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The human trefoil peptide, TFF1, is present in
diVerent molecular forms that are intimately
associated with mucus in normal stomach

J L Newton, A Allen, B R Westley, F E B May

Abstract
Background—TFF1 is a 6.5 kDa secreted
protein that is expressed predominantly
in normal gastric mucosa. It is coex-
pressed with mucins and it can form dim-
ers via a free carboxy terminal cysteine
residue.
Aims—To investigate the molecular forms
of TFF1 that are present in normal human
stomach and the association of the diVer-
ent molecular forms with mucus.
Subjects—All subjects had macroscopi-
cally normal stomachs at gastroscopy.
None had a significant past medical
history.
Methods—TFF1 was detected in normal
gastric mucosa and adherent mucus by
western transfer analysis after electro-
phoresis on reducing and non-reducing
polyacrylamide gels. In some instances,
proteins were fractionated by caesium
chloride density gradient centrifugation
prior to detection of TFF1. The location of
TFF1 in gastric mucosa with an intact
adherent mucus layer was assessed by
immunohistochemistry.
Results—Three diVerent molecular forms
of TFF1 were detected: TFF1 monomer,
TFF1 dimer, and a TFF1 complex with an
apparent molecular mass of about 25 kDa.
TFF1 was present at higher concentra-
tions than realised previously. The TFF1
complex was present in the adherent
mucus gel layer but while its interaction
with mucin was destabilised by caesium
chloride, the interaction between mucin
and the TFF1 dimer was resistant to
caesium chloride.
Conclusions—Most of TFF1 in normal
human gastric mucosa is present in a
complex that is stabilised by a disulphide
bond. TFF1 is intimately associated with
mucus. The high concentration, colocali-
sation, and binding of TFF1 to gastric
mucus strongly implicate TFF1 in gastric
mucus function.
(Gut 2000;46:312–320)
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TFF1 is a small secreted protein of 60 amino
acids.1–3 Its function is uncertain, although like
other members of the trefoil family of proteins,
it is thought to have motogenic activity and a
role in mucosal protection.4 Trefoil peptides
share homology within a 42–43 amino acid
sequence called the trefoil domain.5–7 Each
protein contains between one and six copies of
this trefoil domain. In humans, three trefoil
proteins have been identified: TFF1 and TFF3
contain one trefoil domain while TFF2 con-
tains two copies of the domain. These proteins
were formerly called pNR-2/pS2,1 3 intestinal
trefoil factor or ITF,8 9 and spasmolytic
polypeptide or SP,10 respectively. The predomi-
nant site of expression of the three proteins in
normal tissues is in the gastrointestinal tract:
TFF1 is expressed mainly in the stomach,
TFF3 in the intestine, and TFF2 in the stom-
ach and duodenum.5–7

Mammalian trefoil proteins contain a
number of highly conserved and semicon-
served amino acids. These include six cysteine
residues within the trefoil domain that form
three intramolecular disulphide bonds and
assist the formation of a characteristic three
loop protein motif. The structures of the two
domain porcine TFF2 purified from natural
sources11 12 and of the single domain recom-
binant human TFF113 have been solved. The
three loops of each trefoil domain lie stacked
together, with the third loop positioned be-
tween the first and second loops. In TFF1, the
carboxy and amino termini are juxtaposed and
form a short stretch of â sheet.13 Four highly
conserved amino acids, Phe19, Pro20, Pro42, and
Trp43, form a contiguous hydrophobic patch on
the surface of the protein. Several of the
residues with solvent accessible side chains that
surround this patch are semiconserved. There
is a 6 Å wide cleft in between loops two and
three that contains the conserved hydrophobic
patch.13 It has been suggested that this could
provide a binding site for an oligosaccharide
chain of the type found in mucin
glycoproteins.11 Alternatively, it could accom-
modate a hydrophobic interaction with amino

Abbreviations used in this paper: ITF, intestinal
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acid side chains such as Phe or Trp and thus
form part of a protein binding site.13

The single domain mammalian trefoil pro-
teins all contain a seventh conserved extra tre-
foil domain cysteine, located three amino acids
from the carboxy terminus. The conservation
of this residue implies that it is of functional
significance. We have produced recombinant
TFF1 Cys58 and the variant protein TFF1 Ser58

in which Cys58 has been mutated to the
isosteric amino acid serine.14 Using these
proteins, we have shown that TFF1 forms
homodimers via an intermolecular disulphide
bond between Cys58 residues.15 Furthermore,
we have shown that TFF1 secreted from breast
cancer cells also forms homodimers and that it
can interact with another molecule to form a
hetero-oligomer.15

In the human stomach, TFF1 protein is
expressed predominantly in the superficial
foveolar epithelium of the gastric body and
antrum.13 16 17 The major site of expression of
rat TFF1 mRNA is also the stomach18 and in
mice, TFF1 mRNA is expressed by the mucus
secreting cells of the surface epithelium and
pits of the fundus, antrum, and antrum-pyloric
regions.19 TFF1 protein has been shown by
immunohistochemistry in the antrum of nor-
mal mice.20 In TFF1 null mice, the antral and
pyloric gastric mucosa exhibit severe hyperpla-
sia and are almost entirely devoid of mucus.20

All TFF1 null mice developed antropyloric
adenoma, and 30% developed multifocal
intraepithelial or intramucosal carcinomas.20

Although the function of trefoil peptides
remains unclear, early clues were provided by
the pattern of expression in a variety of patho-
logical conditions. All three peptides are
expressed at high levels in metaplasia of the
human gastrointestinal tract, adjacent to
ulceration.21 Their expression is induced in
animal models of ulceration,22 and there is a
transient ectopic expression of rat TFF1 in
acetic acid induced colitis.18 These observa-
tions suggested that trefoil peptides might have
a role in repair following ulceration and that
their normal function could be to enhance res-
titution of the mucosal layer. Protection by tre-
foil peptides against damage has been shown
using TFF1 transgenic mice23 and by adminis-
tration of recombinant proteins to both normal
rats4 24 25 and to TFF3 null mice.26 In addition,
TFF3 null mice have decreased resistance to
gastrointestinal damaging agents.26 The possi-
bility that trefoil peptides might enhance resti-
tution and exert their protective eVects by
stimulating the migration of epithelial cells of
the gastrointestinal tract has been investigated,
and it has been shown that they stimulate the
migration of a variety of cell lines.4 24 27

Trefoil proteins are expressed almost exclu-
sively by cells which synthesise and secrete
mucins; TFF1 is expressed by gastric mucus
secretory cells3 16 17 whereas TFF3 is synthe-
sised by colonic goblet cells.8 9 In the skin of
Xenopus laevis, integumentary mucins are syn-
thesised that contain trefoil domains.28 These
observations have focused attention on the
possibility that trefoil peptides may have a role
in the production, stability, or function of

mucus. This view has been reinforced by the
absence of gastric antral mucus in TFF1 null
mice.20 Presecreted mucus is stored in intra-
cellular vesicles and secreted mucus is present
either as an insoluble adherent mucus gel layer
or as freely mobile, partially degraded luminal
mucus.29 The adherent mucus covers the
gastric mucosa and provides a protective
barrier and a stable unstirred layer between the
mucosa and the lumen. The mucus gel is
formed by non-covalent interactions between
high molecular weight mucus glycoproteins or
mucins.30 Stimulation of cell migration by
human TFF2 and protection aVorded by
human TFF2 and TFF3 to the gastrointestinal
mucosa from damage by a variety of agents are
both enhanced by the addition of mucin
glycoproteins.27 31 Furthermore, rat TFF2 is
concentrated in adherent mucus32 and in a rat
model, addition of human TFF2 inhibited
proton permeation through mucus.33

There have been numerous immunohisto-
chemical studies of the expression and cellular
location of TFF1 in the normal and diseased
human stomach.3 16 17 21 However, this tech-
nique is not quantitative and provides no infor-
mation on the molecular forms in which the
protein is present. In this study, we have quan-
tified the amount of TFF1 in gastric mucosa
and report for the first time on the molecular
forms of the protein that are present in the
human stomach. This is also the first demon-
stration and characterisation of the association
of the diVerent forms of TFF1 with human
gastric mucus.

Methods
COLLECTION AND PREPARATION OF HUMAN

SAMPLES

Ethical approval for the removal of the normal
human gastric samples was obtained. Written
consent for the removal of tissue was given by
all subjects prior to endoscopy.

All patients were undergoing diagnostic
endoscopy for investigation of anaemia, dys-
phagia, or abdominal pain. All patients had a
macroscopically normal stomach at gastro-
scopy. None had a significant past medical his-
tory or were taking acid suppressive or
non-steroidal anti-inflammatory medication.
Gastric antral mucosa was taken with standard
endoscopic biopsy forceps from within 2 cm of
the pylorus.

Four antral biopsy specimens from each
subject were homogenised in a glass:glass
homogeniser in 1 ml of inhibitor buVer: 1 mM
iodoacetamide, 4 mM PMSF, 5 mM benzami-
dine HCl, 10 mM EDTA, 100 mM
á-aminocaproic acid, 10 mM N-ethyl maleim-
ide, 67 mM sodium phosphate pH 6.5, sample
1; or 300 µl of inhibitor buVer, samples 2–5.
After centrifugation for one hour at 100 000 g,
the cytosol was stored at −70°C. The protein
concentrations of the cytosols were measured
using the bicinchoninic acid protein assay.34

Adherent gastric mucus was obtained at
routine endoscopy with a standard cytology
brush. Samples of the adherent mucus gel layer
were collected from three individuals by gently
passing a 3 mm bristle endoscopic cytology
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brush four times over the antrum. The mucus
was dislodged from the brush by vortexing
intermittently over 15 minutes in 200 µl inhibi-
tor buVer. The mucus suspension was then
clarified by centrifugation at 3000 g for five
minutes.

Adherent gastric mucus was also obtained
from a gastrectomy specimen by laying a 4 cm2

piece of nitrocellulose onto the luminal surface
of the antrum. A second sheet of nitrocellulose
was laid onto the antral surface to remove
residual mucus. The underlying mucosal layer
was then scraped from the surface.

CAESIUM CHLORIDE EQUILIBRIUM DENSITY

CENTRIFUGATION

The density of gastric mucin was determined
using gastric mucus prepared from gastric
biopsy specimens. The specimens were pooled
and homogenised in 10 ml of inhibitor buVer.
Following centrifugation at 8000 g for one hour
at 4°C, the supernatant was mixed with
caesium chloride to give a starting density of
1.42 g/ml. The gradients were centrifuged for
24 hours at 100 000 g in a vertical rotor at 4°C.
The resultant density gradient was separated
into nine fractions of equal volume and assayed
for glycoprotein content using the PAS
reaction.35 PAS positive gastric mucin banded
in a density range of 1.41–1.48 g/ml. This is in
keeping with previous work on human gastric
mucin.36 37

For TFF1 analysis, 12 gastric antral biopsy
specimens, four from each of three subjects,
were pooled and homogenised for one minute
in 10 ml of inhibitor buVer. Following
centrifugation at 8000 g for one hour at 4°C,
the supernatant was mixed with caesium chlo-
ride to give a starting density of 1.42 g/ml. The
gradients were centrifuged for 24 hours at
100 000 g in a vertical rotor at 4°C. The result-
ant gradient was fractionated and individual
fractions were dialysed against distilled water
and concentrated by lyophilisation. To evaluate
the chaotropic eVect of 6 M guanidine hydro-
chloride, 24 gastric antral biopsy specimens
were processed as described above and the
supernatant was divided in two. Caesium chlo-
ride was added to both to a starting density of
1.42 g/ml, and guanidine hydrochloride was
added to one to a concentration of 6 M. They
were then centrifuged, and analysed as de-
scribed above.

The association between TFF1 and mucus
in adherent gastric mucus was evaluated in
mucus obtained from five patients with a 3 mm
bristle standard cytology brush. The mucus
was dispersed in inhibitor buVer, caesium
chloride was added to the mucus, and the
resultant mixture was centrifuged, fraction-
ated, and analysed as described above.

WESTERN TRANSFER ANALYSIS

Samples were electrophoresed on polyacryla-
mide gels that contained 0.1% sodium dodecyl
sulphate (SDS) as described previously.15 For
the experiments shown in figs 1A, 1C, 3A, 4A,
and 4B, the stacking gels contained 5%
(wt/vol) acrylamide and the separating gels
contained a gradient of 10:35% (wt/vol)

acrylamide. For the experiments shown in figs
1B, 6A, and 6B, the stacking gels contained
10% (wt/vol) acrylamide, the separating gels
contained 20% (wt/vol) acrylamide, and both
contained 10% glycerol. The separated pro-
teins were transferred from the gels to 0.2 µm
PVDF membrane (Schleicher and Schuell)
using a semidry transfer apparatus (Schleicher
and Schuell) for 10 or 15 minutes at 100 mA,
and then left uncovered at room temperature
overnight. They were fixed in 0.2% glutaralde-
hyde for 45 minutes, blocked with 3% (wt/vol)
bovine serum albumin (BSA) in phosphate
buVered saline (PBS) for one hour at 37°C,
and then incubated with a 1/2000 dilution of
rabbit polyclonal anti-TFF1 antiserum in 3%
(wt/vol) BSA and PBS for two hours at 37°C.
They were incubated for a further two hours at
37°C with alkaline phosphatase conjugated pig
antirabbit IgG in PBS containing 0.1% Tween
20, and then developed as described
previously.3 15

IMMUNOHISTOCHEMISTRY

Gastric antral biopsy specimens were wrapped
in a 1 cm block of liver that acted as a support
medium, snap frozen, and stored at −20°C.38

Cryostat sections (18 µm thick) were cut onto
APES coated slides for immunohistochemical
staining. Sections were air dried for 20
minutes, fixed in 100% ethanol for 10 minutes,
and stained for cytokeratin or TFF1 using a
diaminobenzidine peroxidase-antiperoxidase
technique, essentially as described previously.39

Endogenous peroxidase was blocked by incu-
bation of the sections in 5% phenyl hydrazine
for 45 minutes at room temperature after the
incubation with the primary antiserum.

Results
DETECTION OF TFF1 PROTEIN IN NORMAL HUMAN

GASTRIC MUCOSA.
It has been established by in situ hybridisation
that TFF1 mRNA is expressed at high levels in
the foveolar and surface cells of the gastric
mucosa.16 Immunohistochemical studies have
shown that the protein is present in the same
cells.3 16 17 To determine whether we could
detect TFF1 by western transfer analysis in
gastric mucosa, samples of macroscopically
normal gastric antrum were collected during
endoscopy. Cytosol was prepared and TFF1
protein measured as described in Methods.
Proteins were separated by polyacrylamide gel
electrophoresis, transferred to PVDF mem-
branes, and reacted with TFF1 antiserum. As
fig 1A shows, anti-TFF1 antiserum39 reacted
with a protein band of about 6.5 kDa which
comigrated with recombinant TFF1. It was
detected at varying levels in all five samples of
gastric mucosa.

We have shown recently that TFF1 can
dimerise via the formation of a disulphide bond
at cysteine 58.15 There have been no studies on
the molecular forms of TFF1 in normal human
stomach mucosa. In the experiment shown in
fig 1A, the proteins were treated prior to
electrophoresis with the thiol agent
â-mercaptoethanol which reduces disulphide
bonds. The experiment was repeated without
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treatment with â-mercaptoethanol to investi-
gate whether the peptide is present as a mono-
mer or dimer (fig 1B). In all five samples of
cytosol prepared from normal human gastric
antrum, the most intensely reactive band has
an apparent molecular mass of about 25 kDa.
A second slightly larger reactive band was also
detected in sample 1 (fig 1B). These reactive
protein bands presumably contain a complex
between TFF1 and another molecule(s) that is
stabilised by a disulphide bond as all of the
immunoreactivity is present within the TFF1
6.5 kDa protein band after treatment with
â-mercaptoethanol. TFF1 dimer was present
in very small amounts, less than 1 ng per sam-
ple, and the TFF1 monomer was not detected.
To determine whether small amounts of
monomeric TFF1 are present, the experiment
shown in fig 1B was repeated under conditions
which favour detection of the monomer. As

shown in fig 1C, some monomer is present, but
at relatively low levels compared with the total
amount of TFF1 protein present (fig 1A).

The intensities of the reactive bands suggest
that the majority of cytosolic gastric TFF1 is in
the TFF1 complex. This was confirmed by
quantitation using image analysis and compari-
son with the reaction of known amounts of
recombinant TFF1. Preliminary experiments
were performed to confirm that the intensity of
the protein band detected is proportional to the
amount of protein loaded onto the gel (data not
shown). The amounts of TFF1 detected were
corrected for the amount of cellular protein
loaded onto the gel and are listed in table 1.
There was a fivefold variation in total TFF1
concentration. The concentrations of TFF1
monomer and dimer were estimated as de-
scribed above and are shown in table 1. The
amount of TFF1 in the TFF1 complex was
calculated by subtraction of the amount of
TFF1 monomer and dimer from the total
amount of TFF1 and is shown in table 1. These
results suggest that in normal human gastric
antral mucosa, approximately 12–40% of
TFF1 in the cytosol is present as monomer and
that the majority of the remainder is bound to
another molecule(s) to form a complex of
about 25 kDa that is stabilised by a disulphide
bond.

INTERACTION OF DIFFERENT FORMS OF TFF1

WITH MUCIN IN HUMAN GASTRIC MUCOSA

There has been considerable interest in the
association between trefoil peptides and
mucus, and the possibility that they may be
involved in the production, stability, or func-
tion of mucus. Mucin can be separated from
other cellular proteins by caesium chloride
density gradient centrifugation. Before pro-
ceeding, the buoyant density of normal human
gastric mucus obtained from small antral
biopsy specimens was determined as described
in Methods. The starting density of the
gradient was 1.42 g/ml, and after centrifuga-
tion and fractionation the densities of the frac-

Figure 1 DiVerent molecular forms of TFF1 present on normal human gastric mucosa.
Cytosol was prepared from small biopsy specimens of gastric mucosa. Aliquots of 5 µl, or 10
µl for sample 1 in A and C, were electrophoresed on 10–35% (A and C) or 20% (B)
polyacrylamide gels and the separated proteins transferred to PVDF membrane for 15 min
(A and B) or 10 min (C) and then incubated with anti-TFF1 antisera. Prior to
electrophoresis, the samples were boiled in sample buVer that did (A) or did not contain
â-mercaptoethanol (B and C). Known amounts of recombinant TFF1 monomer or TFF1
dimer were included in the gels as indicated below in ng. The positions of molecular mass
markers are shown on the left, and of mature TFF1 (A), TFF1 complex, TFF1 dimer,
TFF1 monomer (B), and TFF1 monomer (C) on the right.
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CMW
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50 10 Stomach cytosol
monomer 1 2 3 4 5

50100 1010 5 2 Stomach cytosol
monomerdimer 1 2 3 4 5

200 Stomach cytosol
monomer 1 2 3 4 5

43

30

6.5

21.5
14.3

TFF1

TFF1
complex
TFF1
dimer

TFF1
monomer

6.5 TFF1
monomer

Table 1 TFF1 in cytosol from normal human gastric mucosa (GM)

Sample
Total TFF1
(µg/mg protein)

TFF1 monomer
(µg/mg protein)

TFF1 dimer
(µg/mg protein)

TFF1 complex
(µg/mg protein)

GM1 4.7 0.6 0.16 3.9
GM2 7.7 1.3 0.20 6.3
GM3 12.9 3.9 0.25 8.8
GM4 10.9 4.1 0.06 6.8
GM5 2.8 1.1 0.09 1.6

Figure 2 Fractionation of human gastric mucus by
equilibrium density centrifugation in a caesium chloride
gradient. Normal gastric mucus was prepared from 2 mm3

antral biopsy specimens, and CsCl was added to give a
density of 1.42 g/ml. After centrifugation the gradient was
divided into nine fractions of equal volume and the density
of the fractions measured. The glycoprotein content of the
fractions was measured as described previously.35
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tions ranged from 1.35 g/ml to 1.54 g/ml (fig
2). Cellular proteins band with a buoyant den-
sity of between 1.29 and 1.37 g/ml.36 The
mucin was identified by the PAS reaction,35 and
was in fractions 4 to 7. The buoyant density at
which human gastric mucin bands was thus
shown to be between 1.41 and 1.48 g/ml.
These densities were used to define the mucin
containing fractions in future gradients. This
density range is in agreement with previous
work that showed that human gastric mucin is

well separated from protein containing
fractions.36 37

To investigate the association between diVer-
ent forms of the TFF1 protein and mucin,
cytosol from 12 gastric biopsy specimens was
fractionated by caesium chloride density cen-
trifugation. The gradient was divided into nine
fractions of equal volume which were then
processed to detect TFF1. After electrophore-
sis of the proteins under non-reducing condi-
tions, two higher molecular weight protein
bands corresponding to the TFF1 complexes
were detected, mainly in fractions 1 to 4 which
are of lower density (fig 3A). TFF1 dimer was
also detected but it was concentrated in
fractions 4 to 7. After electrophoresis of the
proteins under reducing conditions, all of the
TFF1 immunoreactivity was with a protein of
6.5 kDa, confirming that the protein bands are
detected because they contain TFF1, and that
the TFF1 complex is stabilised by a disulphide
bond (data not shown).

Collection of samples for analysis of trefoil
peptide was limited to 12 biopsy specimens
which yield microgram quantities of mucin
that are on the borderline for quantitative
analysis by the PAS reaction. Mucin containing
fractions were identified according to density.
The PAS estimation of the fractions always
showed a small peak above background in the
CsCl gradient at the same density as mucin.
For the gradient shown in fig 3, fractions 5 to 7
encompass the density range 1.41–1.47 g/ml at
which gastric mucin bands. Quantitation of the
TFF1 immunoreactivity with the TFF1 com-
plex (fig 3B) or TFF1 dimer (fig 3C) confirms
that the former are in the protein rich and the
latter in the mucin rich fractions of the
gradient. This suggests either that the TFF1
complex is not associated with mucin or that
the association is disrupted by caesium chlo-
ride. The TFF1 dimer is strongly associated
with mucin and the interaction between the
two is not disrupted by caesium chloride.

STABILITY OF THE INTERACTION BETWEEN TFF1

DIMERS AND MUCIN

To investigate the nature of the interaction
between TFF1 dimer and mucin further, the
caesium chloride gradients were repeated in
the absence and presence of 6 M guanidine
hydrochloride. The gradients were fractionated
and processed as described above to detect the
diVerent forms of TFF1. In the absence of
guanidine hydrochloride, fractions 5 to 7 had
the buoyant density of mucins. The TFF1
complexes were concentrated in the protein
rich fractions of the gradient (fig 4A,C). The
TFF1 dimer was only detected in the mucin
rich fractions, confirming its association with
mucin (fig 4A,E). In this experiment, TFF1
monomer was detected in fractions 1 to 8; with
a slight rise in concentration coincident with
the mucin. This suggests that there may be
some specific interaction between the two
although diVusion of the 6.5 kDa TFF1
monomer through the gradient could account
for some of that present in the mucin contain-
ing fractions.

Figure 3 Association of diVerent molecular forms of TFF1
with gastric mucin. Twelve 2 mm3 biopsy specimens of
normal gastric mucosa were homogenised and centrifuged;
caesium chloride was added to the supernatant to give a
density of 1.42 g/ml. After centrifugation to equilibrium, the
gradient was divided into nine equal fractions which were
analysed for the presence of TFF1 under non-reducing
conditions by western transfer. The resultant membrane is
shown (A) with the positions of the TFF1 complex and
TFF1 dimer indicated on the right hand side. Recombinant
TFF1 dimer 5 ng was included in the gel. The intensity of
the reaction with the diVerent protein bands was quantified
by image analysis and is expressed as a percentage of the
maximum intensity for either the TFF1 complex (B) or the
TFF1 dimer (C).
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Figure 4 Stability of the interaction between TFF dimer and gastric mucin. Twenty four 2 mm3 biopsy specimens of
normal antral mucosa were homogenised and centrifuged and the supernatant was divided into two halves. Caesium
chloride was added to both to a final concentration of 1.42 g/ml, and guanidine hydrochloride to one half to a final
concentration of 6 M. After centrifugation to equilibrium, the gradients were each divided into nine fractions of equal
volume which were analysed for the presence of TFF1 by western transfer after electrophoresis under non-reducing
conditions. The resultant membranes are shown (A and B) with the positions of the TFF1 complexes, TFF1 dimer, and
TFF1 monomer indicated on the right. The intensity of the reaction with the TFF1 complex (C and D), TFF1 dimer (E
and F), and TFF1 monomer (G and H) were quantified by image analysis and expressed as a percentage of the maximum
intensity for each form.
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In the presence of 6 M guanidine hydrochlo-
ride, the buoyant density of the fractions
shifted so that fractions 4 to 6 had the buoyant
density of mucins. The position of the TFF1
complex was not aVected by the inclusion of
guanidine hydrochloride in the gradient (fig
4B,D). Most of the TFF1 dimer remained
associated with mucin (fig 4B,F). There
appeared to be a shift in the proportion of
monomer in the diVerent fractions, with an
increase in the lower density fractions (fig
4B,H). Although exposure to 6 M guanidine
hydrochloride caused some disruption of the
association between TFF1 dimer and mucin,
the majority of the TFF1 dimer remained
associated with mucin.

PRESENCE OF TFF1 IMMUNOREACTIVITY WITHIN

THE MUCUS LAYER

The experiments described above show an
association between TFF1 dimer and gastric
mucin. The gastric mucosal biopsy specimens
contain both adherent mucus and the underly-
ing mucosa. To determine where the TFF1 is
localised, immunohistochemistry was per-
formed on normal gastric tissue samples simi-
lar to those used in the biochemical studies
described above. Although routine histological
processing disrupts the adherent mucus gel
layer, it can be preserved by snap freezing of the
tissue and a subsequent brief fixation of the
cryosections in 100% ethanol.38 Parallel sec-
tions were stained with anticytokeratin and
anti-TFF1 antibodies. There was no specific
reaction in a control section incubated without
primary antibody (fig 5A). The anticytokeratin
reacted strongly with all the epithelial cells (fig
5B). The anti-TFF1 reacted strongly with all
cells of the foveolar and surface epithelium (fig
5C). In contrast to the staining pattern with
anticytokeratin, a strong reaction was also
obtained within the adherent mucus gel layer,
which colocalises with the region stained using
Alcian blue/PAS (data not shown). This
suggests that the TFF1 protein is not only
colocalised with mucus within the cells that
produce mucus, but is secreted with the
mucus, and that the association is maintained
within the protective mucus layer of the gastric
antrum.

IDENTIFICATION OF THE FORMS OF TFF1 IN

ADHERENT GASTRIC MUCUS

To determine which molecular forms of TFF1
are present in the adherent mucus layer, the
adherent mucus layer and the underlying
mucosa were collected separately from a
gastrectomy specimen. Western transfer analy-
sis showed that there is abundant TFF1 protein
in both the adherent mucus and in the under-
lying mucosa. In both, by far the majority of the
protein was present as the ∼25 kDa TFF1
complex (fig 6A). The molecular forms of
TFF1 present in mucosal brushings collected
at endoscopy from patients with macroscopi-
cally normal gastric mucosa were also investi-
gated. As shown in fig 6B, the only molecular
forms of TFF1 detected in all three samples of
adherent gastric mucus were the TFF1 com-
plexes.

The possibility that the TFF1 complex in the
adherent mucus layer might be more strongly
associated with mucin than in the mucosal sam-
ples analysed previously was investigated. Gas-
tric antral mucus was obtained from five
individuals at endoscopy as described above,
processed, and fractionated by caesium chloride
density centrifugation as described in Methods.
As found previously, the majority of the TFF1
immunoreactivity with the TFF1 complex
banded in the low density protein rich part of the
gradient (fig 7A). The proportion of TFF1
dimer compared with TFF1 complex was much
lower in the adherent mucus than in the whole

Figure 5 Distribution of TFF1 in situ in cryostat sections
of normal human gastric antral mucosa. Sections were
processed by immunohistochemistry to locate cytokeratins
and TFF1. (A) No specific immunoreaction was obtained
in the absence of primary antibodies. (B) There was an
intense cytoplasmic immunoreaction of epithelial cells
throughout the mucosa with antibodies to cytokeratins. (C)
With anti-TFF1 antibodies, there was an intense
immunoreaction in the cytoplasm and mucus granules of
the epithelial cells of the foveolus and of the mucus layer.
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gastric mucosa. The small amounts of TFF1
dimer that were detected were as before in the
mucin rich fractions (fig 7B). Thus it appears
that the interactions between TFF1 complex
and mucin in adherent mucus and in intracellu-
lar presecreted mucus are similar.

Discussion
Three molecular forms of TFF1 were detected
in normal human gastric mucosa. The majority
of the TFF1 protein is present as a complex
with an apparent molecular mass of about 25
kDa that is stabilised by a disulphide bond. The
next most abundant form of TFF1 comigrates
with recombinant TFF1 monomer with an
apparent molecular mass of 6.5 kDa. Small
amounts of TFF1 dimer were also detected.
Both the total amount of TFF1 and the
proportions of the diVerent molecular forms
varied between the individual samples of
mucosa.

This is the first report of the diVerent
molecular forms of TFF1 in normal human
tissue and of the existence of a TFF1 complex
in gastric tissue. The TFF1 complex reported
here is significantly smaller than the hetero-
oligomer detected in medium conditioned by
breast cancer cells; the apparent molecular
mass of the breast cell complex is between 60
and 70 kDa.15 In collaboration with Professor R
Playford, we have shown previously that TFF1
dimers are significantly more biologically active
than TFF1 monomers both in vitro, in cell
migration assays, and in vivo, in protection
against gastric damage.4 It is surprising that
there are such low concentrations of the dimer
in gastric mucosa. The role of the gastric TFF1
complex in the normal biology of TFF1
remains to be determined but it is unlikely that
it is involved only in intracellular packaging of
mucin and TFF1 as it is present in the adher-
ent mucus layer.

The concentration of TFF1 in cytosol from
normal human gastric antral mucosa ranged
between 2.8 µg/mg and 13 µg/mg of total pro-
tein, which represents approximately 0.2–1%
of total mucosal protein. Over 90% of mucus is

solubilised by homogenisation and the trefoil
peptide measured would either have been asso-
ciated with presecreted or adherent mucus, or
have been soluble intracellular trefoil protein.
There may be trefoil peptide in addition to that
estimated here bound to insoluble material,
including membrane glycoprotein, that is in the
pellet. This is the first time that the concentra-
tion of the peptide has been estimated, but the
levels are consistent with the strong reaction of
anti-TFF1 antibodies in gastric tissue sections.
TFF2 has been measured in rat antral mucosa
and, from the results presented, appears to be
at a similar concentration in rat gastric mucosa
as TFF1 is in human gastric mucosa.32 The
relatively high concentration of TFF1 in
normal human tissue suggests that its function
is dissimilar to that of growth factors such as
EGFs and IGFs with which it has been
compared, and that comparatively high con-
centrations may be required for it to elicit its
normal biological functions. This is in agree-
ment with previous work which has shown that
concentrations of 6.25 µg/ml and above are
required to stimulate cell migration.4

Figure 6 TFF1 complex in adherent gastric mucus. Adherent gastric mucus (1st mucus),
residual mucus (2nd mucus), and the underlying mucosal layer (mucosa) were obtained
from the antrum of a gastrectomy specimen. (A) The proteins were solubilised with
non-reducing gel electrophoresis sample buVer. (B) Gastric mucus was obtained from antral
brushings taken from three individuals at endoscopy by suspension in inhibitor buVer. Each
brushing was suspended in 200 µl and 2 µl aliquots were electrophoresed. Proteins were
separated on 20% polyacrylamide gels, transferred to PVDF membrane, and reacted with
anti-TFF1 antisera. The resultant membranes are shown (A and B) with the positions of
the TFF1 complexes, TFF1 dimer, and TFF1 monomer indicated on the right.
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The demonstration that TFF1 is found in
adherent mucus in situ (fig 5) reinforces the
notion that TFF1 has an important role in the
structure and function of mucus. Both the
TFF1 complex and TFF1 dimer were shown
to be present in adherent mucus. Furthermore,
following fractionation of homogenised biopsy
specimens in a CsCl density gradient, the TFF1
dimer banded specifically with the mucin.
Presumably the TFF1 dimer is not bound cova-
lently to mucin via Cys58 of TFF1, as this residue
is responsible for TFF1 dimer formation.15 The
TFF1 complex and TFF1 dimer appear to
interact diVerently with mucus which suggests
that they may have diVering functions. There
could be an ionic interaction between the TFF1
complex and mucin which is disrupted by
caesium chloride. This would be in contrast to
the non-covalent interaction between the TFF1
dimer and mucin which is resistant to caesium
chloride and partially resistant to guanidine
hydrochloride. It is tempting to speculate that
the interaction involves the conserved hydro-
phobic patch on the surface of TFF1. It has
been suggested that this region of the molecule
could provide a binding site for a small
hydrophobic structure, such as an oligosaccha-
ride chain or protein side chain which could be
provided by the glycosylated mucin protein.13

The exact function of TFF1 within the mucus
layer remains to be determined. Both the obser-
vation that TFF1 and mucins are coexpressed,
and the fact that TFF1 null mice are devoid of
mucus in the gastric antrum promoted the view
that trefoils are involved in mucus synthesis,
secretion, or function. Our observations on the
associations between the diVerent molecular
forms of TFF1 and mucus in normal human
stomach reinforce the importance of this aspect
of TFF1 function.
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