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Human Tamm-Horsfall glycoprotein (THP) is syn-
thesised in the thick ascending limb of Henle and con-
voluted distal tubules, inserted into luminal cell-
surface by the glycosyl-phosphatidylinositol (GPI)-
anchor and excreted in urine at a rate of 50-100 mg
per day. Up to date there is no indication on the way in
which THP is excreted into the urinary fluid. In this
study, we examined by Western blotting THP from
human kidney in comparison to urinary THP. As ex-
pected for a GPIl-anchored protein, THP was recov-
ered from the kidney lysate in a Triton X-100 insoluble
form, which moved in a sucrose gradient to a zone of
low density. The apparent molecular weight of kidney
THP appeared greater than that of urinary THP, but
no difference in the electrophoretic mobility was ob-
served when the former was subjected to GPI-specific
phospholipase-C treatment, strongly suggesting that a
proteolytic cleavage at the juxtamembrane-ectodo-
main of kidney THP is responsible for the urinary
excretion. © 2001 Academic Press

Key Words: urinary protein; Tamm-Horsfall glyco-
protein; urinary excretion; GPIl-anchor; GPI-specific
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In 1950 Igor Tamm and Frank Horsfall (1) isolated
from urine of healthy individuals a glycoprotein which
has been subsequently referred to as Tamm-Horsfall
glycoprotein (THP). THP is synthesised in kidney cells
of the thick ascending loop of Henle (TAL) and of early
distal convoluted tubules and in normal urine is ex-
creted at the rate of 50-100 mg per day (2). The car-
bohydrate moiety represents about 30% of THP weight.
N-Glycans have a poly-antennary sialylated structure,
but one of the eight potential N-glycosylation sites
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predicted by the DNA-sequence encoding THP carries
a high-mannose glycan (3-5). Recently, it has been re-
ported that THP is also O-glycosylated (6). In 1990,
Rindler et al. (7) after transfection of human-THP cDNA
into carcinoma cells demonstrated that THP is a glyco-
sylphosphatidylinositol (GPI)-anchored glycoprotein.

The physiological role of THP on the cell surface of
TAL is unknown. The addition of the GPI anchor and
the high occurrence of N-glycans act as sorting signals
to deliver glycoproteins to the apical membrane of ep-
ithelial cells (8-9). It is thus reasonable to postulate
that THP plays a role at the cell-surface facing the
filtrate of the TAL and distal nephron.

Up to now there is no indication about the mecha-
nism by which THP is excreted in urine. Using a HeLa
cell line with a stable expression of human THP (10),
we observed that the release in the cell medium of
recombinant THP exposed at the cell surface is largely
dependent on the action of HelLa cell-associated pro-
tease(s) (11). The present study extends this observa-
tion to establish the way in which THP is excreted into
the urine. Specifically we wanted to known if the re-
lease of urinary THP (uTHP) from the form bound to
human kidney cells (KkTHP) is due to the action of
protease(s) or a GPI-specific phospholipase. The impor-
tance in clarifying this point is also related to the
observation that GPIl-anchor degradation products,
inosytol-phosphate glycan and diacylglycerol derived
from the phospholipase hydrolysis, mediate the signal
transduction, and hormone activities (12).

MATERIALS AND METHODS

Materials. Urinary THP, from pooled urine or single individuals,
was prepared by the diatomaceous earth filter method as previously
described (13). Antiserum to human THP was raised in rabbits as
described by Bloomfield et al. (14). Human immunoglobulins G (1gG)
and anti-human IgG antibodies from rabbit were from Sigma as well
as, octylglucoside, Triton X-100, Triton X-114, Earle’s Balance Salts
(EBSS) buffer, and anti-rabbit 1gG conjugated with horseradish per-
oxidase (HRP). GPI-specific phospholipase C from Tripanosoma bru-
cei (GPI-PLC) was from Oxford Glycosciences, UK. ECL immunode-

tection system was from Amersham International.
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Kidney dissection and tissue preparations for immunoblotting.
The bottom poles of two human kidneys with a carcinoma confined to
the upper pole were removed at surgery and dissected to obtain the
cortex and the outer stripe of the medulla as detailed by Eveloff et al.
(15). Kidney portions were cut into small pieces and homogenised in
EBSS (0.2 g/ml). The homogenate was digested with collagenase
(0.2% final concentration) in EBSS for 90 min at 37°C, then centri-
fuged at 50g for 3 min and the pellet washed with EBSS to remove
the collagenase. The pellet was then extracted with 60 mM octylglu-
coside in 20 mM Na phosphate buffer, pH 7.5, containing 150 mM
NaCl (PBS) for 16 h at 4°C. After centrifugation the insoluble ma-
terial was again extracted for 3 h at room temperature in PBS
containing 1% SDS.

Electrophoresis and Western blotting. SDS-PAGE was performed
at 8.5% acrylamide or on a gradient of acrylamide (see the legends of
figures) as previously described (16). B-Mercaptoethanol, when
present, was at 1.5% (v/v). Proteins separated by SDS-PAGE were
transferred electrophoretically onto nitro-cellulose membrane and
the blot incubated with anti-THP antibodies or anti-human 1gG
antibodies followed by anti-rabbit 1gG conjugated with horseradish
peroxidase as previously described (17). The blot was developed with
the ECL detection system as recommended by supplier. The protein
concentration of the samples was determined by Lowry method (18)
using bovine serum albumin as a standard.

Sucrose gradient of kidney homogenate. Kidney homogenate (11
mg of proteins) in 0.5 ml of 25 mM Tris—HCI buffer, pH 7.5, contain-
ing 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100 (TNE/TX-100)
was lysed for 20 min on ice. After that, the kidney suspension was
homogenised again with a Dounce homogenizer, brought to 40%
sucrose and placed in an ultracentrifuge tube. A linear gradient of
sucrose (5—-30%) was layered over the lysate and centrifuged over-
night as described by Brown and Rose (19). Fractions of 0.5 ml were
collected by bottom puncture and the percentage of sucrose was
detected by phenol assay in each fraction (20). Each fraction was
separately dialysed against water and an aliquot subjected to SDS—
PAGE and Western blotting. The blots were incubated with anti-
THP antibodies or with anti human IgG antibodies and developed as
described above.

GPI-Phospholipase C treatment. Fractions 10 and 11 of the su-
crose gradient containing KTHP were pooled and an aliquot (100 ul)
subjected to enzymatic digestion with 0.1 U of GPI-PLC (Tripano-
soma brucei) in 20 mM Tris—HCI buffer, pH 7.5, containing 150 mM
NaCl, 5 mM EDTA, 1 mM TLCK, and 0.1% Triton X-114 for 1 h to
30°C. An aliquot of treated sample and of the control sample, simi-
larly incubated without the enzyme, were dialysed against water and
subjected to the sucrose gradient as described above.

RESULTS

Western blotting of uTHP and kTHP. Figure 1
shows that while uTHP migrated as a single band,
kTHP migrated as a doublet (Fig. 1). The slower major
band, probably corresponds to the fully glycosylated
THP (mature form) whereas the minor one is the
partially-glycosylated precursor which resides only in-
side the cell. We have demonstrated that during the
transport along the Golgi complex the majority of
N-glycans carried by recombinant THP are converted
from the high-mannose to polyantennary-sialylated
type, an event resulting in an increase of the glycopro-
tein molecular weight (10). Figure 1 shows also that
the mobility in SDS—-PAGE of both uTHP and kTHP in
nonreducing conditions was faster than that observed
in mercaptoethanol-reducing conditions. Moreover, in
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FIG. 1. Western blot of uTHP and kTHP. Twenty-four hours
urine of healthy individuals (5 ul), human IgG, uTHP purified from
pooled urine, and kidney homogenate were subjected to SDS-PAGE
(8.5% polyacrylamide), blotting, incubated with anti-THP antibodies,
and developed as described under Materials and Methods. The
amount of 1gG, protein-kidney homogenate, and uTHP applied to the
gel were 0.3, 9, and 0.24 ug in nonreducing conditions and in reduc-
ing conditions were 0.6, 90, and 2.4 ug, respectively.

nonreducing conditions uTHP and KTHP exhibited a
several fold higher reactivity with polyclonal anti-THP
antibodies than the reduced forms. Because of the
higher immunoreactivity of nonreduced THP, the
SDS-PAGE was performed in nonreducing conditions
throughout the study. The Western blot of kidney ho-
mogenate visualised also a band with the mobility of
IgG. This band was also detected when the blot was
exclusively incubated with the secondary antibodies,
indicating an interspecies immunoreactivity of rabbit
anti-lgG antibodies towards the human IgG (results
not shown).

Solubilization of KTHP by detergents. The GPI-
anchor proteins are preferentially solubilized by octyl-
glucoside (19). Therefore, homogenate of kidney cortex
and outer medulla were first extracted with octylglu-
coside and then with SDS. Electrophoresis performed
on a gradient of polyacrylamide (7—10%) showed that
in both Kkidney regions mature KTHP solubilized by
octylglucoside migrated slower than uTHP (Fig. 2). The
result was constantly obtained using various prepara-
tions of UTHP from pooled urine or uTHP isolated from
different single individuals. A relatively greater
amount of KTHP was present in outer medulla sam-
ples, a result consistent with the prevalent localisation
of THP in cell of TAL. Interestingly, both bands of
KTHP solubilized by SDS from outer medulla migrated
with a mobility faster than those solubilized by octyl-
glucoside. In this case, the slower band (mature KTHP)
exhibited the same apparent molecular weight of
uTHP. Since the solubility of a protein in octylglu-
coside is largely dependent on the addition of the GPI-
anchor, one may suggest that a minor amount of KTHP
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FIG. 2. Solubility in octylglucoside (OcG) and SDS of KTHP from
the cortex and outer medulla. SDS-PAGE (acrylamide gradient
7-10%) was in nonreducing conditions. Twenty micrograms of pro-
tein homogenate were applied in each lane.

without the GPI-moiety and with a truncated peptide-
moiety is present in kidney cells.

Fractionation of kidney THP by sucrose gradient and
GPI phospholipase-C treatment. The addition of a
GPl-anchor to proteins results in the loss of solubility
in Triton X-100 and in the property of moving in a
sucrose gradient to a region of low density (19). Figure
3 shows Western blotting of sucrose-gradient fractions
from kidney lysed in the presence of Triton X-100. IgG
and cross-reacting proteins were visualised at the bot-
tom of the gradient (Fig. 3B), whereas kTHP was re-
covered in the region of low density (fractions 9-11) in
which a 10-20% sucrose concentration was determined
(Fig. 3A). Interestingly, in this case KTHP migrated as
a single-narrow band with a very clear slower mobility
than that of uTHP.

A
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FIG. 3. Fractionation of KTHP by sucrose gradient. Aliquots of
30 wl of fractions from sucrose gradient were subjected to SDS—
polyacrylamide gradient gel (6—15%) in nonreducing conditions. The
blot was incubated with anti-THP antibodies (A) or with anti-human
1gG antibodies (B) and developed as in Fig. 1.
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FIG. 4. Effect of GPI-specific phospholipase-C (GPI-PLC) treat-
ment on the SDS-PAGE mobility of KTHP and uTHP. Aliquots of
kTHP fractionated by sucrose gradient (fraction 10 and 11 of Fig. 3)
and uTHP purified from pooled urine were treated with GPI-PLC as
described in the text. The corresponding control samples were sim-
ilarly treated but in the absence of the enzyme. The SDS-PAGE
(polyacrylamide gradient 6—15%) was in nonreducing conditions and
the blot developed as in Fig. 1.

To ascertain whether the faster migration of uTHP
relative to that of KTHP was because of the action of a
protease or GPI-specific phospholipase, KTHP isolated
by sucrose gradient was subjected to GPI-PLC treat-
ment and then analysed by SDS-PAGE. After the
treatment, the KTHP sample could not be fractionated
in the low density region of sucrose gradient, a result
indicating that the hydrophobic portion of the GPI-
anchor has been indeed cleaved (results not shown). In
spite of this, no shift in the mobility of treated KTHP
was observed (Fig. 4, cf. lane 2 and lane 3).

DISCUSSION

Current results show that the apparent molecular
weight of both uTHP and kTHP shifts from 80 to 95
kDa when they migrate in SDS—-PAGE under reducing
conditions. Such a difference may be explained by two
observations: (i) in native THP all the cysteine-S-H
groups are present as disulphide bridges (21) and (ii)
the DNA sequence predicts as many as 48 cysteine
residues in the THP molecule (22). When such a large
number of S-S bridges are reduced, the THP molecule
acquires, in all likelihood, a more linear conformation,
with a consequent increment in the SDS binding and a
decrease in the SDS-PAGE mobility. A similar shift in
the apparent molecular weight of uTHP and KTHP
supports the notion that the former derives from KTHP
after the acquisition of a correct peptide folding and
full glycan-processing, two events occurring in the
proximal- and distal-compartments of exocytic path-
way, respectively (23, 24). Up to date, the demonstra-
tion that cell-bound THP is a GPIl-protein has been
based on the analysis of recombinant THP expressed
by carcinoma cell lines after the transfection of human-
THP cDNA (7, 10). Current results confirm that the
vast majority of THP is bound to kidney cells by a GPI
anchor. Indeed, KTHP, as expected for a GPI-protein, is
insoluble in cold Triton X-100 and in the sucrose gra-
dient moves to a zone of low density. This behaviour
has been related to the property of GPI-proteins to
associate with sphingolipids and cholesterol (25). Ac-
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FIG. 5. Model depicting the formation of GPl-anchored THP (A)
and two possible ways responsible for the excretion of urinary THP
(B and C).

cording to Simons and van Meer (26), GPIl-proteins
associate with sphingolipid microdomains (sphingo-
lipid rafts) in the distal compartment of Golgi appara-
tus. Our results are consistent with this model. Indeed,
whereas in the kidney homogenate both precursor and
mature KTHP are present, in the KTHP separated by
sucrose gradient only the latter is visualised (cf. Fig. 2
and Fig. 3) indicating that the association between
sphingolipids and kTHP occurs when the glycoprotein
has been fully processed by the Golgi glycosyltrans-
ferases.

Relative to the way in which THP is excreted in
urine two important observations arise from current
results: (i) the apparent molecular weight of uTHP is
lower than that of kTHP and (ii) the treatment of
kTHP with GPI-specific phopholipase-C does not result
in any change of the electrophoretic mobility. On this
basis we propose that a proteolytic cleavage occurring
in the juxtamembrane ectodomain of KTHP is respon-
sible for the release of uTHP (see Fig. 5B). This is
consistent with the way in which recombinant THP is
released from transfected HelLa cells. Indeed, THP ac-
cumulating in the cell medium, was found to be mainly
devoid of ethanolamine, the residue responsible for the
binding of the GPI-anchor to THP C-terminus (13). As
shown in Fig. 5A the acquisition by a protein of the
GPl-anchor comprises a proteolytic cleavage of the car-
boxyl terminal peptide, containing mainly lipophilic
amino acids, and the addition to the “new” C-terminus
of the preformed GPI-unit. Such a process occurs in the
ER and is catalysed by a specific transamidase (27).
The release in soluble form of GPI-proteins occurs usu-
ally at the cell-surface, but an alternative pathway has
been proposed in that small amounts of truncated
forms of a GPI-protein lacking the GPIl-anchor have
been found to accumulate inside the cells (28). The
cleavage of the C-terminal peptide without the anchor
addition has been indicated to generate the intracellu-
larly truncated form which is eventually excreted

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

through the exocytic pathway (28). In the SDS-
solubilized sample of the outer medulla (Fig. 2) we
have found a small proportion of KTHP with the same
mobility of uTHP and a faster migrating band. It is
possible that these two bands consist of the
intracellularly-truncated mature THP and the par-
tially glycosylated precursor. The relative high amount
of the precursor vs the mature form suggests that the
transit along the exocytic pathway of the intra-
cellularly-truncated THP is much less efficient than
that of the GPIl-anchored THP (cf. lanes 3 and 4 of Fig.
2). Therefore, the intracellularly cleavage of the
C-terminus peptide without the addition of the GPI-
anchor should represent a minor alternative pathway
for the excretion of THP in urine (Fig. 5C).

Since current results do not support the notion that
a GPlI-specific phospholipase is involved in the release
of uTHP, degradative products of the GPIl-anchor
should not be formed and no signal transduction
should be associated with the THP excretion. It has
been proposed that uTHP, because of the large and
heterogeneous glycosylation pattern, may represent a
host protection against E. coli infections of the urinary
tract (29). Indeed, the excreted uTHP, may compete
with the glycans exposed at the cell-surface of urinary
tract in binding type 1- and type S-fimbriated E. coli
responsible for the colonisation of pathogens (30, 31).
In this context, the urinary infections could have
served as selective agents to promote excretion of THP
in the host.
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