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ABSTRACT: The role of juxtamembrane stalk glycosylation in modulating stalk cleavage and shedding of
membrane proteins remains unresolved, despite reports that proteins expressed in glycosylation-deficient
cells undergo accelerated proteolysis. We have constructed stalk glycosylation mutants of angiotensin-
converting enzyme (ACE), a type | ectoprotein that is vigorously shed when expressed in Chinese hamster
ovary cells. Surprisingly, stalk glycosylation did not significantly inhibit release. Introduction Nflarked

glycan directly adjacent to the native stalk cleavage site resulted in a 13-residue, proximal displacement
of the cleavage site, from the Arg-626/Ser-627 to the Phe-640/Leu-641 bond. Substitution of the wild-
type stalk with a Ser-/Thr-rich sequence known to be heailylycosylated produced a mutant (ACE-

JGL) in which this chimeric stalk was partially-glycosylated; incomplete glycosylation may have been

due to membrane proximity. Relative to levels of cell-associated ACE-JGL, rates of basal, unstimulated
release of ACE-JGL were enhanced compared with wild-type ACE. ACE-JGL was cleaved at an Ala/Thr
bond, 14 residues from the membrane. Notably, phorbol ester stimulation and TAPI (a peptide hydroxamate)
inhibition of release-universal characteristics of regulated ectodomain sheddirge significantly blunted

for ACE-JGL, as was a formerly undescribed transient stimulation of ACE release by 3,4-dichloroiso-
coumarin. These data indicate that (1) stalk glycosylation modulates but does not inhibit ectodomain
shedding; and (2) a Ser-/Thr-ric®;glycosylated stalk directs cleavage, at least in part, by an alternative
shedding protease, which may resemble an activity recently described iroTédRvertase null cells
[Buxbaum, J. D., et al. (1998). Biol. Chem. 27327765-27767].

Solubilization (or “shedding”) of the extracellular domains specialized proteased)( Evidence supporting this notion
of transmembrane proteins by a specific proteolytic cleavageincludes the following: (a) shedding is stimulated by phorbol
in the juxtamembrane stalk region adjacent to the membraneesters and other cellular activatofs;((b) mutant Chinese
anchor is a well-recognized phenomenon. Numerous mem-hamster ovary (CHO) cells selected for a loss of shedding
brane proteins that are members of diverse functional classegphenotype are defective for a common shedding machinery
are susceptible to this type of posttranslational processing,(6); (c) shed membrane proteins have topological features
which is apparently a universal characteristic of eukaryotic that appear to confer susceptibility to cleavage in their stalk
cells 1—3). Despite the ubiquity of membrane protein sequences/f; (d) shed membrane proteins may also contain
shedding, the majority of transmembrane (Fidjoteins are, as yet undefined recognition motifs in their extracellular (EC)
nonetheless, resistant to proteolytic release, which suggestslomains that signal stalk cleavag®;(and (e) candidate
that this is a specific, regulated process catalyzed by shedding proteases [sheddases, or membrane-protein-solu-
bilizing proteases (MPSPs)] are unusual disintegrin Zn-
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apparatus remain largely undefined. For example, although A WT-ACE A36N JGL 2JGL A6JM
various studies have shown that an unstructured or extended “WT

stalk of minimum length is required for MPSP cleavage

(reviewed in ref7), we have shown recently that even a N N N
disulfide-bridged domain inserted into the stalk sequence of

a membrane protein is cleaved (release, however, is pre- §/T

vented by residual disulfide tethering to the membrane
anchor) (3). An alternative to a compactly folded stalk that
may protect many membrane proteins is stalk glycosylation.
This concept is based on work performed with CHO cell
mutants defective in protein glycosylation, which indicated Stalk
that incompletely glycosylated membrane proteins, such as TM
the low-density lipoprotein receptor (LDL-R), are rapidly Cyt
shed into the culture medium, whereas the fully glycosylated

EC

proteins expressed in wild-type cells are resistant to pro- C C C C C

teolysis (4, 15). Moreover, shedding of the transferrin

receptor is partly inhibited by a singl@-glycosylated Thr B WT-ACE & ACEA36N-WT

residue located four residues distal to the stalk cleavage site J

(16, 17). KPLLDWLRTENELHGEKLGWPQYNWTPNSARSEGPLPDSGRVSFLGLDLDAQQARVGQ..
598 609 614 621 627

In the present study, we tested this notion by constructing
mutant angiotensin-converting enzyme (ACE) proteins in

which the stalk region was either modified by incorporation Glycan ACE-A6JM
of anN-glycosylation site or replaced with &rglycosylated, | J

Ser-/Thr-rich sequence. Surprisingly, proteolytic cleavage and KLGWPQY[N---- -- RS]EGPLPDSGRVSFLGLDLDAQQARVGQ..
release of these mutants was not significantly impaired 614 627 640

compared to the wild-type protein. However, the presence -

of anN-linked glycan resulted in a 13-residue displacement ACE-JGL & -2JGL
of the cleavage site, whereas tBeglycosylated, Ser-/Thr- J

rich stalk altered the cleavage characteristics. Induction of ..IEI;SWPQYNWTPNSé\Z';I'VTHGTSSQﬁ?;l‘T§SQTITHQATA-RVGQ..

release by phorbol ester and inhibition of release by the _ )

: . : (A) Schematic of wild-type and juxtamembrane mutants (not to
lated sheddingwere blunted, which point to the presence scale). Wild-type (WT) ACE is a type | ectoprotein that comprises

of a second, “nonclassical” MPSP or shedding apparatus. an N-terminal, Ser-/Thr-rich (S/T) domain that is extensively
O-glycosylated (ball-and-sticks); a large extracellular (EC) domain
MATERIALS AND METHODS (open rectangle); a juxtamembrane stalk, estimated to be ap-

; : _ proximately 30 residues in length; and transmembrane (TM, hatched
Construction of Expression Vectors and CHO Cell Trans- ) "% 17 oniacmic (Cyto) domains. AGBBN-WT is identical
fections. Vectors encoding the ACE mutants ACE-JGL, 5 WT-ACE but lacks the N-terminal S/T domain. In ACE-JGL
ACE-2JGL, ACEA36N-WT, and ACEA6JM (Figure 1)  the native stalk was replaced with the N-terminal S/T sequence,
were constructed based on the expression plasmids pLEN-and the latter was deleted from the N terminus. ACE-2JGL is
ACE-JMA24 (7) and pLEN-ACEA36N (18). pLEN-ACE- identical IXCAI\EZI(ESZJJI\?L but_retairés th(_ed S/‘I;JI slequencehat the N

.. terminus. contains a 6-residue deletion in the native
2JGL was assembled by a two-stage PCR strategy S'm”arstalk, creating a neviN-glycosylation site (filled rectangle). (B)
to that used to generate the construct pLEN-ACE-JMLDL, \wjid-type and mutant stalk sequences. For clarity, wild-type
previously ). The sequence encoding Val-3 to Ala-27 from numbering of residues is retained throughout, irrespective of
the N terminus of human testis ACE [numbering with respect deletions; the inserted sequence (underlined) in ACE-JGL and

to the presumed N terminus of the mature protel8)(was -2JGL is numbered consecutively from Ser-625 onward. Stalk

oo : : : cleavage sites are indicated by arrows; the C termini of the released
amplified using suitable primers. The PCR product was ectodomians are in boldface type. The start of the TM domain at

ligated into pLEN-ACE-JM\24 digested withEcdRI at @ right (VGQ) is in italics. The 6-residue deletion (dashes) in ACE-
unique site 7), to produce pLEN-ACE-2JGL in which the  AJM creates a new-linked site (NRS, in brackets).

sequence encoding Ala-626 to Ala-650 (comprising the wild-

type ACE stalk and the native MPSP cleavage site at Arg- the resulting mutant, ACE36N-WT, contains the wild-type
627/Ser-628) was replaced with the Ser-/Thr-rich N-terminal ACE stalk but lacks the N-terminal Ser-/Thr-rich sequence
sequence (Val-3 to Ala-27) of ACE; ACE-2JGL retains the (Figure 1) [the original ACA36N mutant was similar but
same Ser-/Thr-rich sequence in its native position at the Nwas truncated after the stalk and lacked the TM and
terminus (Figure 1). The derivative plasmid pLEN-ACE-JGL cytoplasmic domains;1@8)]. Finally, ACE-A6JM was con-
was constructed by substituting theh@lf of the ACE cDNA structed by a deletion mutagenesis strategy, exactly as
in pLEN-ACE-2JGL [between the unique restriction sites described 7); the sequence encoding Trp-621 to Ala-626,
Nhd and Clal; (20)] for the corresponding region in pLEN-  which lies immediately upstream of the native cleavage site
ACEA36N (18). The encoded ACE-JGL is identical to ACE- (Arg-627/Ser-628) in ACE, was deleted (Figure 1).

2JGL but lacks the Ser-/Thr-rich sequence at the N terminus CHO-K1 cells were grown, maintained, and cotransfected
(Figure 1). pLEN-ACRA36N-WT was constructed by sub-  with each of the plasmids pLEN-ACE-JGL, -ACE-2JGL,
stituting theNhd/Clal fragment from the wild-type ACE  -ACEA36N-WT, or -ACEAG6JM together with pSV2NEO,
cDNA (20) for the corresponding region in pLEN-AQEEN; by methods detailed previously)(
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Determination of Juxtamembrane Clemge Sites in Re-
leased Mutant ACE ProteinsAfter selection for stable
transfectants, soluble ACE proteins were isolated from the
conditioned media of CHO cells and purified to electro-
phoretic homogeneity by affinity chromatography on a
Sepharose-28-lisinopril affinity resinl9, 20). Purified
soluble (released) ACE-JGL, ACE-2JGL, ACtJIM, and
ACEA36N-WT proteins were then reduced, chemically or

Schwager et al.

(18) was used to substitute for the native stalk sequence in
ACE, to give ACE-JGL; at the same time, this Ser-Thr-rich
sequence was deleted from its usual position at the N
terminus of the protein (Figure 1), to eliminate the theoretical
possibility that the presence of two heavibsglycosylated
sequences in the same protein could overload the host cell
glycosylation machinery. As a control, however, ACE-2JGL
was constructed, in which the Ser-/Thr-rich sequence was

enzymatically cleaved, and fractionated by reversed-phasepresent within its native position at the N terminus and also

high-performance liquid chromatography (HPLC), and eluted
fractions were analyzed by limited N-terminal sequencing
and by matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry, by methods de-
tailed elsewhere?( 13), except as noted. Enzymatic diges-
tions were performed both with endoproteinase Lystg) (
and with endoproteinase Glu-C, in both cases atG7or

18 h (Lug of protease per 1 nmol of ACE). The HPLC-
purified, C-terminal, Lys-C peptide of ACB6JM (0.1 nmol)
was deglycosylated with 1 unit df-glycosidase F (Boeh-
ringer Mannheim) in 20 mM NapPO,, pH 8.0, 25 mM
EDTA, for 2 h at 37°C, and then N-terminally sequenced

within the stalk (Figure 1). A further control was AGB6N-
WT, in which the native stalk was intact but the Ser-/Thr-
rich sequence has been deleted from the N terminus (Figure
1); we have used ACE36N-WT as the “wild-type” control
for ACE-JGL in most of the experiments described here, in
addition to WT-ACE. ACEA6JM was a second stalk
glycosylation mutant, in which aN-glycosylation site (Asn-
Arg-Ser) was incorporated across the native cleavage site in
the wild-type stalk (Figure 1). Th-glycosylation site was
created by deleting residues Trp-621 to Ala-626, thereby
bringing Asn-620 adjacent to Arg-625er-628.

Several independent transfections of CHO cells with

before mass spectral analysis. Mass spectra were usuallypLEN-ACE-JGL, -ACEA36N-WT, and -ACEA6JM were

generated from a sinapinic acid matrix (10 mg/mL) using a
Perceptive Voyager Elite Biospectrometry Workstation.

Carbohydrate Analysis of ACE-JGRuantitative carbo-
hydrate analyses were performed on purified soluble ACE-
JGL, WT-ACE, and ACRA36N by HPLC of protein hy-
drolysates derivatized with 1-phenyl-3-methyl-5-pyrazolone
for reducing sugars, as described)

Assay of ACE Actity and Kinetics of Mutant ACE
ReleaseMembrane-bound and soluble ACE activities were

assayed in detergent extracts or conditioned media, respec

tively, of transfected cells using the substrate hippuryl-
histidyl-L-leucine (Hip-His-Leu), as describe@)( Kinetic
analyses of rates of accumulation of soluble (released)
activity and changes in membrane-bound activity were
performed by time-course studies (3, 21), in the presence
and absence of @dM phorbol 12,13-dibutyrate, 0-1100uM
TAPI (peptide hydroxamate, defined in r22, a gift from
Roy A. Black, Immunex Corp.), or 20@M 3,4-dichloroiso-
coumarin (DCI). The amphipathic characteristics of ACE-
JGL and ACEA36N-WT protein released from transfected
cells in the presence of DCI were determined by Triton

X-114 phase separation by methods described previously

(23).

Metabolic Labeling and PulseChase ExperimentStably
transfected cells were pulsed for 30 min witig]methio-
nine—cysteine and chased for up to 24 h, and cell lysates
and conditioned media were analyzed at the indicated time
points by the method of “affinity-precipitation”, exactly as
described 13). Pulse-chase experiments were performed in
the presence or absence of phorbol ester, TAPI, and DCI.

RESULTS

Expression of ACE-JGL, ACE-2JGL, AQ¥JIM, and
ACEA36N-WT in CHO Cells and Kinetics of Relea3te
mutant ACE-JGL was designed to test the effect of stalk
O-glycosylation on the proteolytic release of membrane
proteins. To achieve this, a Ser-/Thr-rich sequence known
to be heavilyO-glycosylated within the testis ACE protein

performed, with selection of several stable lines, which
yielded consistent results for each mutant. Initial analysis
revealed that at confluence, levels of soluble ACE-JGL,
ACEA36N-WT, and WT-ACE activity varied by less than
2-fold, whereas levels of cell-associated ACE-JGL were up
to 5-fold lower than those of wild-type ACE. Time-course
experiments revealed that the unstimulated rate of release
of ACE-JGL was indeed approximately equal to that of
ACEA36N-WT, whereas the cell-associated level at the
beginning of the time course was-8-fold lower (Figure

2). The kinetics of release of ACE-2JGL (see Figure 1) were
essentially identical to those of ACE-JGL, although expres-
sion levels of ACE-2JGL were low (not shown). A significant
difference in release rates was observed in the presence of
phorbol ester. As is typical for WT-ACE and most ACE
mutants ¢, 13), phorbol ester enhanced the rate of release
of ACEA36N-WT, by 3-4-fold in the initial period (24

h). In contrast, the rate of release of ACE-JGL was enhanced
on average by only 1.5-fold (we found that the phorbol
stimulation for ACE-JGL was variable, ranging from no
enhancement to a maximum of a 2-fold increase in release
rates) (Figure 2). Total cell-associated ACEBN-WT
decreased approximately—3-fold, which was consistent
with the enhanced rate of release after phorbol stimulation,
and is a pattern typical for WT-ACE/( 13). As expected
from the blunted phorbol response, levels of cell-associated
ACE-JGL decreased by only 1.5-fold or less compared to
levels in the absence of phorbol ester (Figure 2).

The differences between ACE-JGL and wild-type ACE
were analyzed quantitatively in Table 1 by calculation of
the ratios of soluble to cell-associated ACE activity (data
taken from Figure 2). There was an up to 16-fold higher
ratio of soluble to cell-associated ACE-JGL compared with
the wild-type controls under unstimulated conditions. This
difference was erased during treatment with phorbol ester,
indicating the enormous enhancement of release of wild-
type ACE induced by phorbol ester compared to the much
more modest effects on the release of ACE-JGL (Table 1).
These results suggested that the rate of release of ACE-JGL
was near maximum under unstimulated conditions and that
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A WT-ACE soluble B WT-ACE  cell-associated Table 1: Ratios of Soluble to Cell-Associated ACE Activity of
%‘ %0 Stalk Mutants Expressed in CHO Célls
‘5 60 - o — 200 15;’%»;{_-__-;_,—;;—_:7:::.’..'.'- - treat- soluble/cell-associated activity
2 40 ] 7 100 \ii:j-—//i ment  WT-ACE ACEA36N-WT ACE-JGL ACEA6JM
L;“)’ 28 | e — 0 control
Q o T T 1h 0.03 0.04 0.48 0.05
< 0 2 4 6 8 02 4 6 8 4h 0.08 0.15 0.43 0.19
C phorbol
1h 0.55 0.51 0.54 0.46
= 4h 1.74 0.95 1.07 0.84
g TAPI
2 1h 0.002 0.01 0.10 0.03
= 4 h 0.01 0.02 0.20 0.04
3 DCI
8 1h 0.14 0.30 0.54 rid
< 0 2 4 6 8 0 2 4 6 8 4h 0.91 1.12 1.07 nd
E ACE-JGL F ACE-IGL aRatios were calculated from the mean values for the 1-h and 4-h
= time points of the kinetic experiments shown in Figure® Riot
g 40 80 s determined.
z
2
8 A no phorbol
m
S ) 100
< Z w0
E \‘; 60
<
= s 40
~ 172] Y
2 g 20 -
£ 3, n
Q
g -A36N-WT -IGL
<
time (h) time (h) B * phorbol
Ficure 2: Kinetics of solubilization (shedding) (A, C, E, and G) = 100
and changes in cell-associated levels (B, D, F, and H) of wild-type £ 50
ACE (WT-ACE and ACEA36N-WT) and the stalk mutants ACE- S 60
JGL and ACEA6JM expressed in CHO cells. Stably transfected ®
cells were grown in complete medium (dotted line) or in medium g 40
supplemented with &M phorbol 12,13-dibutyrate (solid line), 200 S8 20
uM 3,4-dichloroisocoumarin (dashed line), or A8 TAPI (dashed E 0 N\

and dotted line). Media samples (soluble activity) and detergent
lysates (cell-associated activity) were collected at the indicated time _A36N-WT -JGL
points and assayed with the ACE substrate Hip-His-Leu. The results - . .
are means and standard errors drawn frer8 6eparate experiments X
per mutant, each experiment performed in duplicate.

Inhibition of solubilization (shedding) of wild-type and
mutant ACE by TAPI in the absence (A) or presence (B) M.
phorbol ester. CHO cells stably expressing ACIBN-WT and

. ACE-JGL were grown in medium containing 1. .0, 1 r
the .é.lddltlon of phorbol ester produced only a modest 1(?0;4\|1/IGTAF?I ((astg;pc[))Ied, soli((ejl,j rl:atc%%dt,aope%, a%dsc(r)(,)sso-hgtoclhcéd
additional rate enhancement. bars, respectively). After a 4-h incubation, media samples were

A second characteristic of the proteolytic release of assayed with the substrate Hip-His-Leu. Results are expressed as a
membrane-bound WT-ACE and most stalk mutants is percentage relative to control (zero TAPI), taken as 100% in each
inhibition of release by the peptide hydroxamate TAES)( case (not shown), and are means plus standard errors of three
Addition of 10 xuM TAPI resulted in inhibition of the  SXPeriments, each performed in duplicate.
unstimulated release of AQE6N-WT to 20% of control In contrast, the 16 for inhibition of ACE-JGL release in
levels at 2 h, whereas ACE-JGL release under identical the presence or absence of phorbol ester wa® uM;
conditions was consistently inhibited only to 40% of control similar results were obtained for ACE-2JGL (not shown).
levels (Figure 2). The difference between ACEBN-WT This difference was also clearly evident from the ratios of
and ACE-JGL was patrticularly striking when the extent of soluble to cell-associated ACE levels, which werg0-fold
inhibition of release by TAPI was compared to maximal higher for ACE-JGL compared with wild-type ACE during
release rates achieved in the presence of phorbol ester (Figur@ API inhibition (Table 1). Thus, susceptibility to inhibition
2), although in these experiments TAPI and phorbol ester of release by TAPI was at least an order of magnitude lower
were not added simultaneously to the transfected cells.  for ACE-JGL compared to wild-type ACE.

To achieve a more quantitative analysis of the apparent The results with TAPI prompted us to examine the
differences in the responses of AGB6N-WT and ACE- response to other protease inhibitors. We showed previously
JGL to TAPI, we performed dose response experiments. that the release of WT-ACE was insensitive to a broad range
These clearly revealed that in the presence or absence obf class-specific protease inhibitors, except for a paradoxical
phorbol ester the 1§ for the inhibition of release of enhancement of release by the serine protease inhibitor 3,4-
ACEA36N-WT by TAPI was<1 uM (Figure 3), which was dichloroisocoumarin (DCI)Z1). A kinetic analysis of the
very similar to that estimated previously for WT-ACES3]. response to DCI revealed that both AKEBBN-WT and WT-
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soluble cell-associated etry (7, 13). Several separate batches of ACE-JGL, derived
600 from independent, stably transfected CHO cell lines, were
fragmented by three different procedures, and each indicated
the same cleavage site after mass spectral analysis. CNBr
cleavage followed by HPLC fractionation and N-terminal
sequencing led to identification of a peptide starting with
LSYFK, which is the sequence immediately after the last
methionine residue before the transmembrane domain, hence

400

200

ACE activity
(% control)

T D T&D T D T&D
Ficure 4: Effects of TAPI and DCI on levels of soluble and cell- comprising the C-terminal peptide in a stalk-cleaved, released

associated wild-type ACE. CHO cells stably expressing WT-ACE . -
were incubated 05 h in medium containing no additives, v protein (7). Mass spectral analysis revealed a strong peak at

TAPI (hatched bars), 20@M DCI (solid bars), or 5uM TAPI m/z5132.5 (Table 2), which likely represented the formylated
plus 200uM DCI (stippled bars). Samples of media (soluble ACE) peptide Lys-593-Ala-636 [m/z (5104.5+ 28); calculated

or cell lysates (cell-associated ACE) were assayed with the substratqnformylated mass, 5103.6]. The C terminus at Ala-636 was

Hip-His-Leu. Results are expressed as a percentage relative to - ; ] _ . .
control (no treatment), taken as 100% in each case (not shown),conﬁrmed by endoproteinase Lys-C and Glu-C digestions,

and are means plus standard errors of two independent experiments{PLC fractionations, and mass spectra, which revealed
each consisting of 23 separate plate wells per variable. peptides atn/z 2532.5 and 2661.4, respectively, correspond-
ing to the peptides Leu-614Ala-636 (calculated, 2532.7)
ACE exhibited a burst of release of soluble activity into the and Lys-613-Ala-636 (2660.9) (Table 2).
media that was quantitatively and qualitatively similar to the  Analysis of a fractionated, endoproteinase Lys-C digest
apparent first-order release induced by phorbol ester (Figureof soluble ACE-2JGL also revealed the Leu-61¥a-636
2). This effect was highly reproducible and was consistently peptide atm/z 2531.2 (Table 2), further strengthening the
observed in separate experiments. Notably, the DCl-inducedconclusion that Ala-636 was the C terminus in released,
burst of WT-ACE release was completely inhibited by TAPI soluble ACE mutants that contained the Ser-/Thr-rich stalk
(Figure 4), suggesting that DCI represents a novel activator sequence (Figure 1). In contrast, digestion and analysis of
for the common, TAPI-inhibitable MPSP in CHO cells. soluble ACEA36N-WT revealed masses consistent with a
Concomitant with the enhanced release rate, DCI induced aC terminus at Arg-627, identical to that previously deter-
decline in levels of cell-associated AGB6N-WT and WT- mined for the cleaved native stalk in WT-ACE)( Mass
ACE that was equal in magnitude to that induced by phorbol spectra of fractionated endoproteinase Lys-C and Glu-C
ester (Figure 2); the DCl-induced decline was abrogated by digests indicated peaks a¥z 1689.9 and 2255.2, respec-
simultaneous addition of TAPI (Figure 4). However, a key tively, corresponding to peptides Leu-614rg-627 (1690.8)
difference between the phorbol- versus the DCI-induced and Leu-609-Arg-627 (2255.5).
decline was that the former reached a natli4 & and then Mass spectral analysis of a fractionated, endoproteinase
recovered [returning to base line levels By20 h; (7)], Lys-C digest of soluble ACEA6JM revealed a strong peak
whereas the latter declined and did not recover (Figure 2). atm/z4131.3, which was inconsistent with calculated masses
Unlike wild-type ACE, the release of ACE-JGL was not for any unglycosylated peptides. However, subtraction of the
enhanced by DCI; instead, in some experiments releasemass for peptide Leu-634Phe-640 (2363.6; see Figure 1)
appeared to be decreased to a small extent (Figure 2). Despitgave a mass of 1767.7, which was in agreement with the
an absence of release stimulation, cell-associated levels ofcalculated mass of 1767.8 for a fucosylated biantennary
ACE-JGL were reduced by DCI in a pattern similar to that oligosaccharide (HeklexNAaDeoxyHex), a commonN-
seen with wild-type ACE (Figure 2). linked glycan R4), suggesting that the C-terminal Lys-C
In contrast to theD-glycosylation mutant ACE-JGL, the peptide was glycosylated. This was strengthened by the
N-glycosylation mutant ACEA6JM demonstrated release detection of a minor peak at/z 4421.3, consistent with the
kinetics that were more similar to those of WT-ACE (Figure addition of a sialic acid residue (413143290), and by the
2). Although expression levels were consistently low, the N-terminal peptide sequence LGWPQY?RSEG determined
ratios of the levels of soluble to cell-associated activity were for the HPLC-purified C-terminal peptide, which suggested
approximately the same for ACE6JM compared to wild-  that Asn-620 (Figure 1) was glycosylated. To test this, the
type ACE (Table 1). Moreover, ACAG6JM release was C-terminal, Lys-C peptide of ACA6IM was deglycosylated
enhanced 2-fold by phorbol ester, and the release waswith N-glycosidase F and then reanalyzed by N-terminal
strongly inhibited by TAPI (Figure 2); the effect of DCl was sequencing and mass spectrometry. As expected, Edman
not examined. degradation now gave the sequence LGWPQYD, indicating
In summary, in terms of several key parameters, the that deglycosylation had converted Asn-620 to an Asp
characteristics of release of ACE-JGL differed from those residue. Moreover, a peak ayz 2363.4 could now be
of wild-type ACE. Notably, compared to the latter, ACE- detected, in excellent agreement with the calculated mass
JGL release showed a blunted or absent phorbol response(2363.6) for the C-terminal peptide ending at Phe-640.
reduced inhibition by TAPI, and absence of a DCl-induced In summary, the mass spectral data are consistent with a
burst. In contrast, the release kinetics of AGEIJM were cleavage site at the Ala-636/Thr-637 bond in the stalks of
broadly similar to those of WT-ACE. both ACE-JGL and ACE-2JGL, and with the native cleavage
Determination of Juxtamembrane Cleme Sites in Re-  site at the Arg-627/Ser-628 bond in AGB6N-WT and WT-
leased ACE Mutantsluxtamembrane cleavage sites were ACE. Our ability to detect the C-terminal peptides after
determined by fragmenting the released proteins, fractionat-chemical or enzymatic digestion of both ACE-JGL and ACE-
ing and identifying the C-terminal peptides, and determining 2JGL indicates that in a fraction of these mutants this part
the masses of the peptides by MALDI-TOF mass spectrom- of the Ser-/Thr-rich stalk (Val-626 to Ala-636) was not
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Table 2: Mass Spectral Analysis of C-Terminal Peptides Generated from Soluble (Shed) Wild-Type and Stalk-Mutant ACE Proteins

peptide
(residue no.) ACRA36N-WT ACE-JGL ACE-2JGL ACEA6IM

Lys-C
598-613 1950.3 (1951.2) 1951.3 (1951.2) 1951.6 (1951.2) 1950.8 (1951.2)
614-627 1689.6 (1690.8)
614—-636 2532.5(2532.7) 2531.2 (2532.7)
614640 4131.3 (4131.4)
614—-64C 2363.4 (2363.6)
Glu-C
613-627 1819.9 (1819.0)
609-627 2255.2 (2255.5)
613-636 2661.4 (2660.9)
CNBr
593-636 5104.5(5103.6)

a Soluble (shed) ACE proteins were purified from the conditioned media of transfected cells, digested with endoproteinase Lys-C or Glu-C, or
CNBr, fractionated by HPLC, and analyzed by MALDI-TOF mass spectrometry. Shown are the masses of the penultimate and ultimate C-terminal
peptides. The latter are peptides ending in residue number 627AB6WT), 636 (ACE-JGL and-2JGL), and 640 (ACEA6JM); these were
the only peptides identified that did not end in lysine, glutamate, or homoserine lactone (see Figure 1). All mass values are calculated fdr protonate
isotopically averaged molecular weight¥’z In parentheses are expected mas&dycosylated peptide.Peptide after deglycosylation with
N-glycosidase F¢ Observed mass calculated after subtraction of mass representing formylation (5132)8

Table 3: Carbohydrate Analysis of Recombinant Wild-Type and
Mutant ACE Protein’s

- -1
recombinant ACE proteins - M -0
carbohydrate WT-ACE ACE-JGL ACK36N

NAc-galactosamine 6.2 1.2 0 L2 3
NAc-glucosamine 175 16.3 11.7 FiGure 5: SDS-PAGE of WT-ACE (lane 1), ACE-JGL (lane 2),
galactose 23.4 135 7.3 and ACEA36N (lane 3), purified as the soluble (shed) forms from
mannose 12.6 101 7.9 the conditioned media of transfected cells. Proteirs 4g per lane)
fucose 5.0 4.3 2.7 were electrophoresed on a 10% SB#lyacrylamide gel and
Xylose 21 1.0 1.2 stained with Coomassie Brilliant Blue. Molecular mass estimates
ribose 0.4 0.3 0 (in kDa) are indicated at the right.
glucose 6.5 2.4 3.1

aSoluble (released) recombinant ACE proteins purified from the ACE-JGL _Was released (shed) at a high r‘?lte relative to the
conditioned media of transfected CHO cells were acid-hydrolyzed, Cell-associated levels when compared to wild-type ACE, but
derivatized with 1-phenyl-3-methyl-5-pyrazolone, and then analyzed that the phorbol response was blunted. Putdese analysis
by HPLC, as described1@). Values are the means of three revealed that the ACE-JGL protein in the cell lysate fraction
determinations. matured from a 90-kDa to a 105-kDa species, and that the

latter was released as a soluble protein into the supernatant

O-glycosylated. ACEA6JM was cleaved at the Phe-640/Leu- fraction (Figure 6A); this sequence of events was also
641 bond, 13 residues C-terminal to the wild-type cleavage observed for WT-ACE [Figure 6A;13)] and the wild-type
site, apparently due to the presence ofi\alinked glycan control ACEA36N-WT (not shown). However, a significant
immediately adjacent to the native cleavage site. difference between ACE-JGL and wild-type ACE was that

Carbohydrate Analysis of Released, Soluble ACE-JGL.  levels of mature, cell-associated ACE-JGL were compara-
guantitative carbohydrate analysis of ACE-JGL revealed thattively low at all time points and that soluble ACE-JGL
levels of most saccharides were similar to those of WT-ACE, appeared early and increased rapidly, suggesting that ACE-
whereas galactose levels were reduced by 42% Mnd JGL was shed efficiently as soon as it reached the cell
acetylgalactosamine (GalNAc) by 79% (Table 3). Galactose surface, consistent with the kinetic data. Moreover, phorbol
and GalNAc are considered to be constituents of the commonester did not significantly enhance release into the super-
region of mucin-likeO-linked oligosaccharide chaing%), natant, unlike its effect on WT-ACE [Figure 6A13)],
and in the ACRA36N mutant (which completely lacks the presumably because of a relative lack of cell-associated ACE-
Ser-/Thr-rich sequence), GalNAc was consistently undetect-JGL that could serve as a substrate for release. In contrast
able and galactose was reduced by 69% [Tablel8)].( to ACE-JGL, the levels of soluble ACA6JM were lower,
These results indicated that the N-terminal half of the Ser-/ but the patterns of biosynthesis and release and the response
Thr-rich stalk sequence that was retained on the shed ACE-to phorbol ester were similar to those observed for WT-ACE
JGL was O-glycosylated, at least in part. This was also (Figure 6B).
evident from the electrophoretic mobility of ACE-JGL on We also examined the differential response to protease
SDS-PAGE, which was similar to that of WT-ACE but inhibitors. TAPI markedly reduced the appearance of soluble
clearly less than that of ACE36N (Figure 5). Full-length,  wild-type ACE, whereas, as anticipated from the kinetic data,
membrane-anchored ACE-JGL could not be purified in the effect of TAPI on the generation of soluble ACE-JGL
sufficient quantity for analysis. was modest (Figure 6A). By pulsehase labeling, DCI

Metabolic Labeling and PulseChase Analysis of ACE profoundly inhibited the production of soluble WT-ACE,
ReleaseThe kinetic data based on changes in ACE activity which was surprising, since DCI induced a transient burst
in the medium and in the cell lysate fractions indicated that of ACE release as detected by an increase of soluble ACE
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Ficure 6: Metabolic labeling and pulsechase analysis of the biosynthesis and release of WT-ACE and ACE-JGL (A) and\&Q¥-

(B). Stably transfected CHO cells were grown to confluence, pulsed for 30 min in medium cont&f&gdthionine and3pS]cysteine,
washed, refed in complete medium containing no additives (extreme left panals),phorbol ester (middle-left panels), M TAPI
(middle-right panels), or 200M DCI (extreme right panels), and chased for up to 10 h; in (B), cells were grown in the absence or presence
of phorbol ester (left and right panels, respectively) only. At the indicated times, cell lysate and media samples were affinity-precipitated
with lisinopril-28-Sepharose, subjected to SEFAGE, and autoradiographed. Estimated molecular masses (in kDa) of the major bands are
indicated on the right.

activity. Unlike the effect of TAPI, DCI also inhibited like phorbol ester, DCI activated a TAPI-inhibitable shedding
maturation of the lower to the higher molecular weight WT- machinery (Figure 4). The DCI effect was not due to a
ACE species (Figure 6A). Similar results were observed for nonspecific disruption of the cell membranes, because the
ACE-JGL (Figure 6A). released, soluble protein after DCI treatment was hydrophilic
These results suggested that DCI rapidly inhibited the Whereas the cell-associated protein was amphipathic, as
maturation of newly synthesized ACE, thus leading to a assessed by Triton X-114 phase separation (data not shown).
sustained suppression of cell-associated ACE levels whichAlso, the transfected CHO cells remained viable by Trypan
did not recover (Figure 6A). The initial burst of WT-ACE blue exclusion over a period 8 h in 200uM DCI.
release observed in the kinetic analysis of soluble ACE
activity presumably represented shedding of a preexisting DISCUSSION
pool of cell-surface protein. This was not observed with  Release or shedding of membrane proteins is apparently
ACE-JGL because, in part, the steady-state levels on the cella universal characteristic of eukaryotic cells-@). However,
surface were low (Figure 6A). The mechanism of the DCI- shedding is nevertheless restricted to a limited subset of
induced transient burst of WT-ACE release is unknown, but membrane proteins, which are usually type |, type Il, or GPI-
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anchored membrane proteink, @, 13). In principle, sus- of the 24 residues of the Ser-/Thr-rich sequence; (b)
ceptibility to cleavage by an MPSP may be governed by glycosylation was incomplete, as we were able to detect
accessibility to a cleavable stalk or by a requirement for the unglycosylated forms of the C-terminal peptide containing
presence of a recognition motif. Evidence for both possibili- part of the inserted sequence; and (c) membrane proximity
ties has been presented, 8). A number of studies have may constrain the efficiency of-glycosyltransferases.
suggested that release of membrane proteins requires thé\-Glycosyltransferases have been shown to require a mini-
presence of a juxtamembrane stalk1 residues in length  mum spacer distance of 45 residues from the membrane
(reviewed in ref7), but the exact dimensions and charac- before oligosaccharide addition occugd), which may also
teristics of the stalk that confer susceptibility to cleavage apply to O-glycosyltransferases. However, in light of the
remain uncertainl(3). results obtained with the neurotrophin recept86)(and
“Stalks” are poorly characterized structural elements that LDL-R, discussed above, membrane proximity does not
may be best defined as intervening segments between theappear to be an absolute constraint f@glycosyltrans-
proximal, folded EC domain and the TM domain. Three- ferases. Clearly, additional data are required.
dimensional structure determinations for the ectodomains of The cleavage site determined for ACE-JGL and ACE-

CD8 (26) and CD2 @7) have indicated that the juxtamem- 5y \yas at the Ala-636/Thr-637 bond, 14 residues from
brane stalks in these proteins adopt extended conformations o Tm domain (Figure 1). The dipeptide GIn-638la-636
although the structure of the 48-residue CD8 stalk is may constitute a window between two poten@aglycosyl-
comparatively disordered, possibly due to variable orienta- ated clusters, namely, Thr-638er-634 and Thr-637Th-

tions relative to the EC domair2¢). The function of such 644 (Figure 1), which have high probabilities f@-

extended but disordered stalk sequences is unclear; they ma | ; : :
X . . ) cosylation, as predicted by the algorithm NetOGlyc 2.0
simply provide a convenient spacer or filler that allows the ¥} ycosy.at predi y gorn Y

. : . .~ (38). However, the specific glycosylation status of each of
folded EC domain freedom of movement and orientation vv_|th these residues was unknown, and it must be noted that only
respect to the membrane. Alternatively, stalks may function

predominantly as points of access for MPSPs. the unglycosylated fraction of the peptide Leu-6a-636

. could be identified by mass spectrometry. Hence, we have
In a number of instances, stalks have been shown, or have y P Y

b d 1o b tensivehal lated i ) no direct evidence that Ala-636/Thr-637 was also the
een assumed, to be extensivehglycosylated in regions cleavage site in the fully glycosylated mutant stalk. The CHO
with high abundance of serine, threonine, and proline

residues: examples include LDL-RRS), the sucrase cell MPSP exhibits considerable flexibility in terms of
isomaltase complex29), nerve growth factor receptos(). positioning of the cleavage site with respect to the membrane.

. In WT-ACE, the native cleavage site is 24 residues from
Kﬁ(ﬂ\”; ;?]C:Ptg:g;?{t ?1212 gggﬁy&]aggslﬁlgattgéaitfﬂll the membrane, but we have shown that this distance can be
g g ycosy shortened considerably, down to 10 residues depending on

ation protects membrane proteins against ectodomain ShEdfhe stalk mutation, with preserved or even enhanced cleavage
ding (14, 15), the evidence for this is contradictory. For ’ P 9

instance, contrary to earlier conclusions, wild-type LDL-R efficiency (7). In ACE-JGL, the position of the cleavage site

expressed in CHO cells is readily shed in a phorbol ester- gf{or]?g; dbliaeg d;(étiite?rg%?hceo nr:lt;;%trlggegf((ba))Sae:glcr;:gnnugwf
inducible, TAPI-inhibitable manner (M. Begg and D. R. van P 9 ’

der Westhuyzen, personal communication); similar results Ala as the Pl reS|du¢,_wh|ch IS not_ uncommon in cleaved
have been obtained for the shedding of p75 TNF receptor in stalks {7); and .(C) aminimum 23-residue spacing from an

T lymphocytes 83). Moreover, soluble forms of nerve upstream ste_nc h|ndr'ance, such as, presumabig-finked
growth factor receptor are generated by a presumed pro_ollgosaccharlde7() (Figure 1).

teolytic release mechanism in cell culture and in vigd, In ACE-A6JM, a 6-residue “upstream” deletion conve-
35). On the other hand, elimination of potent@iglycosyl- niently created amN-linked site across the native cleavage
ation sites in the stalks of the transferrin and neurotrophin site in the wild-type stalk. We found that Asn-626 was indeed
receptors resulted in stalk cleavage and release of solubleglycosylated and that this presumably precluded the MPSP
ectodomains 46, 36). Similarly, when the Ser-/Thr-rich  from cleaving at the native Arg-627/Ser-628 site, cleaving
region of the LDL-R stalk was brought immediately adjacent instead 13 residues more proximal to the membrane, at Phe-
to the TM domain by deletion of 18 membrane-proximal 640/Leu-641. Cleavage after Phe-640 was not a consequence
residues, phorbol ester-activated shedding was completelyof the 6-residue deletion per se, since an 11-residue deletion
inhibited (M. Begg and D. R. van der Westhuyzen, personal in the same position, which did not generate Ndtinked
communication). Hence, the true significance of st@lk site, resulted in cleavage at the native site (after Arg-627;
glycosylation with regard to susceptibility to cleavage by unpublished results). However, it remains possible that the

an MPSP has remained uncertain. 6-residue deletion or the presence of lglycan has created
We examined the effects of inserting into the ACE stalk an altered stalk sequence favored by an alternative shedding
a Ser-/Thr-rich sequence that specifi@sglycosylation. protease that was also stimulated by phorbol ester and

Carbohydrate analysis of the resulting mutant, ACE-JGL, inhibited by TAPI. Nevertheless, the ACASIJM mutant
purified as the soluble (shed) form from conditioned media further demonstrated the remarkable flexibility of TAPI-
of transfected cells, revealed that the inserted sequence wasensitive shedding proteases. Within the broad constraints
O-glycosylated, but the extent of glycosylation was less than discussed above, virtually any stalk appears to be susceptible
half that found for the same sequence in its native position to cleavage (see also réf). Cleavage directly next to a

at the N terminus of the protein. Likely explanations for this glycosylated residue likely is blocked, but this only induces
discrepancy are the following: (@) the analysis was per- the protease (or proteases) to reposition itself, provided an
formed on the released ACE-JGL, which contained only 11 accessible stalk sequence of sufficient length remains.
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In contrast to ACEA6JM, the partiallyO-glycosylated, mutants of ACE, which include ACA6JM as well as other
Ser-/Thr-rich sequence in the juxtamembrane stalk clearly deletion, substitution, and chimeric mutantg, [{3); unpub-
modulated the cleavage and release of ACE-JGL. Unlike thelished results]. Hence, cleavage and release of ACE-JGL may
wild-type control, ACE-JGL was shed rapidly from the cell be mediated in part by a “non-classical” MPSP. The identity
surface, leading to low steady-state levels of the membrane-of such a protease is unknown.
bound protein. This in turn resulted in a blunted response to  TAPI-inhibited, phorbol-enhanced release of WT-ACE is
phorbol ester stimulation and.the absence of a.DQI-induced presumably the result of a protease that is similar to the
burst of release, both of which are characteristic of WT- TNF-o convertase, which is a disintegrin Zn-metalloprotease,
ACE and presumably require a reservoir of membrane-boundaithough recent reports have suggested that “ACE secretase”
protein as substrate for the MPSP (“sheddase”). We cannotand TNFe convertase are distinc#2), and ACE shedding
exclude the possibility that the altered characteristics of ACE- js not impaired in TNFe. knockout cells 43). TNF-o
JGL cleavage were the result of the unusual Ser-/Thr-rich convertase mediates the regulated shedding of several other
primary structure of the stalk rather than stalk glycosylation. membrane protein ectodomains, including amyloid precursor
However, in view of the high probability that at least some protein and L-selectin4d, 45), but in knockout cells a
of the residues wereO-glycosylated (as predicted by fraction of ectodomain shedding still occurs, which is
NetOGlyc 2.0), it seems likely thad-glycosylation played  partially inhibited by TAPI but unresponsive to phorbol ester
arole. stimulation @4, 45), characteristics that are consistent with

The release-enhancing effect of phorbol ester is well the mode of release observed here for ACE-JGL. The
characterizedd), but the burst of release stimulated by DCI  function and properties of this alternative MPSP are un-
has not been described for proteins other than ACE. We known, but work with mutants such as ACE-JGL may offer
found that the rate of release of WT-ACE and several stalk some insights.
mutants, but not of ACE-JGL, was consistently enhanced  Tpe significance of the results with ACE-JGL and ACE-
severalfold by DCI; kinetically this effect resembled the Agj\ is that stalk glycosylation modulates membrane protein
phorbol effect, when rates of accumulation of soluble ACE (gjease in a manner that is more subtle than formerly
activity in the media were measured. However, mechanisti- gppreciated. Glycosylation redirects stalk cleavage to alterna-
cally the phorbol ester and DCI effects were distinct, as the e sites, and cleavage efficiency likely depends on the
latter produced a long-term depression in ceII-associated|ength of the remaining exposed stalk. In additiad,
activity that resulted from a block in ACE maturation, as glycosylation may shift cleavage from the regulated, TAPI-

revealed by pulsechase labeling. Hence, the burst of WT-  jqqycible pathway to an alternative pathway with unknown
ACE shedding induced by DCI was generated exclusively ,qnerties.

from a pool of preexisting cell-surface protein. Moreover,
the DCI-induced burst of ACE release was completely
blocked by TAPI, indicating that, like phorbol ester, DCI
activates the general, TAPI-inhibitable MPSP. The speed of
the shedding burst renders a role for DCI in inhibiting a
putative MPSP-degrading serine protease unlikely; moreover
recent data indicate that cell-surface levels of TdF-
convertase, a candidate MPSP, are stable under bas
conditions 89). Previous work has established that DCI
inhibits membrane protein maturation and, indirectly, shed-
ding (). These studies revealed that DCI did not inhibit the
phorbol-stimulated shedding of membrane proteins, but a
DCl-induced acute release of preexisting cell-surface proteins

\;ngi tig%;ﬂizﬂ:]bgi?écme tr?é:cl:e(lalflj(lea?rts?:g di?]rogldear&;lr;us Thr-rich sequence in testis ACE is clearly not acting as such
9 g app ' a recognition motif. The existence of a motif elsewhere in

hThe lreduced reﬁponse to plhozjbol estﬁrdrgay indicate thatyo £ gomain of testis ACE, and which is occluded by the
the release machinery involved in shedding ACE-JGL . . L N : I
differed from that for WT-ACE (and ACR6JM). This was N-terminal domain in somatic ACE, remains a possibility.
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