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Tyrosine sulfation, a post-translational modification of microviliar
enzymes in the small intestinal enterocyte
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Protein suifation in small intestinal epithelial cells was studied
by labelling of organ cultured mucosal explants with [35S]_
sulfate. Six bands in SDS-PAGE became selectively labelled;
four, of 250, 200, 166 and 130 kd, were membrane-bound
and two, of 75 and 60 kd, were soluble. The sulfated mem-
brane-bound components were all enriched in the microvillar
fraction but either absent or barely detectable in intracellular
or basolateral membranes. Immunopurification of sucrase-
isomaltase, maltase-glucoamylase, aminopeptidase N and
aminopeptidase A showed that these microvillar enzymes
become sulfated. Most if not all the sulfate was bound to
tyrosine residues rather than to the carbohydrate of the
microvillar enzymes, showing that this type of modification
can occur on plasma membrane proteins as well as on
secretory proteins.
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Introduction
Sulfation of proteins, i.e. a post-translational modification entail-
ing covalent attachment of sulfate, is a fairly common type of
processing of newly synthesized proteins that originate from the
RER and are destined for either the plasma membrane or cellular
export (Huttner, 1982, 1984). The principal sites for sulfation
are either tyrosine residues in the polypeptide backbone or dif-
ferent sugars in the carbohydrate moiety (Kornfeld and Kornfeld,
1985). Contrary to the latter, tyrosine sulfation has been con-
sidered a specific type of modification for secretory proteins (Hille
et al., 1984), and it has been suggested that tyrosine sulfation
may be involved in the sorting of proteins destined for cellular
export (Rosa et al., 1985). This notion has gained support not
only from the many examples of tyrosine sulfated secretory
proteins but also from an observation that the secreted but not
the cellular form of dopamine ,B-hydroxylase in rat pheochromo-
cytoma cells undergoes tyrosine sulfation (McHugh et al., 1985).
The biosynthesis of intestinal and kidney microvillar enzymes

has been studied intensively over the past years (Danielsen et
al., 1984; Noren et al., 1986; Semenza, 1986). Without excep-
tion, stalked, integral membrane proteins of this type undergo
cotranslational high mannose glycosylation followed by trimming
and attachment of complex sugars during passage through the
Golgi complex. We have studied the relevance of this processing
for microvillar expression of newly synthesized enzymes (Daniel-
sen et al., 1983b; Danielsen and Cowell, 1984, 1986) and have
found that cotranslational attachment of N-linked oligosaccharides
is essential for molecular survival and subsequent transport to
the microvillar membrane. Cotranslational trimming is likewise
important for acquisition of molecular stability but is not required

per se for microvillar-directed transport. Finally, the Golgi-
associated carbohydrate processing is of only small significance
for both stability and surface expression, but for at least one
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Fig. 1. Sulfation of mucosal explant proteins. Densitometric scanning of
SDS-PAGE of subcellular fractions of mucosal explants, labelled with
[35S]sulfate. A, total fraction of membrane-bound proteins (pellet after
centrifugation at 100 000 g, 1 h of a homogenate); B, soluble proteins
(supernatant after centrifugation at 100 000 g, 1 h of a homogenate);
C, microvillar fraction; D, Mg2+-precipitated fraction (intracellular and
basolateral membranes).
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Fig. 2. Alkaline treatment of sulfated proteins. A total fraction of
membrane-bound proteins (pellet after centrifugation at 100 000 g, 1 h of a
homogenate) from [35S]sulfate-labelled mucosal explants was subjected to
alkaline treatment (Cowell and Danielsen, 1984). After pH neutralization,
the alkaline-treated membranes were solubilized by Triton X-100 (5%) and
mnicrovillar enzymes immunoprecipitated as described in Materials and
methods. The immunoprecipitates of alkaline-treated (+) and controls(-
were subjected to SDS-PAGE, followed by fluorography. Mr values for
the sulfated bands are indicated.
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enzyme, sucrase-isomaltase, the biological activity depends upon
it (Sjostrom et al., 1985).
So far, no reports have been concerned with sulfation of micro-

villar enzymes. The present paper deals with this aspect of micro-
villar enzyme biosynthesis.

Results
Labelling of mucosal explants with [35S]sulfate
The total membrane fraction of mucosal explants, cultured for
20 h in the presence of [35S]sulfate, showed four labelled bands
of about 250, 200, 166 and 130 kd (designated bands 1-4 re-
spectively, Figure 1). [35S]Sulfate-labelling of the corresponding
soluble fraction yielded two broad bands of 75 and 60 kd (desig-
nated bands 5 and 6 respectively). In contrast, labelling with
[35S]methionine in parallel experiments resulted in a multitude
of bands over the entire Mr range of the gel (data not shown).
For both membrane-bound and soluble proteins, sulfation is there-
fore limited to only a few of the components synthesized by the
mucosal explants.
The sulfated bands of membrane-bound origin were analyzed

further by subcellular fractionation into microvillar- and Mg2+-
precipitated (intracellular and basolateral) membranes (Figure 1).
Compared with total membranes, all four bands were markedly
enriched in the microvillar fraction whereas they were absent
from the Mg2+-precipitated fraction (except for minute amounts
of band 3). The microvillar origin of bands 1 and 3 was further
documented by their immunoprecipitation with an antibody raised
against the brush border membrane that reacts specifically with
the apical plasma membrane as judged by immunofluorescence
and which has been shown to recognize five of the major
microvillar enzymes, sucrase-isomaltase, maltase-glycoamylase,
lactase-phlorizin hydrolase, aminopeptidase N and amino-
peptidase A (Danielsen et al., 1977; Figure 2). A Triton X-100
extract of [35S]sulfate-labelled explants, absorbed with this an-
tibody, was void of bands 1 and 3, showing that these major
microvillar enzymes are their only constituents (data not shown).
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Fig. 3. Sulfation of microvillar enzymes. SDS-PAGE of microvillar enzymes, immunopurified from explants labelled with [35S]sulfate (1) or [35S]methionine
(2). A, sucrase-isomaltase; B, maltase-glucoamylase; C, aminopeptidase N. Mr values (kd) are indicated.
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The sulfated band 1 and band 3 were unaffected by an alkaline
treatment of the membranes prior to the immunoprecipitation,
showing them to be integral membrane proteins (Figure 2). This
treatment has previously been shown to release cytoskeletal com-
ponents such as actin, villin and the 110 kd protein from micro-
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Fig. 4. Effect of swainsonine and castanospermine on sulfation.
SDS-PAGE of microvillar enzymes, immunopurified from explants labelled
with [35S]sulfate in the absence of inhibitor (1) or in the presence of
swainsonine (2) or castanospermine (3). A, sucrase-isomaltase; B, maltase-
glucoamylase. C, aminopeptidase A; D, aminopeptidase N. Mr values (kd)
are indicated.

villi whereas the microvillar enzymes remain in the membrane
(Cowell and Danielsen, 1984).

Direct evidence that bands 1 and 3 represent microvillar
enzymes is shown in Figure 3 where sucrase-isomaltase, maltase-
glucoamylase and aminopeptidase N were individually immuno-
purified from explants, labelled with either [35S]sulfate or [35S]_
methionine. Similarly, the less abundant aminopeptidase A
(Figure 4) and dipeptidyl peptidase IV (data not shown) were
found to become sulfated. It thus seems fair to conclude that band
1 is constituted by sucrase-isomaltase and maltase-glucoamylase
and band 3 by aminopeptidases N and A.

Effect of swainsonine and castanospermine

Swainsonine and castanospermine are alkaloids that interfere with
the processing of N-linked oligosaccharides; swainsonine at a
post-translational stage by inhibiting Golgi mannosidase II (Tulsi-
ani et al., 1982), and castanospermine cotranslationally by block-
ing RER glucosidase I (Saul et al., 1983). In previous studies
with aminopeptidase N, both inhibitors gave rise to mature forms
of the enzyme of about normal Mr (166 kd) that were sensitive
to endo H, indicating a blocked attachment of complex sugars
to the N-linked carbohydrate (Danielsen et al., 1983b; Danielsen
and Cowell, 1986). As shown in Figure 4, neither swainsonine
nor castanospermine prevented labelling of the microvillar en-
zymes, showing that processing of N-linked oligosaccharides is
not required for their sulfation. The decrease in labelling can be
fully accounted for by an induced degradation of the newly syn-
thesized microvillar enzymes, caused by the aberrant glycosyl-
ation; incorporation of [35S]methionine was reduced to 15-35%
of controls within a 3 h labelling period (Danielsen and Cowell,
1986).

Treatment with endo F
Endo F is a glycosidase that cleaves N-linked oligosaccharides
of both high mannose and complex types (Elder and Alexander,
1982), and both transient and mature forms of aminopeptidase
N and sucrase-isomaltase are susceptible to endo F (Danielsen
and Cowell, 1984). In accordance with this, both bands 1 and
3, obtained from [35S]sulfate-labelled explants by immunopre-
cipitation, had their electrophoretic mobility increased upon treat-
ment with endo F (Figure 5). However, the fact that the labelling
persisted the treatment argues against the sulfate being bound
to N-linked carbohydrate.

| \ n-endo F

Fig. 5. Endo F analysis of sulfated microvillar enzymes. Densitometric
scanning of SDS-PAGE of microvillar enzymes, immunoprecipitated from
explants, labelled with [35S]sulfate. Lower track, endo F-treated; upper
track, sample incubated in parallel without the glycosidase.
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Fig. 6. Acid hydrolysis of sulfated proteins. Triton X-100 extracts of
explants, labelled with [35S]sulfate (upper tracks) or [35S]methionine (lower
tracks) were subjected to SDS-PAGE. After electrophoresis, the gel tracks
were immersed in 1 M HCI at 80°C for 30 min (right panel) before
fluorography. Neighbouring lanes from the same gel were used as controls
(left panel). Arrows indicate the positions of the sulfated bands.
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Fig. 7. T.l.c. analysis of aLkaline hydrolysates of microvillar enzymes.
Alkaline hydrolysates of microvillar enzymes, immunoprecipitated from
Triton X-100 extracts of [35S]sulfate-labelled explants, were subjected to
t.l.c. as described in Materials and methods. Samples of about 1000 c.p.m.
were applied. 0, alkaline hydrolysate; 0, alkaline hydrolysate after
acidification (1 M HCI) and boiling for 1 h, followed by pH neutralization.
The chromatographic position of free [35S]sulfate (A), cysteic acid (B) and
tyrosine sulfate (C) are shown. The solvent front is indicated by the arrow.

Susceptibility to acid and alkaline hydrolysis
Sulfate ester linkages to either tyrosine residues in the polypep-
tide backbone or to the carbohydrate moiety of glycoproteins can
be distinguished by their differing susceptibility to hydrolysis
under acid and alkaline conditions. Thus, the tyrosine sulfate ester
linkage is labile at acid pH, even to brief exposures; a treatment

that does not release sulfate, linked to carbohydrate (Huttner,
1984; Rosa et al., 1985). As shown in Figure 6, bands 1-4
vanished upon the low pH treatment of the gel whereas bands
5 and 6, of soluble origin, persisted despite the acid exposure.
The [35S]methionine-labelled gel track, treated in parallel, was
unaffected by the treatment.

Contrary to its stability at acid pH, exhaustive hydrolysis in
0.2 N Ba(OH)2 releases carbohydrate-linked sulfate which can
be recovered as BaSO4 after pH neutralization. Sulfate bound
to tyrosine, on the other hand, resists the alkaline hydrolysis
(Huttner, 1984; Hohmann et al., 1985). When an immunopre-
cipitate of [35S]sulfate-labelled microvillar enzymes was sub-
jected to alkaline hydrolysis, 89% (568 c.p.m.) of the
radioactivity was recovered in the neutralized supernatant and
only 11 % (68 c.p.m.) precipitated as BaSO4. Alkalkine
hydrolysates (using 0.2 N NaOH) of immunoprecipitated
[ 5S]sulfate-labelled microvillar enzymes were further analyzed
by t.l.c. As shown in Figure 7, a predominant peak of radio-
activity migrated close to the solvent front, coinciding with the
position of authentic tyrosine sulfate. Following a short acid
hydrolysis, the radioactivity of the hydrolysate was now found
in a broad zone of lower mobility, coinciding with the distribu-
tion of free [35S]sulfate.

In summary, the combined susceptibility to brief exposure to
low pH and resistance to exhaustive alkaline hydrolysis of the
sulfated bands 1 and 3 are the hallmarks of a sulfate linkage to
tyrosine residues of the microvillar enzymes. If sulfation of the
carbohydrate moiety occurs at all it can only account for a very
small part of the total incorporation of [35S]sulfate. In contrast,
the soluble bands 5 and 6 probably become sulfated in the carbo-
hydrate portion of the molecule, as judged from their resistance
to the acid treatment.

Discussion
Labelling of mucosal explants with [35S]sulfate led to a selec-
tive incorporation of radioactivity into only six bands in SDS -
PAGE. We have no clue as to the identity of the two sulfated
soluble components; it is possible that they represent secretory
proteins from endocrine cells of the intestinal epithelium. The
four membrane-bound bands, on the other hand, were all of
microvillar origin rather than belonging to intracellular mem-
branes or the basolateral portion of the plasma membrane. Bands
1 and 3, those most heavily labelled with [35S]sulfate, comprise
the most abundant of the microvillar enzymes such as sucrase-iso-
maltase (265 kd) and maltase-glucoamylase (245 kd) (band 1),
and aminopeptidase N (166 kd) and aminopeptidaseA (170 kd)
(band 3). Proteins constituting the minor, broad bands 2 and 4
were not identified, but given the uniform character of the biosyn-
thetic events of microvillar enzymes (Danielsen et al., 1984),
it is reasonable to assume that they are made up of a multitude
of less abundant microvillar enzymes which are all typically com-
posed of polypeptides in the high M, range. Likely candidates
are the angiotensin I-converting enzyme (184 kd; Hauri et al.,
1985), a 140 kd antigen (Gorvel et al., 1986), dipeptidyl pep-
tidase IV (137 kd; Danielsen et al., 1983a), aminopeptidase W
(130 kd; Gee and Kenny, 1985), PABA peptide hydrolase
(100 kd; Hauri et al., 1985) and endopeptidase 24.11 (93 kd;
Stewart and Kenny, 1984), to name a few.
Contrary to the processing of their N-linked carbohydrate,

sulfation of the four microvillar enzymes studied was not sen-
sitive to either swainsonine or castanospermine, showing that
complex sugars are unlikely sites for sulfation. It also demon-
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strates that sulfation, which is a post-translational modification
taking place in the Golgi complex (Lee and Huttner, 1985), can
proceed independently of carbohydrate processing. The exper-
iment with endo F further corroborated the view that sulfation
is unrelated to the N-linked carbohydrate moiety of the microvillar
enzymes.
More conclusive evidence in favour of tyrosine sulfation was

provided by the demonstration that the sulfate, bound to micro-
villar enzymes, is acid labile but alkaline resistant, a typical
property of the tyrosine sulfate ester linkage and, not least, by
t.l.c. analysis. There can thus be little doubt that the major part,
if not all, of the sulfate bound to microvillar enzymes is linked
to tyrosine. This is an unexpected finding since tyrosine sulfation
until now has been regarded as a specific type of processing for
secretory proteins (Hille et al., 1984). However, as shown by
their resistance to alkaline extraction, the sulfated microvillar
enzymes are clearly integral membrane proteins and, recently,
tyrosine sulfation was reported for another plasma membrane
protein, P61 from A431 cells (Liu and Baenziger, 1986). This
type of modification therefore seems to be more ubiquitous than
currently thought and our notion concerning its occurrence thus
needs to be revised accordingly.

Materials and methods
Materials
Equipment for performing organ culture, including Trowell's T-8 medium, fetal
calf serum, plastic dishes with grids and [35S]methionine were obtained as pre-
viously described (Danielsen et al., 1982). Sodium [35S]sulfate was purchased
from Amersham, Bucks, UK. Swainsonine was kindly given by Dr Peter Dorling,
Murdoch University, Western Australia and (non-radioactive) tyrosine sulfate by
Dr Thue W.Schwartz, Rigshospitalet, Copenhagen, Denmark. Endo-,B-N-acetyl-
glucosaminidase F (endo F) from Flavobacterium mneningosepticwn was obtained
from NEN Chemicals GmbH, Dreieich, FRG and castanospermine from Boeh-
ringer, Mannheim, FRG.

Pig small intestines were kindly given by the Department of Experimental
Pathology, Rigshospitalet, Copenhagen, Denmark.

Organ culture and subcellular fractionation of mucosal explants
Small intestinal mucosal explants were labelled continuously for 20 h with either
[35S]methionine (50-100 ACi/ml) or [35S]sulfate (200-300 /lCi/ml) as pre-
viously described (Danielsen et al., 1982). When labelling was carried out in
the presence of swainsonine or castanospermine, the inhibitor was added to the
medium (0.02 mg/mil and 0.1 mg/ml respectively) 1 h before the radioactive
isotope. After culture, labelled explants were either processed further immediately
or else frozen at -80°C.
Mucosal explants were fractionated by the divalent cation precipitation tech-

nique (Schmitz et al., 1973; Booth and Kenny, 1974) as previously described
(Danielsen, 1982).
Immunological methods
Immunopurification of individual microvillar enzymes by line immunoelectro-
phoresis was performed as in Danielsen and Cowell (1983). Immunoprecipitation
of microvillar enzymes was performed as follows: labelled explants were thawed
in 0.5 ml 50 mM Tris-HCI, pH 7.3, containing 2.8 Agg/ml aprotinin and solubil-
ized by the addition of Triton X-100 (5%) and vortexing. The detergent extract
was cleared by centrifugation for 5 min at 18 000 r.p.m. in a microcentrifuge,
and 2-3 vol. of an antibody solution (- 10 mg IgG/ml), recognizing the major
microvillar enzymes (Danielsen et al., 1977) were added. After 30 min at 200C,
the immunoprecipitate was collected by centrifugation for 5 min in the micro-
centrifuge and washed twice in 1 ml of the above buffer.
Treatment with endo F
Immunoprecipitates of microvillar enzymes were treated with endo F, using the
procedure previously described (Danielsen and Cowell, 1984).
Acid hydrolysis
Acid treatment of sulfated polypeptides after separation in SDS-PAGE was per-
formed according to Huttner (1984). The samples applied to the gel were Triton
X-100 extracts of labelled explants.
Alkaline hydrolysis
For alkaline hydrolysis, immunoprecipitates of [35S]sulfate-labelled microvillar
enzymes were dissolved in 1 ml 0.2 N Ba(OH)2, sealed in a polyallomer tube

and hydrolyzed by boiling for 24 h. The alkaline hydrolysates were next neutral-
ized by the addition of H2S04 and the resulting precipitate of BaSO4 pelleted
by centrifugation for 5 min in a microcentrifuge. The supernatant was collected
and the precipitate washed three times in 1 ml 50 mM Tris-HCl, pH 7.3. The
proportion of alkaline-stable and -labile radioactivity was determined by liquid
scintillation counting of the supernatant and pellet, respectively.
For analysis by t.l.c., the immunoprecipitates were instead dissolved in 200 u1

0.2 N NaOH and hydrolyzed by boiling in a sealed tube for 24 h, followed by
neutralization with HCI and concentration by evaporation to a vol. of about 20 1l.
T. .c. analysis
Hydrolyzed immunoprecipitates of [35S]sulfate-labelled microvillar enzymes were
subjected to ascending t.I.c. on polyamide sheets using 1-butanol/formic acid/iso-
propanol/H2O (3:1:1:1) as solvent. Authentic tyrosine sulfate and free [35S]sulfate
were used as markers. After chromatography, radioactivity was detected by
scintillation counting of 0.5 cm segments of the chromatogram and tyrosine sulfate
was visualized by staining with ninhydrin (0.5% in acetone).
Other methods
Alkaline treatment (100 mM Na2CO3, pH 11.0) was carried out as in Cowell
and Danielsen (1984). SDS-PAGE was performed as described by Laemmli
(1970) and fluorography according to Bonner and Laskey (1974). Exposed fluoro-
graphs were scanned in a Kipp & Zonen DD2 densitometer (Delft, Holland).
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