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ABSTRACT Angiotensin-converting enzyme (ACE) is a
type I ectoprotein that is cleaved off the cell surface by a plasma
membrane-bound metalloprotease. However, CD4, another type
I ectoprotein does not undergo such cleavage-secretion. In this
study, we investigated the structural determinants of the ACE
protein that regulate the cleavage-secretion process. Substitution
and deletion mutations revealed that the cytoplasmic domain,
the transmembrane domain, and the juxtamembrane region
encompassing the major and the minor cleavage sites of ACE do
not regulate its cleavage. Moreover, a chimeric protein contain-
ing the distal extracellular domain of CD4 and the juxtamem-
brane, transmembrane, and the cytoplasmic domains of ACE,
although transported to the cell surface, was not cleavage-
secreted. In contrast, the distal extracellular domain of ACE was
shown to be the important determinant: a protein containing the
distal extracellular domain of ACE and the juxtamembrane,
transmembrane, and cytoplasmic domain of CD4 was efficiently
cleaved off the cell surface. The chimeric protein was cleaved
within the CD4 sequence and the responsible enzymatic activity
was inhibited by Compound 3, a relatively specific inhibitor of the
ACE secretase activity. These results demonstrate that, in a
chimeric protein, the distal extracellular domain of a cleavable
protein, such as ACE, can induce a proteolytic cleavage within
the juxtamembrane domain of an uncleaved protein such as CD4.

Many proteins displayed on the surface of a mammalian cell are
embedded in the plasma membrane via their hydrophobic trans-
membrane domains. Some of these ectoproteins undergo regu-
lated proteolytic cleavage at sites near the plasma membrane, and
the extracellular domain is released to the medium or circulation.
This process has been variously called as solubilization, ectodo-
main shedding, or cleavage-secretion. Cleavage-secretion ap-
pears to be an important and widely used cellular posttransla-
tional regulatory process because a variety of structurally and
functionally unrelated cell-surface proteins undergo this process
(1, 2). They include membrane-bound growth factors, cytokine
and growth factor receptors, -amyloid precursor protein that is
implicated in Alzheimer’s disease, cell adhesion molecules, and
enzymes such as angiotensin-converting enzyme (ACE). An
appropriate balance between the membrane-anchored and the
soluble forms of these proteins is thought to be necessary for their
normal physiological role. A perturbation in that balance may
lead to a diseased state as suggested for B-amyloid plaque
formation in Alzheimer’s disease (3). Genetic studies have shown
that the membrane-anchored form of kit ligand is required for
normal mouse development (4). Similarly, inhibiting the forma-
tion of soluble tumor necrosis factor a (TNF-a) in mouse, without
affecting the cell-bound form, inhibits the pathologies associated
with this inflammatory cytokine (5-7).

In spite of the biological importance of this process, little is
known about the identity of the responsible proteases, their mode
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of activation, and the structural determinants of the specific
ectoproteins that make them susceptible to the cleavage secretion
process.

We have been studying the characteristics of cleavage-secretion
of ACE in vitro and in vivo (8-11). There are two structurally
related isozymes of this enzyme, testicular ACE (ACEr) and
pulmonary ACE (ACEp) (12-15), that are involved in male
fertility and blood pressure regulation (16). Studying the cleav-
age-secretion process of ACE is particularly significant because
tissue-bound ACE and soluble ACE in circulation may have
different physiological roles. Studies by us and others have shown
that both ectoproteins, ACEp and ACEr, undergo specific cleav-
age-secretion (8-11, 17-19). We have used extensively mouse and
human cells in culture to study the cleavage-secretion of trans-
fected rabbit ACEr protein. The rabbit ACEr protein has 737
residues of which the N-terminal 32 residues are cleaved off, as
a signal peptide, during its synthesis. The ectodomain spans up to
residue 690 followed by a transmembrane domain of 17 residues
and an intracellular domain of 30 residues (12). The protein is
cleaved off the cell surface in a regulated fashion. The major
cleavage site is between Arg-663 and Ser-664. A minor alternative
cleavage occurs between Arg-673 and Val-674 (9). The cleavage
activity is resistant to inhibitors of serine, chymotrypsin, trypsin,
cysteine, aspartate, and elastase type proteases but it is suscep-
tible to Compound 3 (10, 11) an inhibitor of a specific class of
metalloproteases (20). The protease activity was not lost from the
plasma membrane by salt wash, indicating that it is carried out by
an integral membrane protein (10). Similar to cleavage-secretion
of many other ectoproteins the ACE-secretase activity was en-
hanced by treatment of cells with phorbol ester (9).

The current study was designed to identify the structural
determinants in the ACEr protein that are recognized by the
cleavage-secretion machinery. The available information about
other cleavage-secretion proteins suggests that the same rules do
not apply to all of them. Although small deletions in the jux-
tamembrane domain abolished cleavage-secretion (21-25), mu-
tations of residues around the cleavage sites of B-amyloid pre-
cursor protein (26), TNF-a receptor (24), interleukin 6 receptor
(21), L-selectin (25), and TNF-« (22) did not reveal any strict
sequence requirement for the cleavage process. For cleavage-
secretion of human ACEr in Chinese hamster ovary cells, Ehlers
et al. (27) have shown that the sequence around the cleavage site
or its specific distance from the plasma membrane are not
important determinants. In contrast, Arribas ef al. (28) reported
that the juxtamembrane domains of pro-TNF-«a and B-amyloid
precursor protein are the crucial determinants that regulate
ectodomain shedding. Here, we present experimental evidence to
conclude that, for rabbit ACEr, the distal extracellular domain,
and not the cytoplasmic, the transmembrane, or the juxtamem-
brane domain containing the cleavage sites, is the critical deter-
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minant for efficient cleavage-secretion. When attached to a
uncleaved ectoprotein CD4 (29), the ACEr distal extracellular
domain converted it to a chimeric protein that was cleavage-
secreted very efficiently.

MATERIALS AND METHODS

Materials. Compound 3 {N-[D,L-[2-(hydroxyaminocarbon-
yl)methyl]-4-methylpentanoyl]-L-3(tert-butyl)alanyl-L-alanine,
2-aminoethyl amide} was provided by Roy A. Black (Immunex
Research and Development). Anti-FLAG M2 affinity gel and
anti-FLAG antibody (FLAG-Probe D-8) were purchased from
Eastman Kodak and Santa Cruz Biotechnology, respectively.
Anti-CD4 antibodies, OKT4 and T4-4, were purchased from
Ortho Diagnostics and the National Institutes of Health AIDS
Research and Reference Reagent Program, respectively.

Construction of Expression Plasmids. Rabbit ACEr cDNA
cloned in pGEM7Zf (8, 30) was the starting material for all
constructs. Cytoplasmic deletion mutants (see Fig. 1) were gen-
erated by introducing translational stop codons after residue 729,
718, and 708. To generate the mutants with deletions in the
cleavage region (see Fig. 2B), advantage was taken of the unique
Sfil site at nt 1,748 in the ACEr cDNA. Desired mutations were
first introduced into the Sfil/BamHI (BamHI cuts in the plasmid)
fragment, and the mutated fragments were subcloned into
pGEM-ACE( by using appropriate restriction sites. Five chimeric
constructs (see Fig. 3) were generated that will encode for
proteins containing portions of ACEr and portions of human
CD4 molecule. Human CD4 (29) was used as a template to
generate the relevant CD4 fragments by PCR. Constructs con-
taining the cytoplasmic, transmembrane, and increasing number
of membrane proximal residues of CD4 were generated and
ligated to the desired length of the extracellular domain of ACEr.
For CD4/ACEr-1 (see Fig. 5), the unique Aval site in CD4
cDNA was used to generate the CD4 fragment that was ligated
to the appropriate ACEr fragment with engineered Aval site. The
other chimeras (Table 1) were also constructed by using similar
PCR technology.

For adding the FLAG epitope (DYKDDDDK) to the con-
struct ACEr/CD4-5, double-stranded oligonucleotide encoding
the FLAG epitope was prepared by PCR by using pairs of primers
designed to encode residues upstream of the Sfil site and the
FLAG epitope with a BamHI site engineered in it. The amplified
products were digested with Sfil and BamHI and ligated to
similarly digested ACE1/CD4-5. Thus ACE1/CD4-5F (see Fig.
6B) will encode for a protein having residues 1-655 of ACEr
followed by the FLAG epitope at the junction and CD4 residues
312-435. ACEr/CD4-5CF, which has the FLAG epitope at the
C terminal, was generated by utilizing a primer that encodes for
the FLAG epitope followed by a stop codon.

The point mutants described in Fig. 24 were generated as
described before (30). R-663 was mutated to G by changing the
codon CGC to GGC; S664 to A by changing TCG to GCG; R673
to Q by changing CGC to CAA; V674 to T by changing GTC to
ACC; L668 to H by changing CTC to CAC; P669 to Q by changing
CCA to CAA; P659 to T by changing CCA to ACA; and N660
to I by changing AAC to ATC. All constructs were verified by

Table 1. ACEr-CD4 chimeric proteins not transported to the
cell-surface

N-terminal C-terminal
region region
ACEr 1-342 CD4  352-435
ACEr 1-426 CD4  352-435
ACEr 1-536 CD4  352-435
CDh4 1-97 ACEr 343-737
CDh4  1-187 ACEr 427-737
CDh4  1-277 ACEr 537-737

Absence of surface immunofluorescence was taken as an index for
lack of transport to the cell surface.
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restriction mapping and sequencing of the entire PCR-amplified
fragments. The sequences of all oligonucleotide primers used are
available from the authors on request.

Transient Expression of ACEy and Chimeric Proteins, Pulse—
chase Analysis, and Immunoprecipitation. ACEr and chimeric
proteins were transiently expressed in HeLa cells by using the
vaccinia virus T7TRNA polymerase system as described (30). The
transfected cells were pulse-labeled with [*S]methionine for 30
min, and the label was chased for the indicated time. ACEr-
related proteins were immunoprecipitated from the cell extracts
and medium by using anti-ACE or anti-CD4 (T4-4, for CD4/
ACEq-1 proteins) antibody and analyzed by SDS/PAGE, as
described (30). The FLAG-tagged chimeric proteins were immu-
noprecipitated by using anti-FLAG M2 affinity gel according to
manufacturers instructions. For quantitating cleavage-secretion,
the dried gels were subjected to Phosphorlmager (Molecular
Dynamics) analysis by using Image Quant software. The amount
of mature ACEr or chimeric proteins (measured in arbitrary
PhosphorImager units) present in the cell extract and medium
combined after 15 h of chase, is taken as 100%, and the amount
present in the culture medium at that time is represented as
cleavage-secreted. The intra- and interassay variability for Phos-
phorImager analysis was 2-3% and 4-5%, respectively. Secretion
measured by PhosphorImager analysis correlates very well with
that measured by ACE enzyme activity assay. Transfection and
pulse—chase analysis of each construct was repeated three times.

Purification and Amino Terminal Sequencing of the Cleaved
C-Terminal Peptide of ACEr/CD4-5. HeLa cells (48 X 10°),
transiently transfected with ACEt/CD4-5CF, were harvested
20 h after transfection and suspended in 2 ml of 50 mM TrissHCl
buffer (pH 8.0) and 1 mM phenylmethylsulfonyl fluoride. After
three cycles of rapid freezing, and thawing at 37°C, the suspension
was homogenized in glass—glass homogenizer and centrifuged at
25,000 X g for 1 h. The pellet was resuspended in 1 ml of
homogenization buffer containing 150 mM NaCl and 1% Triton
X-100. After 1 h on ice, the samples were similarly centrifuged
and the supernatant containing the solubilized C-terminal pep-
tide was added to 300 wl of an anti-FLAG M2 affinity gel, mixed
for 16 h at 4°C, centrifuged, washed with the homogenization
buffer, and eluted with 0.1 M glycine (pH 3.5). The eluate was
immediately adjusted to pH 7 by 1 M TrissHCI (pH 8.0), con-
centrated, and analyzed by 20% SDS/PAGE, electroblotted onto
ProBlott membranes (Applied Biosystems), and detected by
staining with Coomassie brilliant blue as described (9). A dupli-
cate membrane was subjected to Western blot analysis by using
anti-FLAG antibody, which was detected by an enhanced chemi-
luminescence detection method (Amersham). The Coomassie
brilliant blue-stained peptide band, corresponding to the C-
terminal peptide detected by Western blot analysis, was cut out
and used for N-terminal sequence analysis after Edman degra-
dation by using Procise, model 492 protein sequencer (Applied
Biosystems) attached to 140C microgradient system and 610A
Version 2.1 data analysis system.

Immunodetection of ACEy, CD4, ACEy/CD4-5, and CD4/
ACEr-1 in Transfected HeLa Cells by Indirect Inmunofluores-
cence. HeLa cells grown on glass coverslips were transfected with
appropriate constructs, fixed, permeabilized for internal staining,
and treated with anti-ACE antibody (for ACEr and ACEy/
CD4-5 transfected cells) or anti-CD4 antibody (OKT4, for CD4
and CD4/ACEqr-1 transfected cells), and fluorescein conjugated
appropriate IgGs as described (31).

RESULTS

Effects of Mutations in the Cytoplasmic and the Juxtamem-
brane Domains of ACEr on its Cleavage-Secretion. Although
cleavage of ACEr occurs at extracellular sites in the juxtamem-
brane domain of the protein, the cytoplasmic tail could influence
this process by helping to recruit specific proteases to the site of
cleavage. This possibility was tested by introducing progressive
deletions to the cytoplasmic tail of ACEr (Fig. 1). Residues
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FiG. 1. Cleavage-secretion of cytoplasmic deletion mutants. (Upper)
Schematic representation of ACEt and the ACEt mutants from which 8
residues (A730-737), 19 residues (A719-737), or 29 residues of the
cytoplasmic domain (A709-737) have been deleted. The numbers above
the bar indicate ACEr residue numbers as described by Kumar ez al. (12).
7, cleaved signal sequence, residues 1-32; M, extracellular domain,
residues 33-690; &, membrane anchoring domain, residues 691-707; E,
cytoplasmic domain, residue 708—737. The large (y) and small (| ) arrows
indicate the position of the major and the minor cleavage site in ACEr,
respectively (9). (Lower) The synthesis, intracellular processing, and
cleavage-secretion of the ACEr proteins in HeLa cells. HeLa cells,
infected with the recombinant vaccinia virus expressing T7 RNA poly-
merase, were transiently transfected with wild-type or mutant ACEt-
expression vectors. The cells were pulse-labeled with [3*S]methionine for
30 min followed by incubation without the labels for different periods of
time as indicated by chase (h). Labeled detergent lysates of cells (C) and
medium (M) were immunoprecipitated with ACEr antibody and ana-
lyzed by SDS/PAGE. Arrows on the left indicate the position of the
mature glycosylated ACEr proteins and the numbers correspond to their
estimated molecular weights. Cleavage-secretion (top panel) is estimated
by PhosphorImager analysis of the dried gels. The amount (arbitrary
PhosphorImager units) of mature ACEr proteins in cell extract and
medium combined at 15 h is taken as 100%. Cell surface expression of
ACE-r or the mutant proteins was assessed by indirect immunofluores-
cence analysis as described.

708737 of the ACEr are thought to constitute the intracellular
domain of the protein. Three deletion mutants missing 8, 19, and
29 residues from the C terminus were expressed in HeLa cells by
using the transient vaccinia virus system described before (30).
All these mutant proteins were transported to the plasma mem-
brane as judged by cell surface immunofluorescence (data not
shown). They were also cleavage-secreted efficiently. The cleav-
age-secretion rates of two mutants were similar to that of the
wild-type protein, whereas the protein missing all of the intra-
cellular domain was cleaved even more efficiently. That the ACEr
proteins in the medium were indeed cleaved-off was confirmed by
the absence of the hydrophobic transmembrane domain as judged
by detergent-partitioning test (10). These results demonstrate
that the cytoplasmic domain of the ACEr protein is not required
for the cleavage-secretion process.
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In the next series of experiments we investigated the nature of
mutations that can be tolerated at or around the cleavage sites in
the extracellular juxtamembrane domain of ACEr. The major site
of ACEr cleavage is between residues 663 and 664. We carried
out various substitution mutations at the two cleavage sites to
examine if the nature of the flanking residues influence the
process. All substitution mutants were cleaved as efficiently as the
wild-type protein (Fig. 24). In the most mutated protein, 8 of 16
residues in this region were substituted without any effect. These
results suggest that either the specific mutations introduced in our
mutants can be tolerated by the cleavage-secretion machinery or
the specific sequence at or near the cleavage sites are not
important. The latter possibility was tested in the next experi-
ments described below.

Several deletion mutants carrying specific deletions around the
two natural cleavage sites were tested for cleavage-secretion (Fig.
2B). Elimination of the major cleavage site (A662-665) or of both
major and minor cleavage sites (A662-674) did not affect the
process. Similarly, deletions of the region between the minor
cleavage site and the transmembrane domain (A675-690) and the
region between the major cleavage site and the transmembrane
domain (A665-690) were also without any effect. These results
strongly suggested that the specific sequences present in the
juxtamembrane domain encompassing the two cleavage sites are
unimportant for the cleavage-secretion of ACEr.

Cleavage-Secretion of ACEr/CD4 Chimeras. Because the cy-
toplasmic and the juxtamembrane domains of the ACEr protein
appeared to be unimportant for the cleavage-secretion process,
we hypothesized that its distal extracellular region may be influ-
encing this process. To test this hypothesis, we constructed
chimeric proteins containing portions of ACEr proteins and
portions of CD4 protein. Like ACEr, CD4 is a type I ectoprotein
expressed on the cell surface. However, unlike ACEr, CD4 is not
cleavage-secreted. The first chimera tested, ACEt/CD4-1, con-
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FiG. 2. Influence of substitution and deletion mutagenesis at and
around the cleavage sites of ACEr on cleavage-secretion. (4) Schematic
representation of point mutations at and around the cleavage site in
ACEr. The amino acid sequence and the numberings are for the cleavage
domain of wild-type ACEr (12). Sequence of the cleavage region of
different mutants is indicated below this with identical amino acids
indicated by —, and changed amino acids are indicated by the single letter
code. All mutants were expressed in HeLa cells, analyzed by pulse—chase
experiments (data not shown), and cleavage-secretion was quantitated by
PhosphorImager analysis (numbers on the right) as described in the
legend of Fig. 1. (B) Schematic representation of the wild-type ACEt and
the deletion mutants. A662-665 indicates an in-frame deletion of four
amino acids, A662 to E665, which includes the major cleavage site.
A662-674 indicates a deletion of 13 amino acids that encompass both
major and the minor cleavage sites. A675-690 and A665-690 indicate
deletion of 16 or 26 residues of the membrane proximal region of the
ectodomain that includes none or only the minor cleavage site respec-
tively. The mutant proteins were expressed in HeLa cells (data not
shown), and cleavage-secretion was quantitated as described above.
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tained the transmembrane and the intracellular domains of CD4
(Fig. 3). ACEt/CD4-1 was cleavage-secreted efficiently (data not
shown), thus demonstrating that the transmembrane and the
intracellular domains of ACEr are irrelevant for the process. A
series of additional chimeras, containing increasing portions of
the CD4 protein and the distal extracellular region of ACEr, were
constructed. All of these chimeric proteins were enzymatically
active (data not shown), transported to the cell surface and
cleavage secreted (Fig. 34). ACEr/CD4-5 contained 62 residues
of the juxtamembrane domain of CD4 in addition to its trans-
membrane and cytoplasmic domains. It also contained 655
residues of the distal extracellular domain of ACEr. This protein
was cleavage-secreted extremely efficiently. Almost all of the
protein was in the culture medium 15 h after its synthesis (Fig.
3B). That the secreted protein was a cleavage product was
apparent from its lower molecular weights. In contrast, CD4 was
not secreted at all and about 50% of the ACEy protein was
cleavage-secreted after 15 h.

The above conclusions drawn from pulse—chase experiments
were confirmed by immunofluorescence experiments shown in
Fig. 4. ACEr, CD4, and ACE/CD4-5 proteins were expressed
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FiG.3. Cleavage-secretion of ACEr, CD4, and ACEt/CD4-chimeric
molecules. (4) Schematic representation of ACEr, CD4, and the five
chimeric molecules containing the cytoplasmic, transmembrane, and
increasing lengths of the membrane proximal region of the extracellular
domain of CD4 molecule joined with the extracellular domain of ACEr.
Numbers above and below the bars indicate ACEt or CD4 residue
numbers, respectively. The top bar represents the 737-amino acid
polypeptide chain of ACEr. The numberings start from the signal
sequence (12) and amino acid 691 indicates the beginning of the predicted
transmembrane domain. %, cleaved signal sequence of CD4 molecule; [,
extracellular domain; I, membrane anchoring domain; and £, cytoplas-
mic domain of CD4. Amino acids in the CD4 molecule are numbered
according to Maddon ef al. (29). Thus, 1 corresponds to the first amino
acid after the cleaved signal sequence. Residues 374 and 435 mark the
beginning of the membrane anchoring domain and the C-terminal amino
acid of CD4, respectively. The deleted membrane proximal sequences of
the ACEr extracellular domain are indicated by ---. (B) Synthesis and
cleavage secretion in HeLa cells. ACEr, CD4, and ACE1/CD4-5 were
transiently expressed in HeLa cells and pulse—chase analysis performed
as described in the legend of Fig. 1. Cell lysates (C) and media (M) were
immunoprecipitated by using anti-ACE antibody (ACEt and ACEr/
CD4-5 proteins) or anti-CD4 antibody (CD4 proteins) and analyzed by
SDS/PAGE. Arrows on the left indicate the position of mature proteins
in the cell extract and the numbers correspond to their estimated
molecular weight.
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FiG. 4. Cell surface expression of ACEr, CD4, ACEt/CD4-5, and
CD4/ACEr-1. HeLa cells transfected with ACEt, CD4, ACEt/CD4-5F,
or CD4/ACEr-1 expression vectors were processed for indirect immu-
nofluorescence analysis as described. Anti-ACE or anti-CD4 antibody
and appropriate fluorescein conjugated IgGs were used to detect the
proteins expressed intracellularly (Internal) or on the cell surface (Sur-
face). (Bar = 10 pum.)

in HeLa cells and the presence of the expressed protein on its cell
surface and inside the cells was examined by indirect immuno-
fluorescence by using appropriate antibodies. All these proteins
could be detected intracellularly, but only CD4 and ACEr were
detected on the cell surface. Little ACEr/CD4-5 was on the
plasma membrane presumably because it was cleaved off the
surface very efficiently. The results demonstrated that the distal
extracellular domain of ACEr could regulate cleavage-secretion
of a chimeric protein.

In the above constructs, 655 residues of ACEr were present.
Our attempts to perform further deletions of the ACE extracel-
lular domain were ineffective because the chimeric proteins
containing 342, 426, or 536 ACEr residues and residues 352-435
of CD4 were not transported to the cell surface and consequently
their cleavage-secretion could not be tested (Table 1). The same
was true for three other proteins containing various N-terminal
regions of the CD4 protein and C-terminal regions of ACEr
(Table 1). Similarly, a series of ACEr derivatives carrying dele-
tions from residue 35 to residues 79, 342, 426, or 536 was also not
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transported to the plasma membrane (data not shown). These
proteins were arrested in the endoplasmic reticulum, as judged by
their prolonged endoglycosidase H-sensitivity, and eventually
degraded (data not shown).

The conclusion that the distal extracellular domain of ACEr,
and none of its other domains, dictates its cleavage-secretion
process, was confirmed by the results of the next experiment.
CD4/ACEr-1, a chimeric protein containing the distal extracel-
lular domain of CD4 (residues 1-352) and the juxtamembrane,
transmembrane, and cytoplasmic domains of ACEr (residues
614-737) was not cleavage-secreted as shown by the lack of
appearance of this protein in the culture medium (Fig. 5).
However, this chimeric protein was transported to the cell surface
as efficiently as CD4 (Fig. 4 Lower).

Characteristics of ACEr/CD4-5 Cleavage-Secretion. The
membrane associated protease activity responsible for ACEr
cleavage-secretion has been partially characterized (10). One of
its characteristics is its susceptibility to Compound 3, an inhibitor
of a specific class of metalloproteases. In the experiment shown
in Fig. 64, we examined the properties of the protease activity
responsible for cleaving the chimeric protein, ACEr/CD4-5.
Compound 3 inhibited cleavage-secretion of both ACEr and
ACET/CD4-5 completely, thus indicating that the same protease
is responsible for cleaving both proteins.

The results reported above indicated that the distal extracel-
lular domain of ACEr is capable of directing cleavage-secretion
of a chimeric protein such as ACEr/CD4-5. The size of the
secreted derivative of ACEr/CD4-5 suggested that the cleavage
was taking place within the CD4 juxtamembrane domain.
Whether that was indeed true, was tested in the experiment
shown in Fig. 6B. We designed a construct, ACEr/CD4-5F, which
contained a FLAG epitope at the junction of the ACEr and the
CD4 sequences. Cell-bound and secreted proteins were analyzed
by both anti-ACEr and anti-FLAG antibodies. The secretion
product was immunoprecipitated with either antibody, thus es-
tablishing that the cleavage had occurred in the CD4 region and
not in the ACEr region.

In the next experiment, the exact cleavage site was determined
by protein sequencing (Fig. 6C). For this purpose, a derivative of
ACEr/CD4-5 protein was designed. It contained the FLAG
epitope at the C terminus. After expression and cleavage-
secretion of ACE1/CD4-5CF, the cell-bound C-terminal frag-
ment was purified by affinity chromatography on anti-FLAG
affinity gel and the purified protein was subjected to N-terminal
sequencing. The sequence obtained was KVLXT which corre-
sponds to residues 362-366 of CD4. Thus, the chimeric protein
had been cleaved between residues 361 and 362 of CD4. The
cleavage site was 12 residues upstream from the transmembrane
domain and 49 residues downstream from the ACE-CD4 junc-
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FiG. 5. Lack of cleavage-secretion of CD4/ACEr-1. (Upper) Sche-
matic representation of CD4/ACEr-1 containing the distal extracellular
domain of CD4 (residues 1-352) and proximal extracellular, transmem-
brane, and cytoplasmic domains of ACEr (residues 614—737). Symbols
for different domains and residue numberings are as described in the
legend of Fig. 3. (Lower) Pulse—chase analysis of synthesis and cleavage-
secretion of CD4/ACE+t-1 in HeLa cells.
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FIG. 6. Characteristics of ACEt/CD4-5 cleavage-secretion. (4) Com-
pound 3 blocks the process. Transfected HeLa cells were pulse-labeled for
30 min and chased for 4 h with (+) or without (—) the addition of 50 uM
Compound 3 in the culture medium. Immunoprecipitation with anti-ACE
antibody and SDS/PAGE was performed as described elsewhere. (B)
ACET/CD4-5 is cleaved within the CD4 domain. Schematic representa-
tion of ACEr/CD4-5F that is similar to ACE/CD4-5 chimera (see Fig.
3) with a FLAG epitope introduced at the junction of ACEt and the CD4
sequences. Following pulse—chase analysis for 4 h the cell lysates and the
culture medium were divided into two parts and immunoprecipitated with
either anti-ACE antibody or anti-FLAG affinity gel as indicated. (C)
Cleavage site in ACE/CD4-5. The top bar schematically represents
ACErT/CD4-5CF, which is similar to ACEt/CD4-5 chimera with a FLAG
epitope introduced at the C terminal. The bottom bar is a schematic
illustration of wild-type ACEr, with arrows representing the major ()
and the minor (| ) cleavage site; the putative transmembrane domains
(only partial sequence shown) are boxed. The amino acid sequences of the
indicated regions are expanded and aligned from the respective mem-
brane anchoring domain for comparison. The N-terminal residues of the
purified C-terminal tail of ACEt/CD4-5CF determined by sequence
analysis is underlined; the inverted triangle (¥) and the number indicate
the position of the determined cleavage site.

tion. For comparison, the major cleavage site in ACEr is 27
residues upstream from the transmembrane domain (Fig. 6C).

DISCUSSION

In this study, we sought to identify the structural determinants of
the ACEr protein that regulates its cleavage-secretion. In the
past, such determinants have not been clearly defined for any
protein that undergoes cleavage-secretion, although studies from
several laboratories indicated that there are clear distinctions
among different ectoproteins with respect to the specific domains
that regulate their cleavage-secretion. We have been studying the
characteristics of cleavage-secretion of rabbit ACEr (8-10) and
ACEp (11) in vitro and in vivo. These studies have shown that
ACEr expressed in mouse or human cells undergo specific and
regulated cleavage secretion (9). The extracellular domain is
cleaved off by a membrane-associated metalloprotease activity
that is inhibited by Compound 3 but not by a number of other
inhibitors of specific proteases (9-11). A major and a minor site
of cleavage in the juxtamembrane domain of ACEr have been
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identified (9). It was also shown that ACEy expressed in the yeast
is cleaved at the same site by a similar secretase (32).

Results presented here clearly showed that the cytoplasmic
domain of ACEr is not required for its cleavage-secretion. In this
respect, ACEr is similar to the kit ligand, interleukin 6 receptor,
and B-amyloid precursor protein (21, 33, 34). Moreover, deletion
of the cytoplasmic domain (Fig. 1) or exchanging the cytoplasmic
and the transmembrane domain with the corresponding domains
of CD4 (Fig. 3) resulted in increased secretion, indicating that
these domains might slow down the process of cleavage-secretion.
In contrast, the cytoplasmic domains of pro-transforming growth
factor « and the TNF-a receptor are needed for their cleavage-
secretion (35, 36). We observed that juxtamembrane domain of
ACEqr, which contains both the major and the minor cleavage
sites, is also dispensable for the secretion process (Fig. 2B).
Substitution mutations of the residues at or around the cleavage
site could not block the cleavage process indicating a lack of
sequence specificity at the cleavage site (Fig. 24). Similar obser-
vations have also been made for B-amyloid precursor protein
(26), TNF-« receptor (24), interleukin 6 receptor (21), TNF-«
(22), and L-selectin (25). Total deletion of the juxtamembrane
region containing the two cleavage sites did not affect ACEr
cleavage-secretion. These results are consistent with the obser-
vations made by Ehlers et al. (27) who studied cleavage-secretion
of human ACEr in Chinese hamster ovary cells. They concluded
that the cleavage activity present in those cells was not con-
strained by a specific cleavage site motif or by a specific distance
from the transmembrane domain. Thus, cleavage-secretion of
rabbit ACEr in human HeLa cells had the same properties as
cleavage-secretion of human ACEr in Chinese hamster ovary
cells as far as the role of the juxtamembrane was concerned.
However, this is not true for pro-transforming growth factor « or
B-amyloid precursor protein. Arribas et al. (28) have reported that
the short juxtamembrane region of the two proteins are the
primary determinants of their cleavage-secretion. These domains,
when transplanted to a noncleaved ectoprotein, rendered it
susceptible to cleavage-secretion.

The most significant observations in the current study came
from the experiments done with ACEt/CD4 chimeric proteins.
Both ACEr and CD#4 are type I ectoproteins that are anchored
in the plasma membrane and displayed on the cell surface.
However, unlike ACEr, CD4 is not cleavage-secreted. Although
this cell-surface protein is internalized and recycled, it is not shed
into the extracellular medium by cleavage from the cell surface.
Results reported in this paper clearly showed that in the context
of a chimeric protein, CD4 can be cleavage-secreted very effi-
ciently. When the distal extracellular domain of CD4 was re-
placed by the corresponding region of ACEr, the chimeric
protein was cleaved off the cell surface almost completely. The
cleavage occurred exclusively in the CD4 juxtamembrane region,
and the responsible protease had the same characteristics as the
ACEr cleavage-secretase. Thus, we succeeded in transferring the
property of a cleavable protein, ACEr, to an uncleaved protein,
CD4, by swapping the latter’s distal extracellular domain with the
corresponding domain of the former protein.

In contrast to the above chimeras, a chimeric protein consisting
of the distal extracellular domain of CD4 and the C-terminal
one-sixth of ACEr was not cleavage-secreted (Fig. 5), although it
contained the proximal extracellular domain of ACEr (residues
614-690). These results strongly suggest that the distal extracel-
lular domain of ACEr is the primary determinant of inducing its
cleavage-secretion. Future experiments will be required to ex-
plore further the nature of the minimal determinant present within
that domain. As mentioned in Results, our efforts in that direction
was hampered by the fact that many chimeric proteins failed to be
transported to the plasma membrane. This experimental limita-
tion has been encountered frequently by other workers who
attempted to express different chimeric proteins on the cell surface
for various experimental needs. The nature of the protein primary
structure, which dictates its successful transport to the plasma
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membrane, is not yet fully understood. Thus, it is not possible to
rationally design chimeric proteins that will appear on the cell
surface; they have to be empirically tested. In another ectoprotein,
amyloid precursor protein, the alternatively spliced Kuniz protease
inhibitor domain, which is part of its distal extracellular domain,
was also shown to influence its cleavage-secretion (37).

Given the limited information available currently, it is tempting
to speculate that the distal extracellular domain of ACEr is
capable of obtaining a specific structure that folds back and initiate
a proteolytic cleavage process at the plasma membrane. Once
activated, this secretase activity seems not to care about the specific
sequence at or around the cleavage site, nor is it very specific about
the distance of the cleavage site from the plasma membrane. These
observations suggest that the crucial element that determines
whether a specific protein will be cleaved or not are dictated by the
higher order structure of the protein and they cannot be readily
predicted from the primary sequence of the protein.
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