4). 
Similarly, when active I W 2  enzyme was 
also present, both prolactin and at least one 
mPOMC-derived peptide (P-END) were 
still sorted into the regulated pathway (Fig. 
4). This result suggests that I W 2  protease 
can act at the correct stage in a regulated 
secretory pathway to permit sorting of the 
mature product peptides into storage gran- 
ules. 

Introduction of a single heterologous 

Fig. 3. (A) Identification of P-ENDI-31 by cat- 40 

ion-exchange HPLC. A sample (100 pg) of the 
peptide from BSC-40 cells coinfected with 
W:mPOMC and W:ZCEX2 that eluted at 48 30 

min from the reversed-phase column (Fig. 2) and 
cross-reacted with the p-END-specific antiserum 
(205-235) was applied to a cation-exchange col- 20 

urnn (NEST WCX 1850-02) in 25% acetonitrile 
containing 10 mM ammonium acetate (pH 4.5) l o  
and eluted with a linear gradient from 10 to 300 
mM ammonium acetate (pH 4.5) in 25% acetoni- 
trile over 50 min at a flow rate of 0.5 d m i n .  % 0 
After drying, the content of cross-reacting materi- ? 2 5  

al in each fraction (1 min) was measured by 
50 

radioimmunoassay with antiserum 205-235. Ar- B 
rows mark the elution positions (in minutes) of 
synthetic P-EN11 peptides run as standards: P- 40 

ENDI-z6, 32; P-ENDI-Z7, 35; andP-ENDl-31,45. 
Identical results were obtained for the peptide 30 

from GH4CI cells coinfected with W : m P O M C  
and W:ZCEX2 that eluted at 48 min on the 20 
reversed-phase column (Fig. 2). (B) Identifica- 
tion of y-LPH-related peptides by cation-ex- 

l o  
change HPLC. Samples (100 pg) of the peptides 
from BSC-40 cells coinfected with W : m P O M C  
and W:ICEX2 that eluted at 39 and 41 min from O 

24 28 32 36 
the reversed-phase column (Fig. 2) and cross- 
reacted with the y-LPH-specific antiserum (185- Elution time (min) 

202) were analyzed by cation-exchange chromatography and radioimmunoassay, as described above, 
except that the gradient was from 10 mM to 500 mM ammonium acetate (pH 4.5). Material from 41- 
min peak (filled squares); the filled arrow marks the elution position of mature y-LPH from AtT20 
cells. Material from 39-min peak (open squares). Material from 39-min peak treated by digestion with 
carboxypeptidase B (Sigma, 2 pglml) in 50 mM tris-HCI (pH 8), 2 mM CaC12, bovine albumin (8 mgi 
ml) for 30 min at 37°C (open circles); the open arrow marks the elution position of an identical sample 
in which the carboxypeptidase B was heat-inactivated immediately after addition. Results were the same 
for the peptides in the 39- and 41-min peaks resolved by reversed-phase HPLC from the GH4Cl cells 
(Fig. 2). 

Fig. 4. Stimulated secretion of prolactin and 6 
mPOMC-related peptides from GH4Cl cells in- 
fected by recombinant vaccinia viruses. Separate 5 

cultures of GH4Cl cells were either mock-infected 41 

(A), infected with W : m P O M C  alone (B), or B'Y 4 > 0 O - 
coinfected with both VV:mPOMC and j6 3 

W:I(EXZ (C) at the multiplicities of infection iij E 

described (Fig. 2).  After 16 hours, the culture a 2  
fluid was removed from each culture and replaced 0 

1 
with fresh medium containing bovine serum albu- 
min (0.07%) in either the absence (-) or the ,ecretagogue:: . + . + . + . + 

presence (+) of a mixture of forskolin (Calbio- Virus: M O C ~  V V : ~ P O M C  V V : ~ P O M C  

chem, 50 )1M find concentration) and phorbol + VV:KEXZ 

12-myristate 13-acetate (Sigma, 100 final concentration) to stimulate the release of secretory 
granules. After 1 hour, the medium was withdrawn from each culture, and the amount in the medium 
of both prolactin (stippled bars) and mPOMC-related material [either intact mPOMC or mature P- 
END (32)] (hatched bars) was measured by radioimmunoassay (33). All infections were performed in 
triplicate, and samples of the medium from each of the three replicate cultures were assayed for cross- 
reacting material in duplicate. Hence, the value given for each condition is the average of six 
independent determinations and was normalized, in each case, to the amount of cross-reacting material 
released by the unstimulated cells during the l-hour incubation (which was given an arbitrary value of 
1).  Error bars represent standard deviation of the mean. 

gene for a known prohormone-cleaving en- 
zyme (the yeast I(EX2 gene) into mammali- 
an cell lines otherwise Incapable of causing 
maturation of prohormones restored their 
ability to process a polyprotein precursor 
(mPOMC) to a proper set of product pep- 
tides. This reconstitution of prohormone 
maturation indicates: (i) that yeast KEX2 
protease was produced and was active inside 
;he mammalIan cells, as well as in vitro 
(Table 1); (ii) that the ICEX2 enzyme was 
translocated into mammalian secretory sys- 
tems and was able to recognize and cleave at 
correct processing sites in a native mammali- 
an precursor protein in its natural environ- 
ment, despite reported differences between 
the yeast -and mammalian secretory path- 
ways (27); and, (iii) that precursor cleavage 
by the ICEX2 enzyme apparently occurred at 
a stage in the secretorypathway that did not 
interfere with the delivery of mature bioac- 
tive peptides into regulated secretory gran- 
ules. These results all support the view that 
the ICEX2 processing endopeptidase is a 
genuine prototype of its mammalian coun- 
terpart. In contrast, the cDNA for a mam- 
malian kallikrein expressed in the same cell 
lines produced a functional enzyme, but led 
to no detectable cleavage of mPOMC (15a). 

Our results also suggest that the primary 
defect that makes these cell lines incompe- 
tent to process prohormones is the absence 
of the endogenous prohormone-cleaving en- 
doprotease. Therefore, this system might be 
used to screen cDNA libraries from appro- 
priate tissues in similar complementation 
assays as a means to identi@-the gene or 
genes encoding the true prohormone endo- 
peptidase of animal cells. 
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structures like Fig. lC, which are at present only conjectural. 
In summary, gramicidin A appears to be a structure whose 

polymorphism may underlie a dynamic mechanism of ion transfer. 
Although much more remains to be learned about gramicidin 
hnction, particularly regarding details of mechanism and the origins 
of ion transport specificity, the crystallographic studies finally 
provide a structural basis for definitive spectroscopic studies and 
computational simulations. 
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