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ABSTRACT: The human trefoil proteins TFF1 and TFF3 are expressed predominantly in the gastrointestinal
tract. They are also expressed and regulated by estrogens in malignant breast epithelial cells. TFF1 and
TFF3 are small cysteine-rich acidic secreted proteins of 60 and 59 amino acids with similar isoelectric
points of 4.75 and 3.94, respectively. Each contains one trefoil domain that is characterized by several
conserved features including six cysteine residues with conserved spacing. TFF1 and TFF3 form
intermolecular disulfide bonds via an extra-trefoil domain cysteine residue and are present in vivo as
monomers and homodimers and as complexes with other proteins. The TFF1 dimer is more active than
the TFF1 monomer. In the present study the hydrodynamic and charge properties of TFF1 and TFF3
monomers and homodimers have been compared and shown to differ markedly. Notably, TFF1 is
significantly more asymmetric than TFF3 (frictional coefficients 1.25 and 1.12, respectively,p < 0.001),
and homodimerization of TFF1 results in a greater increase in asymmetry than for TFF3. The overall
charges of TFF1 and TFF3 are very different at neutral pH. Titration curves predicted significant differences
in charge across a wide pH range that agreed well with experimental data. The locations of charged
amino acids in the primary sequences and in the tertiary structures of TFF1 and TFF3 were examined.
This revealed interesting divergence in both the distribution and local topology of charged amino acid
side chains. The significant differences between the shape, size, and surface charge of these two closely
related molecules may account for their divergent biological activities.

It has long been recognized that breast cancer can be
estrogen-responsive, and hormonal therapy is used success-
fully in its treatment. The identification of genes whose
expression is regulated by estrogens in breast tumors should
suggest mechanisms by which estrogen exerts its effects and
may provide clinically useful markers of estrogen-responsive
breast cancer. The most frequently identified estrogen-
responsive gene encodes TFF11 (1, 2). The expression of
the closely related protein, TFF3, is also regulated by
estrogen in breast cancer cells (3). The close association
between estrogen receptor expression and TFF1 and TFF3
expression in breast cancer has been confirmed in two recent
microarray-based studies of primary breast tumors (4, 5).
The value of TFF1 for prediction of response to hormonal
therapy has been demonstrated (6).

The predominant site of expression of all three trefoil
peptides in normal tissue is the gastrointestinal tract. Both
TFF1 and TFF2 are expressed mainly in the stomach whereas
TFF3 is expressed mainly in the small and large intestines
(7, 8). It is thought that the normal function of trefoil proteins
is to protect and maintain the integrity of the gastrointestinal

mucosa both by stabilizing the mucus barrier and by
stimulating restitution. The role of TFF1 and TFF3 in breast
cancer is uncertain, but the demonstration that TFF1 stimu-
lates breast cancer cell migration suggests that it may
promote tumor invasiveness (9).

TFF1 and TFF3 are small cysteine-rich secreted proteins
of 60 and 59 amino acids, respectively. Both are acidic
proteins with isoelectric points of 4.75 and 3.94, respectively,
and are members of the trefoil factor family (TFF) of proteins
that share considerable homology within the trefoil domain
of 42 to 43 amino acids. The trefoil domain is characterized
by several well-conserved features including six half-cystines
with conserved spacing. There are three human trefoil
peptides: TFF1 and TFF3 contain one trefoil domain while
TFF2 contains two trefoil domains in a single chain of 106
amino acids. TFF2 is not expressed in breast cancer cells.

TFF1 and TFF3 both contain an extra-trefoil domain
cysteine located three residues from the carboxy terminus
(see Figure 6A). This cysteine forms intermolecular disulfide
bonds to produce homo- and heterodimers (10, 11), and the
homodimer has greater biological activity than the monomer
(9). The three-dimensional structures of the human TFF1
monomer and dimer (12, 13) and the human TFF3 monomer
(14) have been determined. Within the trefoil domain, the
half-cystines are paired 1-5, 2-4, and 3-6 (Figure 1A) to
form the compact trefoil motif which comprises three closely
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packed loops. The third loop is positioned between the first
and second. There is a shortR-helix in loop 2 that is packed
against two antiparallelâ-strands from loop 3. Several
conserved hydrophobic residues comprising adjacent parts
of loops 2 and 3 are juxtaposed to form a patch on the surface
of the molecules. It has been proposed that this area of the
trefoil domain could bind to a receptor (12). In TFF1 and
TFF3, the amino and carboxy termini are closely associated
and form extended structures. Apart from someâ-type
interactions between residues 3-7 and residues 47-51 in
TFF1 (12) the N- and C-termini have a poorly defined
conformation in NMR structures, indicating that they have
significant mobility in solution.

TFF1 and TFF3 both protect the gastrointestinal tract
against damage and stimulate cell migration; however, the
precise physiological functions of TFF1 and TFF3 are not
understood (7, 8). Data from TFF1 and TFF3 knockout mice
indicate that they may be divergent, implying that they may
elicit their actions through distinct protein-protein interac-
tions (15, 16). Although the clinical importance of TFF1 and
TFF3 expression in breast tumors is recognized, their
biological roles remain to be determined. In the present study
we have compared the hydrodynamic and charge character-
istics of TFF1 and TFF3 monomers and dimers to investigate
whether there are differences in conformational and charge
properties of the molecules that may determine their respec-
tive biological activities.

EXPERIMENTAL PROCEDURES

Production of Recombinant TFF1 and TFF3.The expres-
sion plasmids for TFF1 Cys58 and TFF1 Ser58 have been
described previously (10, 17). Human TFF3 cDNA was
amplified by PCR from a KSM13 plasmid that contained
TFF3 cDNA (3). The 5′ PCR primer included the recognition
site for theEcoRI restriction endonuclease, adjacent to 12
bases that encode an in-frame consensus four amino acid
recognition sequence for factor Xa, followed by the first 16
bases of TFF3 cDNA that encode the first five amino acids
of the mature protein: 5′ GCGAATTCGATCGAAGGGCGT-
GAGGAGTACGTGGGCC 3′. Factor Xa is a specific
proteinase that cleaves immediately 3′ of its four amino acid
recognition site. Two 3′ PCR primers were used. The first
contains the antisense strand for the last five amino acids
and the stop codon of TFF3, followed by the recognition
site for theXbaI restriction endonuclease: 5′ GCTCTA-
GATCAGAAGGTGCATTCTGC 3′. In combination with
the 5′ PCR primer, this PCR primer amplifies wild-type TFF3
Cys57. The second 3′ PCR primer contained the antisense
strand to code for the last seven amino acids of TFF3 plus
one base, except that the codon for Cys57, TGC, was replaced
with TCC, which encodes a serine residue (Figure 1A). The
recognition site for theXbaI restriction endonuclease follows
the stop codon of TFF3: 5′ GCTCTAGATCAGAAGGTG-
GATTCTGCTTCCTGC 3′. In combination with the 5′ PCR
primer, this PCR primer amplifies TFF3 Ser57. The PCR
products were ligated into the multiple cloning site of the
pEZZ18 vector that had been digested previously withEcoRI
andXbaI. The cloned DNA was sequenced in both directions
to confirm that it contained the correct DNA sequence.

BL21 Escherichia colicells that contained the recombinant
plasmids were grown overnight to stationary phase at 37°C,

retrieved by centrifugation, and washed in 20% (w/v)
sucrose, 1 mM EDTA, and 0.3 M Tris-HCl, pH 8.0 (17).
The fusion protein was released from the periplasm by
subjecting the cells to an osmotic shock in 0.5 mM MgCl2

for 20 min at 4°C and purified by affinity chromatography
on a 40 mL IgG-Sepharose (Pharmacia) column equilibrated
in 150 mM NaCl and 50 mM Tris-HCl, pH 7.6. Nonspe-
cifically bound material was removed in 5 mM ammonium
acetate, pH 5.0, and the bound fusion protein eluted with
0.5 M acetic acid, pH 3.4. The protein was transferred to
100 mM NaCl, 1 mM CaCl2, and 50 mM Tris-HCl, pH 8.0,
and digested for 48-72 h at 37°C with factor Xa. The ZZ
fusion partner was removed from the mature TFF3 protein
by passage over IgG-Sepharose.

Purification of TFF1 and TFF3.Following the second
passage over IgG-Sepharose, 50 mM cysteine was added
to TFF1 Cys58 and 1 mM DTT to TFF3 Cys57, and the
proteins were incubated at 4°C for 48 and 20 h, respectively.
The recombinant proteins were bound to a 1 mL mono Q
anion-exchange column in piperazine hydrochloride, pH 5,
for TFF1 and Tris-HCl, pH 8.5, for TFF3 and eluted with
NaCl. The proteins were concentrated using a Vivaspin
concentrator (Vivascience) with a 5000 molecular weight
cutoff filter. They were purified further by gel filtration on
Superdex 75 (Pharmacia) in 50 mM sodium phosphate buffer,
pH 6.5, and concentrated to 2 mg/mL with a Vivaspin
concentrator. Protein concentrations were measured using the
bicinchoninic acid assay (Pierce) with BSA as the standard.
The proteins were stored at-20 °C.

Polyacrylamide Gel Electrophoresis.The separating gels
shown in Figure 1B,C contained 20% acrylamide (w/v) and
the stacking gel 10% (w/v) acrylamide; both contained 10%
(w/v) glycerol. The separating gels shown in Figure 4
contained a gradient of 12-32% (w/v) acrylamide and the
stacking gels 5% (w/v) acrylamide (10). There was no SDS
or reducing agent in any of the buffers used in the gels shown
in Figures 1B,C and 4B, but for the gels shown in Figure
4A, 0.1% SDS was included in all of the buffers. The proteins
were brought to 62.5 mM Tris-HCl, pH 6.8, 12.5 mM EDTA,
10% glycerol, and 0.005% bromophenol blue and were not
heated before being loaded for the gels shown in Figures
1B and 4B. For the gels shown in Figure 4A, 2% SDS and
100 mM â-mercaptoethanol were included in the loading
buffer, and the samples were boiled for 5 min before being
loaded. The gels were stained as described previously (17).

Characterization of TFF1 and TFF3.Molecular masses
under native conditions were measured by equilibrium
ultracentrifugation on a Beckman XLA instrument at 20°C
at three protein concentrations (1.4, 1.1, and 0.7 mg/mL)
and three different rotor speeds. The partial specific volume
was calculated from the amino acid composition at 0.706
mL/g and assumed to be the same in both monomeric and
dimeric states. The ideal noninteracting model was adequate
to describe all of the data.

Stokes radii were measured by gel filtration on a Superdex
75 column in 50 mM sodium phosphate buffer, pH 7.0, and
150 mM NaCl. The column was calibrated with aprotinin,
RNase A, ovalbumin, BSA, and Blue Dextran.

Titration curves were computed for TFF1 and TFF3 on
the basis of the amino acid compositions shown in Table 1.

For ion-exchange chromatography at different pH values,
the proteins were diluted 10-fold into the buffers recom-
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mended by Pharmacia for cation exchange between pH 3.5
and pH 5.0 and for anion exchange between pH 5.0 and pH
10.5. They were then loaded at 2 mL/min onto Mono S and
Mono Q columns, respectively. Elution was with a 0-400
mM NaCl gradient at 1 mL/min.

RESULTS

Production of Recombinant Monomeric and Dimeric
TFF3.Recombinant TFF3 was produced inE. coli using the
pEZZ18 vector that we have used previously to express TFF1
(17). For the production of monomeric TFF3, dimerization
is prevented by the replacement of the extra-trefoil domain
Cys57 with the isosteric amino acid serine (Figure 1A). TFF3
is expressed as a fusion protein that is translocated to the
periplasmic space where the oxidizing environment facilitates
correct folding. The fusion partner comprises two “Z
domains” which permit purification of the fusion protein
from bacterial proteins in the periplasmic space by affinity
chromatography on IgG-Sepharose. The fusion protein is
cleaved by digestion with factor Xa and TFF3 purified from
the fusion partner and other proteins that bind to IgG-
Sepharose by a second passage over an IgG-Sepharose
column. At this stage in the purification procedure recom-
binant TFF3 Cys57 and TFF3 Ser57 analogues migrate as
single discrete bands and are>95% pure when analyzed on
denaturing polyacrylamide gels (data not shown).

The homogeneity of the purified recombinant TFF3 Ser57

is demonstrated by its migration as a single protein band
after electrophoresis under nondenaturing conditions (Figure
1B) and its elution as a discrete peak after anion-exchange
chromatography (Figure 1D). In contrast, TFF3 Cys57 was
more heterogeneous when analyzed by both nondenaturing
gel electrophoresis (Figure 1B) and anion-exchange chro-
matography (Figure 1E). The heterogeneity of TFF3 Cys57

was reduced by treatment with thiol agents. Overnight
incubation at 4 °C with 1 mM DTT (Figure 1C) or
â-mercaptoethanol (data not shown) was very effective at
converting TFF3 Cys57 to a form that comigrated with the
Ser57 analogue and was more effective than cysteine or
combinations of reducing and oxidizing glutathione (data not
shown). The observation that TFF3 Cys57 migrates as a single
band following treatment with a thiol agent (Figure 1C)
suggested that the heterogeneity results from inappropriate
disulfide bond formation. Analysis of TFF3 Cys57 treated
with 1 mM DTT by anion-exchange chromatography showed
that it was eluted as a major peak by a NaCl concentration
similar to that required to elute TFF3 Ser57 (Figure 1F).

Rechromatography on anion-exchange resin of the purified
peaks of recombinant TFF3 showed that the profile of the
TFF3 Ser57 elution peak did not change (data not shown).
In contrast, TFF3 Cys57 eluted as two peaks, one at the same
salt concentration and one at a higher salt concentration
(Figure 1G). Analysis of the protein in the peaks by
denaturing gel electrophoresis confirmed that it had a

Table 1: Number of Amino Acids Whose pKs Were Used To
Compute the Titration Curves in TFF1 and TFF3

number

amino acid pK TFF1 TFF3

arginine 12.40 3 3
lysine 10.50 1 3
tyrosine 10.00 1 2
R-NH3 9.69 1 1
histidine 6.00 0 1
glutamic acid 4.25 7 5
aspartic acid 3.86 3 3
R-COOH 2.34 1 1
total 60 59

FIGURE 1: Production and purification of the TFF1 Ser58 and TFF3
Cys57 proteins. (A) Sequence of the TFF3 protein with the
intramolecular disulfide bonds between the six cysteines in the
trefoil domain shown by brackets (S-S). The position of the trefoil
domain is indicated below the sequence, and the extra-trefoil domain
cysteine that is substituted with the isosteric amino acid serine in
TFF3 Ser57 for the production of monomeric TFF3 is highlighted
with a shaded box. (B) TFF3 Ser57 and TFF3 Cys57 were electro-
phoresed on a nondenaturing polyacrylamide gel and stained as
described in the Experimental Procedures. (C) 2µg of TFF3 Cys57

was incubated overnight at 4°C in 10µL of 100 mM NaCl and 50
mM Tris-HCl, pH 7.8, with 0.01 mM DTT, 0.1 mM DTT, or 1
mM DTT prior to electrophoresis under nondenaturing conditions.
(D) TFF3 Ser57 was loaded onto a 1 mL Mono Q ion-exchange
chromatography column and eluted with a salt gradient as described
in the Experimental Procedures. (E) TFF3 Cys57 was loaded onto
a 1 mL Mono Q column in 20 mM Tris-HCl, pH 8.5, and eluted
with a salt gradient. (F) TFF3 Cys57 was incubated overnight in 1
mM DTT at 4 °C prior to chromatography. (G) Fractions of the
TFF3 Cys57 eluted protein peak were diluted 10-fold in 20 mM
Tris-HCl, pH 8.5, loaded onto a 1 mLMono Q column, and eluted
with a salt gradient.
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molecular mass of∼6.5 kDa and that the different elution
was not explained by degradation (data not shown). Elec-
trophoresis under nondenaturing conditions showed that the
TFF3 that required a higher salt concentration to elute
migrated more slowly, consistent with it having dimerized
via a disulfide bond between two Cys57 residues.

The molecular masses of TFF3 Ser57 and the slower
migrating form of TFF3 Cys57 were determined by matrix-
assisted laser desorption MS (Figure 2). The measured
molecular mass of TFF3 Ser57 was 6562.49 Da (Figure 2A),
which is close to the theoretical molecular mass of 6558 Da
(Table 2). The molecular mass of the higher molecular weight
form of TFF3 Cys57 was 13147.6 Da (Figure 2B), which is
close to the theoretical molecular mass of 13146.8 Da for a
homodimer formed via a disulfide bond between two Cys57

residues (Table 2). In the experiments described below, the
nondimerizing recombinant TFF3 Ser57 is used to character-
ize the physical properties of the TFF3 monomer, and the
dimeric form purified away from the monomeric form of
TFF3 Cys57 is used to characterize TFF3 dimers.

Comparison of the Hydrodynamic Properties of TFF1 and
TFF3. Analytical centrifugation was used to confirm the
monomeric and dimeric nature of the purified TFF3 Ser57

and TFF3 Cys57 recombinant proteins under native conditions
in solution. The noninteracting model was adequate to
describe all of the data. TFF3 Ser57 behaved as an ideal solute
with an anhydrous molecular mass of 6426( 300 Da (Table
2). This agrees well with the predicted chemical mass of
TFF3 Ser57, which is 6558 Da, and is consistent with there
being no aggregation of the protein at any concentration.
The slower migrating form of TFF3 Cys57 also behaves as
an ideal solute but with an anhydrous molecular mass of
13064( 600 Da (Table 2). The predicted chemical mass of
a homodimer of TFF3 Cys57 formed via a disulfide bond
between two Cys57 residues is 13147 Da. This confirms that
the slower migrating form of TFF3 Cys57 is a dimer.

We have shown previously that recombinant TFF1 also
forms homodimers via the extra-trefoil domain Cys58 residue
in the flexible carboxy terminus and that the TFF1 Ser58

analogue is monomeric (10; Table 2). The hydrodynamic
properties of the purified TFF1 recombinant proteins were
compared with those of the TFF3 monomers and dimers.
The molecular masses of the two monomers differ by less
than 100 Da and the two homodimers by less than 200 Da
(Table 2).

The Stokes radii of the TFF1 monomer and dimer and
the TFF3 monomer and dimer were measured by gel filtration
on Superdex 75 (Figure 3 and Table 2). Aprotinin, a globular
protein that has a molecular mass similar (6500 Da) to those
of TFF1 and TFF3 (Table 2) eluted at 15 mL. The TFF1
monomer eluted earlier at 13.25 mL whereas the TFF3
monomer eluted in a more similar position to aprotinin at
14.2 mL. The Stokes radii of the TFF1 and TFF3 monomers
calculated from the elution volumes were 15.5 and 13.7 Å,
respectively. The Stokes radii were used to calculate the
frictional coefficients as described by Siegel and Monty (18)
using the theoretical molecular masses, as these corresponded
well to the values obtained by ultracentrifugation and mass
spectrometry. The frictional coefficient of TFF1 was 1.25
and of TFF3 was 1.12, suggesting that neither protein is
markedly asymmetric but showing that TFF1 is more
asymmetric than TFF3 (p < 0.001). The globular protein
ribonuclease A has a molecular mass similar to those of the
TFF1 and TFF3 dimers and eluted at 13 mL. The TFF1 dimer
eluted earlier at 11.65 mL and the TFF3 dimer at 12.6 mL,
corresponding to Stokes radii of 20.8 and 17.8 Å, respec-
tively. The frictional coefficients were 1.34 for the TFF1
dimer and 1.14 for the TFF3 dimer, showing that, as for the
monomeric forms of the proteins, the TFF1 dimer is more
asymmetric than the TFF3 dimer (p < 0.001). The difference
in asymmetry between the TFF1 dimer and TFF1 monomer
is larger than between the two forms of TFF3.

TFF1 and TFF3 migrate in similar positions on denaturing
polyacrylamide gels, as would be expected for proteins whose
molecular masses are so close (Figure 4A). Surprisingly, the
TFF1 monomer migrates considerably faster than the TFF3
monomer when they are not reduced or denatured with SDS
(Figure 4B). The faster migration of TFF1 suggests that there
may be a larger difference in charge between the two proteins
than suggested by the difference between their theoretical
isoelectric points. The TFF1 dimer migrated considerably
faster than the TFF3 dimer (Figure 4B).

FIGURE 2: Matrix-assisted laser desorption MS of TFF3 Ser57 and
TFF3 Cys57. Spectra of the TFF3 Ser57 monomer (A) and TFF3
Cys57 dimer (B) were collected. The numbers above the peaks
indicate the measured molecular masses.

Table 2: Physical Characteristics of TFF1 and TFF3 Monomers
and Dimers

TFF1 TFF3

properties
monomer

(Ser58)
dimer

(Cys58)
monomer

(Ser57)
dimer

(Cys57)

predicted chemical
mass (Da)

6652 13334 6558 13147

molecular mass by
ultracentrifu-
gation (Da)

5800( 300 14100( 700 6426( 300 13064( 600

molecular mass by
MS (Da)

6645 13378 6562 13148

Stokes radius (Å) 15.5 20.8 13.7 17.8
frictional

coefficienta
1.25 1.34 1.12 1.14

a The statistical significance of the differences between the frictional
coefficients of the TFF1 monomer and TFF3 monomer and of the TFF1
dimer and TFF3 dimer wasp < 0.001.
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Differences in the OVerall Charge of TFF1 and TFF3.
To investigate the possibility that the overall charge of TFF1
and TFF3 is more dissimilar than their theoretical isoelectric
points suggest, titration curves were computed. There are
dramatic differences between the curves computed for the
two proteins (Figure 5A,B). At low pH, TFF1 is predicted
to have a lower charge than TFF3 because it has fewer basic
amino acids. At neutral pH, TFF1 is predicted to be much
more negatively charged than TFF3 because it has a higher
ratio of acidic to basic groups. At high pH they are predicted
to have a similar overall charge because they contain similar
numbers of positively charged amino acids. The computed
titration curves account for the differences in migration of
TFF1 and TFF3 (Figure 4B), as the buffers used for
nondenaturing gel electrophoresis are at pH 6.8 and 8.8 where
there is a large difference in the charge of the two proteins.
TFF1 is three times more negatively charged than TFF3 at
pH 7. This is consistent with the faster migration of TFF1,
despite its larger Stokes radius, compared to TFF3.

The difference in overall charge between TFF1 and TFF3
was tested experimentally by ion-exchange chromatography
of the two proteins at different pH values using Mono S and
Mono Q ion-exchange resins. At pH 3.5, both proteins

interact with the negatively charged Mono S resin (Table
3), but a higher salt concentration was required to elute TFF3.
This suggests that TFF3 is bound more strongly than TFF1,
reflecting its greater overall positive charge. At pH 4.0 the
majority of TFF1 bound to the resin, but the interaction is
weaker than at pH 3.5 and much weaker than that of TFF3
at pH 4.0. At pH 4.5 a significant proportion of TFF3 binds
to the Mono S resin, albeit weakly, but the majority of TFF1
binds to the positively charged Mono Q resin. This interac-
tion occurs only 0.5 pH unit above the predicted isoelectric
point of TFF1 but is consistent with the precipitous drop in
predicted charge of TFF1 immediately above its isoelectric
point (Figure 5A). Thereafter, TFF1 binds strongly to the
Mono Q resin up to pH 6.5. At pH 5.0, TFF3 does not bind
to either resin, which is consistent with its theoretical
isoelectric point of 4.75. TFF3 interacted weakly with the
Mono Q resin as the pH was increased until pH 8.0 when it
bound strongly. This shows that the overall charge of TFF3
is sufficiently low to permit a strong interaction with the
resin at pH 8.0 when it is predicted to have a charge of-2.
Above pH 9.0 the interaction of TFF3 with the resin increases
with increasing pH, which is consistent with the predicted
decrease in overall charge of the protein in this pH range
(Figure 5B). Thus these empirical data for the overall charge
characteristics of TFF1 and TFF3 agree well with the
computed theoretical values.

The charges of the TFF1 and TFF3 dimers were also
considered. Comparison of the interaction of the TFF1 dimer
and monomer with Mono S at pH 3.5 shows that the dimer
interacts more strongly than the monomer (Table 4). This is
in agreement with the predicted overall charge for the dimer
of ∼+5 compared to∼+2 for the monomer. The interaction

FIGURE 3: Gel filtration of TFF1 and TFF3 monomers and dimers.
TFF1 and TFF3 proteins were analyzed by gel filtration on a
Pharmacia Superdex 75 gel-filtration column in 50 mM sodium
phosphate buffer, pH 6.5. Absorbance was measured at 280 nm,
and the elution volumes are shown on the abscissa. The elution
volumes of two of the globular protein standards aprotinin (6.5 kDa)
and ribonuclease A (13.7 kDa) are indicated by arrows.

FIGURE 4: Relative migration of TFF1 and TFF3 during electro-
phoresis under nondenaturing conditions. Recombinant TFF1 and
TFF3 monomers and TFF1 and TFF3 dimers were purified and
electrophoresed on denaturing (A) or nondenaturing (B) polyacryl-
amide gels, and the gels were stained as described in the
Experimental Procedures. The sizes of the molecular mass markers
(M) are shown on the left-hand side. The positions of denatured
TFF1 and TFF3 (A) and of native TFF1 and TFF3 monomers and
dimers (B) are shown on the right-hand side.
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of the dimer is also stronger at pH 4.0. Above pH 5.0, the
TFF1 dimer interacts very strongly with the anion-exchange
resin, and NaCl concentrations above 300 mM are required
to elute the protein. This is consistent with a predicted overall
negative charge of-11 at pH 5.0.

Differences in Charge Distribution between TFF1 and
TFF3. The charged residues in the termini of both proteins
are exclusively acidic, but whereas TFF3 has an equal
number of acidic residues in the termini and in the trefoil
domain, TFF1 has a greater number and a higher proportion
in the termini. TFF3 contains more charged residues than
TFF1 in the trefoil domain, and a greater proportion are basic.
Thus TFF1 has more acidic residues than TFF3, and all of
the excess is outside the trefoil domain. In contrast, TFF3
has more basic residues than TFF1, and all of the excess is
in the trefoil domain.

The steeper gradient of the titration curve for the TFF3
trefoil domain reflects the greater percentage of charged
residues that it contains whereas the relatively flat curve for
the TFF1 trefoil domain is due to the low number of charged

residues. This reinforces the observation that the trefoil
domain of TFF3 contributes more significantly to the overall
charge characteristics of the TFF3 protein than does the
trefoil domain of TFF1.

The structures of both of the TFF1 and TFF3 monomers
are published. The amino and carboxy termini of both
proteins are relatively unstructured, and all of their acidic
residues are exposed to the solvent. In the trefoil domain,
there is a conserved salt bridge formed between Arg14 and
Asp35 in TFF1 and the equivalent residues, Arg18 and
Asp39, in TFF3. The side chains of these conserved residues
are buried and the charges neutralized by the formation of
the salt bond. The remaining charged residues in the trefoil
domains, two acidic and three basic in TFF1 and three acidic
and six basic in TFF3 have solvent-exposed side chains.

The electrostatic potentials mapped to the surfaces of TFF1
and TFF3 are shown in Figure 6B, and comparison reveals
the considerable differences between the two molecules.
TFF1 is markedly polarized, with the trefoil domain being
neutral or positively charged while the N- and C-termini are

FIGURE 5: Titration curves for TFF1 and TFF3. Theoretical titration curves for TFF1 (A) and TFF3 (B) were computed using the pI values
for the amino acids shown in Table 1. The titration curves for the trefoil domains of TFF1 and TFF3 are shown in panels C and D,
respectively.
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strongly negatively charged. In contrast, the distribution of
surface charge on TFF3 is more heterogeneous, with the basic
and acidic side chains distributed more evenly over the
surface of the trefoil domain.

Finally, we examined the locations and orientations of the
side chains of individual charged residues in the trefoil
domains of the two molecules. Of the conserved or partially
conserved residues, Arg12 in TFF1 and Lys16 in TFF3 are
located in the same positions in loop 1, but their side chains
are orientated differently (Figure 6C and Table 6). The
positions of Glu13 and Asp17 in loop 1 of TFF1 and TFF3,
respectively, are the same, and their side chains are both
bent back toward the termini. Arg14 and Arg18 are the
structurally important amino acids that form salt bridges with
Asp35 and Asp39 in TFF1 and TFF3, respectively. Lys30
in TFF1 and Arg34 in TFF3 are conserved basic residues
positioned in the shortR-helix of loop 2, and the side chains
are similarly orientated. Arg39 in TFF1 and Arg41 in TFF3
do not have the identical location in the primary sequence
but are located in similar positions at the tip of loop 3 and
could conceivably perform a similar function in the two
proteins. But while the side chain of Arg39 points directly
out from the front of TFF1 away from the termini, that of

Arg41 in TFF3 is turned through 180° to lie along the surface
of the trefoil domain and points toward the termini. Thus
among these four nonstructural residues, the side chains of
two adopt similar orientations and two very different
orientations in TFF1 and TFF3.

The nonconserved Asp36 in TFF1 is located between loops
2 and 3 (Figure 6D). Among the charged residues unique to
TFF3, Asp20 is between loops 1 and 2. His25 is located at
the tip of loop 2, and the side chain folds back toward the
R-helix. Lys29 and Glu30 along with the conserved Arg34
are in the shortR-helix in loop 2, and all of the side chains
point in the same direction away from the trefoil domain to
give a local concentration of charged groups. Finally, Lys50
lies at the end of loop 3, and its side chain points into the
solvent.

DISCUSSION

TFF1 and TFF3 are closely related proteins of almost
identical size which, although expressed in different places,
have similar biological activities in various model systems
both in vitro and in vivo. TFF1-null mice are characterized
by an absence of gastric antral and pyloric mucus and have
morphological abnormalities in the antrum leading to forma-
tion of adenomas and carcinomas (15), TFF3-null mice have
a reduced ability to repair damage to the intestinal mucosa
(16). This indicates that the physiological functions of TFF1
and TFF3 may be quite different and that they may elicit
their actions through distinct protein-protein interactions.
In the present study we have investigated whether there are
differences in the hydrodynamic and charge properties of
the two molecules that may reflect their different biological
profiles.

Production of TFF3.We have described the preparation
of the pure recombinant TFF3 monomer and dimer using
an E. coli expression system. Two other groups have
described the production of recombinant human TFF3. Thim
et al. (11) produced recombinant TFF3 using yeast, and
Kinoshita et al. (19) produced TFF3 fusion proteins with a
14 kDa TRX domain at the N-terminus inE. coli. The
pEZZ18 system utilized in this study has been used to
produce protein having the correct N-terminus. The molec-
ular masses of the TFF3 monomer and dimer measured by
matrix-assisted laser desorption MS were very close to the
theoretical values, and the traces show less heterogeneity than
those published previously (11).

The two proteins will be valuable for characterizing the
functional roles of TFF3 and for elucidating the signal
transduction pathways of trefoil proteins. The proteins have
also been useful for structural studies, and the pEZZ18 vector
makes this an ideal system with which to perform structure-
function analyses because it allows the production of single-
stranded DNA for in vitro mutagenesis.

Hydrodynamic Properties.As the size and shape of the
trefoil domains are almost identical, the differences between
the Stokes radii and frictional coefficients of TFF1 and TFF3
monomers may be ascribed to the longer carboxy terminus
of TFF1.

The amino and carboxy termini are juxtaposed in the NMR
structures of both proteins; however, the TFF1 molecule is
longer than the TFF3 molecule because the carboxy-terminal

Table 3: Interaction of TFF1 and TFF3 with Ion-Exchange Resins
at Different pH Values

TFF1 TFF3

matrix pH
%

bound
[NaCl]
(mM)

%
bound

[NaCl]
(mM)

Mono S 3.5 100 160 100 330
4.0 >90 90 >90 220
4.5 5 90 ∼80 130
5.0 nda <5

Mono Q 4.5 90 180 nd
5.0 100 240 <5
5.5 100 270 ∼5 70
6.0 100 250 ∼5 90
6.5 100 260 <5 120
7.0 ∼30 100
7.5 ∼80 120
8.0 100 140
8.5 100 140
9.0 100 150
9.5 100 170

10.0 100 200
10.5 100 250

a nd ) not determined.

Table 4: Comparison of the Interactions of the TFF1 Monomer and
Dimer with Ion-Exchange Resins at Different pH Values

TFF1

monomer dimer

matrix pH
%

bound
[NaCl]
(mM)

%
bound

[NaCl]
(mM)

Mono S 3.5 100 160 100 290
4.0 >90 90 100 190
4.5 5 90 >90 90
5.0 nda ∼20 90

Mono Q 4.5 90 180 nd
5.0 100 240 nd
5.5 100 270 100 370
6.0 100 250 100 345
6.5 100 260 100 370

a nd ) not determined.
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domain of TFF1 is four and six amino acids longer than the
amino- and carboxy-terminal domains, respectively, of TFF3

(Figure 6B). In addition, the carboxy terminus of TFF1 is
very positively charged, which may be predicted to encourage
an extended conformation and increase the asymmetry of
the molecule. Although structural and hydrodynamic data
are difficult to reconcile, estimates of the maximum diameters
from the NMR structures, measurements of the distance
between Phe60 and Phe19 for TFF1 and between Phe59 and
Pro24 for TFF3, do suggest that the diameter of TFF1 is
approximately 20% greater than that of TFF3, which is
consistent with the hydrodynamic measurements.

FIGURE 6: Distribution of charged amino acids in TFF1 and TFF3. (A) Sequences of the TFF1 and TFF3 proteins with the trefoil domains
and structural loops 1, 2, and 3 demarcated. The charged residues are colored (E and D, red; R, K, and H, blue). Vertical lines connect
conserved charged residues within the trefoil domain. The approximate extents of the three loops are indicated above the sequences, and
arrows indicate the amino acids at the tips of the loops. (B) Electrostatic potential mapped to the surface of TFF1 and TFF3. Significant
negative charge is shown in red, significant positive charge in blue, and neutral as white. (C) The location and orientation of the conserved
charged residues in TFF1 and TFF3 are indicated. Amino acids with acidic side chains are shown in red, and those with basic side chains
are in blue. (D) The location and orientation of the nonconserved charged residues are indicated.

Table 5: Distribution of Residues with Charged Groups in TFF1
and TFF3

N-terminus trefoil domain C-terminus

residues TFF1 TFF3 TFF1 TFF3 TFF1 TFF3

acidic 2 2 3 4 5 2
basic 0 0 4 7 0 0
total no. 5 9 42 42 13 8
% charged 40 22 17 26 38 25
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The TFF1 dimer is significantly more asymmetric than
the TFF3 dimer; the frictional ratios are 1.33 and 1.14,
respectively (p < 0.001). Indeed, the difference in symmetry
is more marked for the dimers than for the monomers. The
longer carboxy terminus of TFF1 may also explain the
increase in asymmetry of the TFF1 dimer compared to the
TFF3 dimer. If the two trefoil domains are separated by their
extended carboxy termini, then the shorter carboxy terminus
in TFF3 would cause the two trefoil domains to be in closer
proximity.

The structure of the TFF1 dimer has been published
recently (13) and shows that the two trefoil domains are at
opposite ends of a flexible linker. The observation that the
TFF3 dimer is less asymmetric and has a markedly smaller
Stokes radius than the TFF1 dimer suggests that the TFF3
dimer forms a more compact structure than that of the TFF1
dimer, and it will be interesting to determine whether it more
closely resembles the TFF1 dimer or TFF2.

The TFF1 dimer interacts with human gastric mucus (23).
There is no published evidence for an interaction between
TFF3 and mucus. It is possible that greater separation of
the trefoil domains in the TFF1 dimer facilitates this
interaction. The different frictional coefficients of the two
proteins would also be consistent with their interaction with
distinct binding proteins and receptors.

Differences in Charge.There are marked differences in
the overall charges of TFF1 and TFF3. The experimental
data obtained over a wide pH range agree well with the
computed pI values for both molecules. The significant
difference in the charge of the two proteins necessitated the
development of different purification protocols for recom-
binant TFF1 and TFF3 and accounts for the large differences
in their mobility in nondenaturing polyacrylamide gels. The
residues outside the trefoil domains of both TFF1 and TFF3
are acidic and contain no basic amino acids. This is in marked
contrast to the trefoil domains which, particularly in TFF3,
contain an excess of basic residues. In addition, the different
orientations of the side chains of the charged amino acids
exacerbate the greater polarization of TFF1. The relevance

of these charged residues to the biological activities of TFF1
and TFF3 is difficult to assess as, apart from the extra-trefoil
domain cysteine, the surfaces and residues of the trefoil
domains involved in intermolecular interactions are not
known.

In TFF1, Asp36 (Figure 6D) contributes to an area of
negative charge on the surface of the molecule which is
largely absent on TFF3. Arg39 is located on the end of loop
3 and creates a positively charged protrusion into the solvent
adjacent to the conserved hydrophobic patch comprising
Phe19, Pro20, Pro42, and Trp43. These residues may
contribute significant differences to the surface topology and
potential of the two proteins. In TFF3, Lys29 and Glu30
together with the conserved Arg34 are all located in the short
six-residueR-helix which extends from residue 29 to residue
34.

Interest has focused previously on the hydrophobic
residues including Tyr23, Pro24, Val45, Pro46, Trp47, and
Phe49. They form a cluster of conserved residues on the
surface in the region of the ends of loops 2 and 3, and it has
been suggested that they are involved in protein-protein
interactions. Interestingly, the conformation of the tip of loop
2 is significantly different in the three human trefoil proteins,
which may contribute to the specific biological effects of
individual trefoil proteins. It is noteworthy that all of the
charged residues in this region in TFF1 and TFF3 are unique.
It could be envisaged that these residues might be involved
in individualizing the protein-protein interactions and
biological activities of the trefoil family of proteins.

Physiological ReleVance.The data described in this study
show that both the monomeric and dimeric forms of TFF1
have very different charge properties from the corresponding
forms of TFF3. It is possible that these differences between
TFF1 and TFF3 reflect adaptation to the different environ-
ments in which they function. TFF3 is expressed predomi-
nantly in the goblet cells of the small and large intestine
and would be predicted to be exposed to pHs of between 6
and 8 (20, 21). TFF1 is synthesized by the mucus secretory
cells of the gastric epithelium (22, 23) and is found in the
adherent mucous gel layer (24) and in the gastric lumen (22).
TFF1 is therefore exposed to pHs between 7 and 1 at various
stages in the transition from inside the cells across the pH
gradient that is maintained in the adherent mucus layer and
into the gastric lumen. During this transition there will be a
large shift in the overall charge of the protein, particularly
outside the trefoil domain (Figure 5A,C). Decrease in pH
has been shown to promote folding of acidic domains (25-
27), due to protonation of acidic side chains. It is possible
that a similar process occurs in the carboxy terminus of TFF1.
This could be of functional significance during exposure of
TFF1-bound secreted mucins to low pH following the release
of secretory granules.

In conclusion, we have shown experimentally that TFF1
and TFF3 have markedly different hydrodynamic properties
and differences in the overall and topological location of their
surface charge. The experimental observations agree with
known structural features of the two proteins. This strength-
ens the supposition that differences in conformational and
charge characteristics of the two molecules account for their
different biological activities.

Table 6: Conservation of Individual Residues with Charged Groups
in TFF1 and TFF3

charged residue

domain TFF1 TFF3
sur-
face

conservation of
amino acids within

trefoil domain

orientation of
conserved amino
acid side chains
in trefoil domain

N-terminus Glu1 Glu1 yes not applicable not applicable
Glu5 Glu2 yes not applicable not applicable

trefoil
domain

Arg12 Lys16 yes conserved different

Glu13 Asp17 yes conserved similar
Arg14 Arg18 no conserved buried

Asp20 yes unique not applicable
His25 yes unique not applicable
Lys29 yes unique not applicable
Glu30 yes unique not applicable

Lys30 Arg34 yes conserved similar
Asp35 Asp39 no conserved buried
Asp36 yes unique not applicable
Arg39 Arg41 yes conserved? opposite

Lys50 yes unique not applicable
C-terminus Asp51 yes not applicable not applicable

Glu55 Glu54 yes not applicable not applicable
Glu56 yes not applicable not applicable
Glu57 Glu57 yes not applicable not applicable
Glu59 yes not applicable not applicable
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