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Role of glycosylation in transport and enzymic activity of neutral

endopeptidase-24.11
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Neutral endopeptidase (NEP, EC 3.4.24.11) is a major ecto-
enzyme of the brush-border membrane. The ectodomain of NEP
contains five putative N-glycosylation sites. In order to determine
the role of the addition of sugar moieties on the activity and
intracellular transport of NEP, we have used site-directed muta-
genesis to remove all or some of the five potential sites of sugar
addition in membrane-bound and secreted forms of the enzyme.
Expression of NEP glycosylation mutants in COS-1 cells showed
that all five sites are used for sugar addition. Immunoblotting of
NEP in COS-1 cell extracts or culture media indicated that total
expression of normal membrane-bound NEP was not affected by
mutations at glycosylation sites, whereas this expression level
appeared to be strictly dependent on the number of glycosylation

sites retained on the soluble form. The transport to the cell
surface was also reduced by decreased glycosylation, but again
the phenomenon appeared more drastic in the case of the soluble
form than for the membrane-bound enzyme. Enzyme activity
was decreased by deglycosylation. However, the presence of
either of two crucial sites (sites 1 and 5; numbered from the N-
terminus of the protein) was sufficient to recover close-to-normal
enzymic activities. Transport to the cell surface and enzyme
activity of NEP are thus both dependent on sugar residues,
probably through different conformational constraints. These
constraints seem to be local for enzyme activity but more global
for transport to the cell surface.

INTRODUCTION

Neutral endopeptidase (EC 3.4.24.11; NEP) is a major ecto-
enzyme of the brush-border membrane of kidney proximal
tubules and small intestine. It is also present in many other
tissues, and is apparently involved in the degradation of small
regulatory peptides [1-7].

The ectodomain of NEP contains oligosaccharide side chains
[8]; their role and importance is still unknown. On other
glycoproteins, postulated roles for sugar moieties include
increased stability of proteins and participation in the folding of
polypeptide chains [8-13]. It has also been suggested that sugar
residues are important for transport of the protein to the cell
surface. However, this latter role may be the consequence of a
participation of sugar moieties in protein folding, since it is
known that retention of proteins in the rough endoplasmic
reticulum (ER) is generally the result of protein misfolding
[14-16].

Ectoenzymes of the brush-border membrane, such as NEP, are
an important class of glycoproteins for which the role of sugar
moieties has never been carefully examined. We thus used
oligonucleotide-directed mutagenesis to alter each of the con-
sensus N-glycosylation sites in NEP. The recombinant proteins
were transiently expressed in COS-1 cells by transfection of an
expression vector. Transport of the glycosylation mutants to the
cell surface was compared with that of the wild-type enzyme.
Their enzymic activity was also determined. These studies were
performed on the normal membrane-bound enzyme as well as on
a secreted form obtained by replacement of the cytosolic and
transmembrane domain by a cleavable signal peptide as described
previously [17].

Our results suggest that all five consensus N-glycosylation sites
of rabbit NEP are used. The presence of the sugar moieties
appears to increase the stability of the protein and to facilitate its
transport to the cell surface, as well as its enzymic activity. The
requirement for sugar moieties is more stringent for the soluble
than for the membrane-bound form of the enzyme. Interestingly,
the presence of a glycosylation site at either one of two crucial
positions is sufficient to restore normal enzymic activity, while
transport to the cell surface occurred at the same rate for all
mutants where one single glycosylation site was present at any of
the five positions.

MATERIALS AND METHODS
DNA manipulations and vector constructions

All DNA manipulations were performed according to standard
procedures [18,19]. DNA sequencing was performed on either
M13 single-stranded DNA or denatured double-stranded plas-
mid DNA using T7 DNA polymerase according to the manu-
facturer’s instructions (Pharmacia T’ sequencing kit). The five
AAC or AAT asparagine codons involved were thus changed to
CAG glutamine codons by oligonucleotide-directed in vitro
mutagenesis [20,21] using a commercially available kit
(Amersham). Single-stranded DNAs obtained from M13 vectors
containing cloned fragments of NEP were used as templates for
mutagenesis. Mutated fragments were recovered from double-
stranded replicative forms of M13 vectors and substituted for
corresponding non-mutated segments in the appropriate ex-
pression vectors. Vectors for expression of membrane-bound or
secreted forms of NEP proteins have already been described
[17,22].

Abbreviations used: NEP, neutral'endopeptidase (EC 3.4.24.11); ER, endoplasmic reticulum; endo-F, endo-B-N-acetylglucosaminidase F; endo-H,

endo-B-N-acetylglucosaminidase H.

§ To whom correspondence should be addressed at the Département de Microbiologie et Immunologie, Université de Montréal, P.O. Box 6128,

Station Centre-Ville, Montréal, Québec, Canada H3C 3J7.



452 M.-H. Lafrance and others

Transfection of COS-1 cells

COS-1 cells were seeded the day before transfection at a density
of 10° cells/100 mm-diameter Petri dish. Plasmid DNAs were
introduced into COS-1 cells [23,24] by the calcium phosphate co-
precipitation procedure [25] modified to include a 1 min shock
with 159, glycerol. Cell-associated proteins were recovered by
octyl glucoside solubilization of cells. Secreted proteins were
recovered in serum-free spent culture medium as previously
described [17,22]. One-tenth fractions of cellular proteins or of
proteins contained in medium were then analysed by immuno-
blotting.

Proteins were resolved by SDS/PAGE [26] and electrotransferred
on to nitrocellulose filters [27]. Detection of NEP was done with
a guinea-pig polyclonal anti-NEP antiserum as described in [17].
When necessary, signals on the filters were quantified by laser-
densitometric analysis using a Personal laser densitometer (Mol-
ecular Dynamics). Endoglycosidase digestions of proteins were
performed by an already published procedure [17].

Determination of enzyme activity

Enzyme activity was determined by monitoring the cleavage of
D-Ala,[tyrosyl-3,5-*H][leucinelenkephalin (50 Ci/mmol; CEA,
Gif-Sur-Yvette, France) [28]. Identical amounts of NEP were
used in all enzymic assays. Quantification of NEP was done by
comparing the relative intensities on immunoblots using laser
densitometry. K, and V,, were determined by the isotopic-
dilution method with unlabelled substrate. Calculations of these
values and margin of error were facilitated by using the
ENZFITTER microcomputer program (Elsevier-Biosoft,
Cambridge, U.K.).

RESULTS

There are five consensus N-glycosylation sites [Asn-Xaa-Ser/Thr
(Xaa being any amino acid except proline)] [29] in the primary
structure of rabbit NEP [30] (Figure 1). These sites are also
present in human and rat enzymes [31-34], the latter containing
one additional site. In order to demonstrate the role of these
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Figure 1 Structure of membrane-bound and secreted forms of NEP

Open boxes ([7J) represent the extracellular C-terminal domain of NEP. Hatched regions (E2)
are the transmembrane and intracytoplasmic region present on the membrane form of the
protein, whereas the dotted region (E3) is the pro-opiomelanocortin signal peptide fused by
genetic engineering to the extracellular domain to generate the secreted form. Black ()
regions in the extracellular domain indicate the positions of amino acids involved in enzyme
activity, as described in the text. The position of all glycosylation sites is indicated by numbered
arrows.

glycan moieties, asparagine residues in consensus glycosylation
sites were replaced with glutamine by site-directed mutagenesis.

Expression of glycosylation site mutants of NEP in COS-1 cells

The wild-type and glycosylation mutants were expressed in COS-
1 cells and the NEP-related proteins analysed by immunoblotting.
Each transfection experiment was repeated at least three times
for the different plasmid DNAs. The analysis of some mutants is
presented in Figure 2(a). The expression of wild-type NEP in this
system normally results in the production of a single band
revealed by immunoblotting [17] (see also Figure 3b); however,
the membrane-bound enzyme lacking two glycosylation sites
(lane f) was resolved into two different forms. Furthermore,
the wild-type enzyme is normally resistant to endo-p-N-
acetylglucosaminidase H (endo H)-treatment [17] (see also Figure
3b); in contrast, the lower form of the partially deglycosylated
enzyme is sensitive to endo H treatment, whereas the upper one
appears to be resistant (Figure 2a). Moreover, the band resulting
from endo H digestion migrated with the same mobility as the
endo-f-N-acetylglucosaminidase F (endo F)treated enzyme,
(results not shown).

Resistance to endo H is acquired on transport of the protein
to the Golgi apparatus. The endo H-sensitive form of NEP
observed in partially deglycosylated recombinant proteins is
therefore believed to represent NEP molecules present in some
intracellular compartment located before the Golgi apparatus in
the pathway of membrane-bound protein transport to the cell
surface. Moreover, as the transit time from the Golgi apparatus
to the plasma membrane is very short, the majority of proteins
with endo H-resistant sugars are most probably located on the
cell surface. For each mutant, the percentage of NEP molecules
reaching the cell surface can therefore be estimated by comparing
the relative intensities of endo H-sensitive and -resistant bands.
Figure 2(a) shows that progressive removal of glycosylation sites
increased the percentage of the endo H-sensitive moieties, thereby
suggesting retention of the protein in the ER. It is also noteworthy
that the electrophoretic mobility of NEP increased with the
number of mutated glycosylation sites, suggesting the use of all
five potential glycosylation sites on the protein (Figure 2a;
results not shown).

Expression of deglycosylated soluble forms of NEP in COS-1 cells

Deglycosylated mutants of the secreted form of NEP (sec-NEP)
were also expressed in COS-1 cells. Surprisingly, in contrast with
the membrane-bound form, the total amount of sec-NEP (cell
extract plus spent medium) considerably decreased with the
progressive removal of glycosylation sites (Figure 2b). Removal
of four of the five glycosylation sites can result in an almost
tenfold decrease of total sec-NEP produced.

The amount of NEP recovered in cell extracts was next
compared with that secreted in the medium. The percentage of
sec-NEP remaining in an intracellular compartment was esti-
mated by comparing the amount of cell-associated protein with
the amount released into the medium. As shown in Figure 2(b),
an increase in intracellular retention was again observed and was
even more drastic than the one observed with the membrane-
bound form. For example, the percentage of cell-associated
material was as high as 80 %, when four of the sites were removed
(Figure 2b).

Expression and activities of singly glycosylated NEP mutants

We then performed a systematic study in which each potential
site was added back separately to a completely deglycosylated
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Figure 2 Immunoblot analysis of deglycosylated forms of NEP

Proteins from COS-1 cells transfected with the different NEP expression plasmids were
recovered and analysed by immunoblotting as described in the Materials and methods section.
(@) Proteins obtained following transfection of plasmids encoding membrane-bound forms of the
protein lacking different numbers of glycosylation sites; proteins were either treated with endo
H (H) or left untreated (— ). Lanes a and b, mutant lacking four sites (sites 2—5); lanes ¢ and
d, mutant lacking three sites (sites 2, 3 and 5); lanes e and f, mutant lacking two sites (sites
2 and 5). (b) Protein retained in the cell compared with protein recovered into the medium when
cells were transfected with expression vectors encoding soluble forms of NEP. Lanes g and k,
mutant lacking four sites (sites 2-5); lanes h and I, mutant lacking two sites (sites 1 and 5);
lanes i and m, mutant lacking one site (site 1); lanes j and n, wild-type secreted form of NEP.
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Figure 3 Immunoblotting analysis of the mutants of the membrane-bound
form of the protein harbouring only one glycosylation site

(a) Proteins were recovered from transfected COS cells and analysed by immunoblotting as
described in the Materials and methods section. Lane a, mock-transfected cells; lane b, wild-
type protein (five sites present); lane ¢, site 1 present; lane d, site 2 present; lane e, site 3
present; lane f, site 4 present; lane g, site 5 present; lane h, totally deglycosylated form of NEP
(no residual site). (b) Proteins recovered from transfected cells were either left untreated (lanes
a and d), treated with endo F (F) (lanes b and e) or treated with endo H (H) (lanes ¢ and f).
Lanes a—c, wild-type (w.t.) NEP; lanes d—f, mutant harbouring only the fourth glycosylation site.

membrane-bound form of the enzyme. The various mutants were
expressed at a level sufficient for their further analysis, although
some variations were observed in their expression levels (Figure
3a, lanes c-g). All the mutants also appeared to be glycosylated,
since their electrophoretic mobility was slightly decreased
compared with the completely deglycosylated form (lane h).
Furthermore, they were all sensitive to endo F digestion (a
typical result is presented in Figure 3b). This further confirmed
that all five potential glycosylation sites are used on NEP. The

Table 1  Enzymic activity of deglycosylated membrane-bound forms of NEP

Ve (pmol/min)

Glycosylation sites

present Expt. 1 Expt. 2
Wild-type protein 171 +16 277 +1
Site no. 1 present 149424 205+1
Site no. 2 present 28+1 2441
Site no. 3 present 2443 4142
Site no. 4 present 3N+ 1542
Site no. 5 present 13949 327 +1
No site present 2647 31+20

(deglycosylated enzyme)

five singly glycosylated mutants were only partially resistant to
endo H (Figure 3b), indicating again a partial retention of the
protein in the ER. However, this retention always represented
less than 50 9, of the total protein and appeared to be similar for
each mutant (results not shown).

Enzymic activity of the mutants was then determined by
measuring ¥V, values for the same amount of enzyme. The
same experiment was performed with proteins recovered from
separate transfection experiments; the results obtained in two
separate experiments are presented with margin of errors pro-
vided by calculations with the ENZFITTER program (Table 1).
The activity of the totally deglycosylated NEP was significantly
reduced (10-159%, of unmutated NEP). However, addition of a
single glycosylation site at either position 1 or 5 was sufficient to
restore the activity close to its normal value. Addition at either
one of the other three sites had no significant effect on the
catalytic activity of the deglycosylated NEP (Table 1). In contrast
with ¥V, K values did not appear to be significantly altered by

max.’

the position of glycosylation (results not shown).

DISCUSSION

Until recently, studies concerning the role of sugar moieties on
polypeptide chains took advantage of viral proteins as models.
The availability of cloned cDNA encoding cellular transmem-
brane proteins and the advent of site-directed mutagenesis has
allowed extension of these studies to other protein models. In the
present study we examined the role of sugar-residue addition to
the NEP polypeptide chain.

Most studies suggest that sugar moieties do not play a
significant role in the biological activity of polypeptide chains
(reviewed in [10]). In the present study we prevented glycosylation
of NEP by replacing asparagine residues with glutamine residues.
This is quite a conservative change physicochemically and
evolutionarily [35]. As expected, completely deglycosylated NEP
retained enzymic activity. However, a significant decrease in the
V... value was observed. Interestingly, restoration of either
glycosylation site 1 or 5 was sufficient to recover nearly full
enzymic activity. This observation is similar to a previous report
showing that erythropoietin activity is dependent upon the
presence of glycan moieties at one specific N-glycosylation site
out of three [36]. It is noteworthy that NEP glycosylation sites
1 and 5, which are important for catalytic activity, are located
closest to amino acids previously shown to be involved in this
activity (see Figure 1) [22,37—40]. Site 1 (asparagine-145) is close
to arginine-102, and site 5 (asparagine-628) is close to histidine-
583 and -587, glutamic acid-584 and -646 and arginine-747. One
explanation for these results could be that the sugar moieties
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participate in local folding or stabilization of the polypeptide
chain.

A role of glycans in the folding of NEP is also consistent with
the intracellular trapping observed for the partially glycosylated
forms of the enzyme. This retention is most probably at the level
of the ER, since these proteins are sensitive to endo H treatment.
It has been known for some time that such retention of proteins
is generally the result of misfolding of polypeptide chains (see,
for instance, [14-16,41,42]). It did not appear, however, that any
one site was more important for intracellular transport than
another, but that there was rather a cumulative effect of sugar
addition at the five sites.

The difference observed in the intracellular transport of the
membrane-bound and secreted forms of NEP mutants is un-
explained, but clearly illustrates that the stability as well as the
transport competency of different polypeptide chains is affected
to different extents by the presence of sugar residues [43]. The
stability of the secreted forms of the NEP mutants appeared to
be drastically affected by the removal of glycosylation sites, since
total accumulation of these proteins, as measured by immuno-
blotting, was greatly reduced. The expression vectors encoding
these different proteins were identical except for the mutations,
and thus we must conclude that the reductions in the amounts of
proteins are due to post-translational events. Our observations
are consistent with numerous reports indicating that, in some
proteins, the addition of glycan is important for their transport
competency and/or stability (see, for instance [11-13,36,41,43—
46]), while in others the sugar residues appeared dispensable (see,
e.g., [47-49]). It is noteworthy, however, that the intracellular
transport of two polypeptide chains that differed only by the
presence of a membrane anchor showed such differences in their
requirements for glycosylation. There is at least one other
example of very similar proteins that showed different require-
ments for sugar moieties: a single amino acid substitution in the
vesicular-stomatitis-virus protein G appears sufficient to change
its glycan requirement for transport [50].

Transport to the cell surface and the enzymic activity of NEP
are thus both dependent on sugar residues, probably through
conformational constraints. These constraints seem to be local
for enzyme activity (sites 1 or 5), but more global for transport
since all sites can have an effect.

We acknowledge the equal contribution to this work of the first two authors. This
work was supported by a contract from Schering Plough Research and by a
University—Industry grant from the Medical Research Council of Canada. G.B. and
G.L are the recipients of Chercheur-boursier awards from le Fonds de la Recherche
en Santé du Québec. We thank Denis Corbeil and Frangois Fossiez for initial design
of the oligonucleotides and Carole Danis for excellent technical support in the initial
part of this project.

REFERENCES

1 Roques, B. P., Fournié-Zaluski, M. C., Soroca, E., Lecomte, J. M., Malfroy, B., Llorens,
C. and Schwartz, J. C. (1980) Nature (London) 288, 286—288

2 Almenoff, J., Wilk, S. and Oriowski, M. (1981) Biochem. Biophys. Res. Commun.
102, 206-214

3 Matsas, R., Kenny, A. J. and Turner, A. J. (1984) Biochem. J. 223, 433—440

4 Roques, B. P. and Beaumont, A. (1990) Trends Pharmacol. Sci. 11, 245-249

5 Kohrogi, H., Nadel, J. A., Malfroy, B., Gorman, C., Bridenbaugh, R., Patton, J. S. and
Borson, D. B. (1989) J. Clin. Invest. 84, 781786

6 Al-Rodhan, N., Chipkin, R. and Yaksh, T. L. (1990) Brain Res. 520, 123—130

Received 28 October 1993/15 March 1994; accepted 25 March 1994

29

30

31

32

33

34

35

36

38

39

40

Richards, M., Espiner, E., Frampton, C., lkram, H., Yandle, T., Sopwith, M. and
Cussans, N. (1990) Hypertension 16, 269276

Stewart, J. R. and Kenny, A. J. (1984) Biochem. J. 224, 549-558

Olden, K., Parent, J. B. and White, S. L. (1982) Biochim. Biophys. Acta 650,
209-232

Olden, K., Bernard, B. A, Humphries, M. J., Yeo, T.-K., Yeo, K-T., White, S. L.,
Newton, S. A,, Bauer, H. C. and Parent, J. B. (1985) Trends Biochem. Sci. 10, 7882
Machamer, C. E. and Rose, J. K. (1988) J. Biol. Chem. 263, 59555960

Vidal, S., Mottet, G., Kolakofsky, D. and Roux, L. (1989) J. Virol. 63, 892—900
Tifft, C. J., Proia, R. L. and Camerini-Otero, R. D. (1992) J. Biol. Chem. 267,
3268-3273

Lodish, H. F. (1988) J. Biol. Chem. 263, 2107-2110

Hurtley, S. and Helenius, A. (1989) Annu. Rev. Cell Biol. 5, 277-307

Einfeld, D. and Hunter, E. (1991) Curr. Top. Microbiol. Immunol. 170, 107-139
Lemay, G., Waksman, G., Roques, B. P., Crine, P. and Boileau, G. (1989) J. Biol.
Chem. 264, 1562015623

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A.
and Struhl, K. (1990) Current Protocols in Molecular Biology, John Wiley and Sons,
New York

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory
Manual, 2nd edn., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY
Zoller, M. and Smith, M. (1983) Methods Enzymol. 100, 468500

Taylor, J. W., Ott, J. and Eckstein, F. (1985) Nucleic Acids Res. 13, 87658785
Devault, A., Nault, C., Zollinger, M., Roques, B. P., Crine, P. and Boileau, G. (1988)
J. Biol. Chem. 263, 40334040

Gluzman, Y. (1981) Cell 23, 175-182

Mellon, P., Parker, V., Gluzman, Y. and Maniatis, T. (1981) Cell 27, 279288
Graham, F. L. and van der Eb, A. J. (1973) Virology 52, 151-157

Laemmli, U. K. (1970) Nature (London) 277, 680—685

Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl. Acad. Sci. U.S.A. 76,
43504354

Crine, P., Le Grimellec, C., Lemieux, E., Labonté, L., Fortin, S., Blachier, A. and
Aubry, M. (1985) Biochem. Biophys. Res. Commun. 131, 255-261

Kornfeld, R. and Kornfeld, S. (1985) Annu. Rev. Biochem. 54, 631—664

Devault, A., Lazure, C., Nault, C., Le Moual, H., Seidah, N. G., Chrétien, M., Kahn, P.,
Powell, J., Mallet, J., Beaumont, A., Rogues, B. P., Crine, P. and Boileau, G. (1987)
EMBO J. 6, 13171322

Malfroy, B., Schofield, P. R., Kuang, W.-J., Seeburg, P. H., Mason, A. J. and Henzel,
W. J. (1987) Biochem. Biophy. Res. Commun. 144, 5966

Malfroy, B., Kuang, W. J., Seeburg, P. H., Mason, A. J. and Schofield, P. R. (1988)
FEBS. Lett. 229, 206210

Letarte, M., Vera, S., Tran, R., Addis, J. B. L., Onizuka, R. J., Quackenbush, E. J.,
Jongeneel, C. V. and Mcinnes, R. R. (1988) J. Exp. Med. 168, 1247—1253

Shipp, M. A,, Richardson, N. E., Sayre, P. H., Brown, N. R., Masteller, E. L., Clayton,
L. K., Ritz, J. and Reinherz, E. L. (1988) Proc. Natl. Acad. Sci. U.S.A. 85,
4819-4823

Dayhoff, M. 0., Schwartz, R. M., Orcutt, B. C. (1978) in Atlas of Protein Sequence
and Structure (Dayhoff, M. 0., ed.), pp. 345350, National Biomedical Research
Foundation, Washington DC

Dubé, S., Fisher, J. W. and Powell, J. S. (1988) J. Biol. Chem. 263, 17516—17521
Devault, A., Sales, V., Nault, C., Beaumont, A., Roques, B. P., Crine, P. and Boileau,
G. (1988) FEBS Lett. 231, 54-58

Bateman, R. C., Jackson, D., Slaughter, C. A, Unnithan, S., Chai, Y. G., Moomaw, C.
and Hersh, L. B. (1989) J. Biol. Chem 264, 6151—6157

Beaumont, A., LeMoual, H., Boileau, G., Crine, P. and Roques, B. P. (1991) J. Biol.
Chem. 266, 214-220

LeMoual, H., Devault, A., Roques, B. P., Crine, P. and Boileau, G. (1991) J. Biol.
Chem. 266, 1567015674

Ng, D. T. W,, Hiebert, S. W. and Lamb, R. A. (1990) Mol. Cell. Biol. 10, 19892001
Machamer, C. E., Florkiewicz, R. Z. and Rose, J. K. (1985) Mol. Cell. Biol. 5,
3074-3083

Taylor, A. K. and Wall, R. (1988) Mol. Cell. Biol. 8, 4197—4203

Matzuk, M. M. and Boime, I. (1988) J. Cell. Biol. 106, 1049—1059

Gallagher, P. J., Henneberry, J. M., Sambrook, J. F. and Gething, M.-J. H. (1992)

J. Virol. 66, 7136—7145

Guan, J.-L., Machamer, C. E. and Rose, J. K. (1985) Cell 42, 489496

Hannink, M. and Donoghue, D. J. (1986) J. Cell. Biol. 103, 2311-2322

Hiebert, S. W. and Lamb, R. A. (1988) J. Cell. Biol. 107, 865876

Sodora, D. L., Eisenberg, R. J. and Cohen, G. H. (1991) J. Virol. 65, 4432—4441
Pitta, A. M., Rose, J. K. and Machamer, C. E. (1989) J. Virol. 63, 3801—-3809



