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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, respectivel.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 bemucosa both by stabilizing the mucus barrier and by
estrogen-responsive, and hormonal therapy is used successstimulating restitution. The role of TFF1 and TFF3 in breast
fully in its treatment. The identification of genes whose cancer is uncertain, but the demonstration that TFF1 stimu-
expression is regulated by estrogens in breast tumors shouldates breast cancer cell migration suggests that it may
suggest mechanisms by which estrogen exerts its effects anghromote tumor invasivenes8)(

may provide clinically useful markers of estrogen-responsive  TEE1 and TFE3 are small cysteine-rich secreted proteins

breast cancer. The most frequently identified estrogen- of 60 and 59 amino acids, respectively. Both are acidic
responsive gene encodes TERL, 2). The expression of ) qieing with isoelectric points of 4.75 and 3.94, respectively,
the close!y related protein, TFF3, is also regula_lte_d by and are members of the trefoil factor family (TFF) of proteins
estrogen in breast cancer celB).(The close association  yhat share considerable homology within the trefoil domain
between estrogen receptor expression and TFF1 and TFF3f 42 to 43 amino acids. The trefoil domain is characterized

expression Il;] bre;sttcgpcer ?as .been cl?nflrr??d in t‘g’g recenby several well-conserved features including six half-cystines
microarray-based studies of primary breas umesS]. with conserved spacing. There are three human trefolil
The value of TFF1 for prediction of response to hormonal peptides: TFF1 and TFF3 contain one trefoil domain while
therapy has be_en demonstratéid ( ) _ TFF2 contains two trefoil domains in a single chain of 106
The predominant site of expression of all three trefoil amino acids. TFF2 is not expressed in breast cancer cells.

peptides in normal tissue is the gastrointestinal tract. Both TEEL and TEE3 both contain an extra-trefoil domain

TFFL :_:md TFF2 are expresged mainly in the stomac_h Whereascysteine located three residues from the carboxy terminus
TFF3 is expressed mainly in the small and large intestines

(7, 8). It is thought that the normal function of trefoil proteins (see Figure 6A). This cysteine forms intermolecular disulfide

is to protect and maintain the integrity of the gastrointestinal bonds FO produce homo- _and _heterodmé@ (1, and the

homodimer has greater biological activity than the monomer
(9). The three-dimensional structures of the human TFF1
T This work was supported by Cancer Research U.K., The Wellcome monomer and dimeﬂ_Q, 13) and the human TFF3 monomer

Trust, and the Breast Cancer Campaign. (14) have been determined. Within the trefoil domain, the
* To whom correspondence should be addressed.

1 Abbreviations: DTT, dithiothreitol; SDS, sodium dodecyl sulfate; half-cystines are pairegHS, _2_41_ and 3-6 (Figure 1A) to
TFF, trefoil factor family; BSA, bovine serum albumin. form the compact trefoil motif which comprises three closely
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packed loops. The third loop is positioned between the first retrieved by centrifugation, and washed in 20% (w/v)
and second. There is a sharhelix in loop 2 that is packed  sucrose, 1 mM EDTA, and 0.3 M Tris-HCI, pH 8.Q7).
against two antiparallep-strands from loop 3. Several The fusion protein was released from the periplasm by
conserved hydrophobic residues comprising adjacent partssubjecting the cells to an osmotic shock in 0.5 mM MgClI
of loops 2 and 3 are juxtaposed to form a patch on the surfacefor 20 min at 4°C and purified by affinity chromatography
of the molecules. It has been proposed that this area of theon a 40 mL IgG-Sepharose (Pharmacia) column equilibrated
trefoil domain could bind to a receptot?). In TFF1 and in 150 mM NacCl and 50 mM Tris-HCI, pH 7.6. Nonspe-
TFF3, the amino and carboxy termini are closely associatedcifically bound material was removed in 5 mM ammonium
and form extended structures. Apart from sofype acetate, pH 5.0, and the bound fusion protein eluted with
interactions between residues-3 and residues 4751 in 0.5 M acetic acid, pH 3.4. The protein was transferred to
TFF1 @2) the N- and C-termini have a poorly defined 100 mM NaCl, 1 mM CagGl and 50 mM Tris-HCI, pH 8.0,
conformation in NMR structures, indicating that they have and digested for 4872 h at 37°C with factor Xa. The Z2Z
significant mobility in solution. fusion partner was removed from the mature TFF3 protein

TFF1 and TFF3 both protect the gastrointestinal tract Py passage over Ig&Sepharose.
against damage and stimulate cell migration; however, the Purification of TFF1 and TFF3Following the second
precise physiological functions of TFF1 and TFF3 are not Passage over Ig&Sepharose, 50 mM cysteine was added
understood{, 8). Data from TFF1 and TFF3 knockout mice t0 TFF1 Cy$® and 1 mM DTT to TFF3 Cy%, and the
indicate that they may be divergent, implying that they may Proteins were incubated at€ for 48 and 20 h, respectively.
elicit their actions through distinct proteimprotein interac- ~ The recombinant proteins were bourtda 1 mLmono Q
tions (L5, 16). Although the clinical importance of TFF1 and ~anion-exchange column in piperazine hydrochloride, pH 5,
TFF3 expression in breast tumors is recognized, their for TFF1 and Tris-HCI, pH 8.5, for TFF3 and eluted with
biological roles remain to be determined. In the present study NaCl. The proteins were concentrated using a Vivaspin
we have compared the hydrodynamic and charge characterconcentrator (Vivascience) with a 5000 molecular Welght
istics of TFF1 and TFF3 monomers and dimers to investigate cutoff filter. They were purified further by gel filtration on
whether there are differences in conformational and charge Superdex 75 (Pharmacia) in 50 mM sodium phosphate buffer,
properties of the molecules that may determine their respec-PH 6.5, and concentrated to 2 mg/mL with a Vivaspin

tive biological activities. concentrator. Protein concentrations were measured using the
bicinchoninic acid assay (Pierce) with BSA as the standard.
EXPERIMENTAL PROCEDURES The proteins were stored at20 °C.

Polyacrylamide Gel Electrophoresishe separating gels

Production of Recombinant TFF1 and TFFhe expres-  shown in Figure 1B,C contained 20% acrylamide (w/v) and
sion plasmids for TFF1 Cy$and TFF1 Séf have been  the stacking gel 10% (w/v) acrylamide; both contained 10%
described previously1Q, 17). Human TFF3 cDNA was  (w/v) glycerol. The separating gels shown in Figure 4
amplified by PCR from a KSM13 plasmid that contained contained a gradient of £232% (w/v) acrylamide and the
TFF3 cDNA @). The 5 PCR primer included the recognition  stacking gels 5% (w/v) acrylamidé@). There was no SDS
site for theEcaRlI restriction endonuclease, adjacent to 12 or reducing agent in any of the buffers used in the gels shown
bases that encode an in-frame consensus four amino acidn Figures 1B,C and 4B, but for the gels shown in Figure
recognition sequence for factor Xa, followed by the first 16 4A, 0.1% SDS was included in all of the buffers. The proteins
bases of TFF3 cDNA that encode the first five amino acids were brought to 62.5 mM Tris-HCI, pH 6.8, 12.5 mM EDTA,
of the mature protein: '"$5CGAATTCGATCGAAGGGCGT-  10% glycerol, and 0.005% bromophenol blue and were not
GAGGAGTACGTGGGCC 3 Factor Xa is a specific  heated before being loaded for the gels shown in Figures
proteinase that cleaves immediatelyo8its four amino acid 1B and 4B. For the gels shown in Figure 4A, 2% SDS and
recognition site. Two 3PCR primers were used. The first 100 mM S-mercaptoethanol were included in the loading
contains the antisense strand for the last five amino acidspuffer, and the samples were boiled for 5 min before being
and the stop codon of TFF3, followed by the recognition |oaded. The gels were stained as described previoag)y (
site for the Xbd restriction endonuclease:' 5 CTCTA- Characterization of TFF1 and TFF3Molecular masses
GATCAGAAGGTGCATTCTGC 3. In combination with  ynder native conditions were measured by equilibrium
the 3 PCR primer, this PCR primer amplifies wild-type TFF3  yltracentrifugation on a Beckman XLA instrument at 2D
Cys". The second '3PCR primer contained the antisense at three protein concentrations (1.4, 1.1, and 0.7 mg/mL)
strand to code for the last seven amino acids of TFF3 plus and three different rotor speeds. The partial specific volume
one base, except that the codon for TyGC, was replaced  was calculated from the amino acid composition at 0.706
with TCC, which encodes a serine residue (Figure 1A). The m|/g and assumed to be the same in both monomeric and
recognition site for th&bal restriction endonuclease follows  dimeric states. The ideal noninteracting model was adequate
the StOp codon of TFF3:'55sCTCTAGATCAGAAGGTG- to describe all of the data.
GATTCTGCTTCCTGC 3 In combination with the SPCR Stokes radii were measured by gel filtration on a Superdex

primer, this PCR primer amplifies TFF3 SérThe PCR 75 column in 50 mM sodium phosphate buffer, pH 7.0, and

products were ligated into the multiple cloning site of the 150 mM NaCl. The column was calibrated with aprotinin,
pEZZ18 vector that had been digested previously ®itbRI RNase A, ovalbumin, BSA, and Blue Dextran.

andXba. The cloned DNA was sequenced in both directions  Titration curves were computed for TFF1 and TFF3 on
to confirm that it contained the correct DNA sequence.  the basis of the amino acid compositions shown in Table 1.

BL21 Escherichia colcells that contained the recombinant For ion-exchange chromatography at different pH values,
plasmids were grown overnight to stationary phase &37  the proteins were diluted 10-fold into the buffers recom-
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Table 1: Number of Amino Acids WhoseKg Were Used To A
Compute the Titration Curves in TFF1 and TFF3

number
TFF1 TFF3

3

5.5

55
EEYVGLSAN QCAVPAKDRVDCGYPHVIPKECNNRGCCFDSRIPGVPWCFKP LQEAECTF
1 111 20 an 40 50 59

amino acid

K

12.40
10.50
10.00
9.69
6.00
4.25
3.86
2.34

Trefoil dormain

arginine
lysine
tyrosine

o-N H3
histidine
glutamic acid
aspartic acid
o-COOH
total

C

S
o
-
3

Or yorFowoe

1
1
0
7
3
1
0

6

001 0.1

o

Ser” Cys” 1.0

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&400

mM NacCl gradient at 1 mL/min.

0.8

I
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o
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Production of Recombinant Monomeric and Dimeric _# ' |
TFF3.Recombinant TFF3 was produceddncoli using the |
pEZZ18 vector that we have used previously to express TFF1  os- I
(17). For the production of monomeric TFF3, dimerization | }‘ 02
is prevented by the replacement of the extra-trefoil domain I\ |
Cys’ with the isosteric amino acid serine (Figure 1A). TFF3 0
is expressed as a fusion protein that is translocated to the 1.0~
periplasmic space where the oxidizing environment facilitates

J
correct folding. The fusion partner comprises two “Z I !
|
|
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domains” which permit purification of the fusion protein
from bacterial proteins in the periplasmic space by affinity 750'5 ' ol b
chromatography on Ig&Sepharose. The fusion protein is = | L I
cleaved by digestion with factor Xa and TFF3 purified from o T,
the fusion partner and other proteins that bind to 1gG
Sepharose by a second passage over an-fgpharose
column. At this stage in the purification procedure recom-
binant TFF3 Cy¥ and TFF3 Séf analogues migrate as
single discrete bands and ar®5% pure when analyzed on

o
B

[NaCl (M) |

f=]
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Ficure 1: Production and purification of the TFF1 Seand TFF3
Cys’ proteins. (A) Sequence of the TFF3 protein with the
intramolecular disulfide bonds between the six cysteines in the
trefoil domain shown by brackets{$). The position of the trefoil

denaturing polyacrylamide gels (data not shown). domain is indicated below the sequence, and the extra-trefoil domain
cysteine that is substituted with the isosteric amino acid serine in

The homogeneity of the purified recombinant TEF3°Ser  TEF3 sef for the production of monomeric TFF3 is highlighted
is demonstrated by its migration as a single protein band with a shaded box. (B) TFF3 Sérand TFF3 Cy& were electro-
after electrophoresis under nondenaturing conditions (Figurephoresed on a nondenaturing polyacrylamide gel and stained as
1B) and its elution as a discrete peak after anion-exchangedescribed in the Experimental Procedures. (@y2f TFF3 Cys’

. was incubated overnight at°€ in 10uL of 100 mM NaCl and 50
chromatography (Figure 1D). In contrast, TFF3 €y8as /' Tris-HCl, pH 7.8, with 0.01 mM DTT, 0.1 mM DTT, or 1

more heterogeneous when analyzed by both nondenaturingnm DTT prior to electrophoresis under nondenaturing conditions.
gel electrophoresis (Figure 1B) and anion-exchange chro-(D) TFF3 Se¥” was loaded ot a 1 mLMono Q ion-exchange

matography (Figure 1E). The heterogeneity of TFF35Cys
was reduced by treatment with thiol agents. Overnight
incubation at 4°C with 1 mM DTT (Figure 1C) or
B-mercaptoethanol (data not shown) was very effective at
converting TFF3 CyX to a form that comigrated with the
SeP” analogue and was more effective than cysteine or
combinations of reducing and oxidizing glutathione (data not
shown). The observation that TFF3 Eysigrates as a single

chromatography column and eluted with a salt gradient as described
in the Experimental Procedures. (E) TFF3 Eywsas loaded onto

a 1 mL Mono Q column in 20 mM Tris-HCI, pH 8.5, and eluted
with a salt gradient. (F) TFF3 C§%was incubated overnight in 1
mM DTT at 4 °C prior to chromatography. (G) Fractions of the
TFF3 Cy$’ eluted protein peak were diluted 10-fold in 20 mM
Tris-HCI, pH 8.5, loaded onta 1 mLMono Q column, and eluted
with a salt gradient.

Rechromatography on anion-exchange resin of the purified

band following treatment with a thiol agent (Figure 1C) peaks of recombinant TFF3 showed that the profile of the
suggested that the heterogeneity results from inappropriateTFF3 Set’ elution peak did not change (data not shown).
disulfide bond formation. Analysis of TFF3 Cydreated In contrast, TFF3 Cy< eluted as two peaks, one at the same
with 1 mM DTT by anion-exchange chromatography showed salt concentration and one at a higher salt concentration
that it was eluted as a major peak by a NaCl concentration (Figure 1G). Analysis of the protein in the peaks by
similar to that required to elute TFF3 Se(Figure 1F). denaturing gel electrophoresis confirmed that it had a
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A B
TFF3 Ser” TFF3 Cys”
monomer dimer
6562.49 13147.6
£
2
9
: |
T T | |
6250 Mz 7000 12700 Mz 13700

Ficure 2: Matrix-assisted laser desorption MS of TFF3%and
TFF3 Cy$’. Spectra of the TFF3 S8rmonomer (A) and TFF3
Cy<’ 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
monomer dimer monomer dimer
properties (SeF’) (Cys9) (SeP?) (Cys?)
predicted chemicab652 13334 6558 13147
mass (Da)

molecular mass by5800+ 300 14100+ 700 64264+ 300 13064+ 600
ultracentrifu-

gation (Da)

molecular mass by6645 13378 6562 13148
MS (Da)

Stokes radius () 15.5 20.8 13.7 17.8

frictional 1.25 1.34 1.12 1.14
coefficient

2 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 wapg < 0.001.

molecular mass of-6.5 kDa and that the different elution
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Comparison of the Hydrodynamic Properties of TFF1 and
TFF3. Analytical centrifugation was used to confirm the
monomeric and dimeric nature of the purified TFF35er
and TFF3 Cy® recombinant proteins under native conditions
in solution. The noninteracting model was adequate to
describe all of the data. TFF3 S&bbehaved as an ideal solute
with an anhydrous molecular mass of 642600 Da (Table
2). This agrees well with the predicted chemical mass of
TFF3 Set’, which is 6558 Da, and is consistent with there
being no aggregation of the protein at any concentration.
The slower migrating form of TFF3 C¥%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 Cys$ formed via a disulfide bond
between two Cy¥ residues is 13147 Da. This confirms that
the slower migrating form of TFF3 C¥5is a dimer.

We have shown previously that recombinant TFF1 also
forms homodimers via the extra-trefoil domain Eysidue
in the flexible carboxy terminus and that the TFF1%8er
analogue is monomericlQ; 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 A,
respectively. The Stokes radii were used to calculate the
frictional coefficients as described by Siegel and Mori§) (
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 TFF3p(< 0.001). The globular protein

was not explained by degradation (data not shown). Elec- riponuclease A has a molecular mass similar to those of the
trophoresis under nondenaturing conditions showed that theTFF1 and TEF3 dimers and eluted at 13 mL. The TFE1 dimer

TFF3 that required a higher salt concentration to elute
migrated more slowly, consistent with it having dimerized
via a disulfide bond between two CGysesidues.

The molecular masses of TFF3 Seand the slower
migrating form of TFF3 Cy& were determined by matrix-

assisted laser desorption MS (Figure 2). The measured

molecular mass of TFF3 Séwas 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 Cy8’ was 13147.6 Da (Figure 2B), which is

eluted earlier at 11.65 mL and the TFF3 dimer at 12.6 mL,
corresponding to Stokes radii of 20.8 and 17.8 A, 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 dimgy € 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

close to the theoretical molecular mass of 13146.8 Da for a TEE1 monomer migrates considerably faster than the TFF3

homodimer formed via a disulfide bond between two Cys

monomer when they are not reduced or denatured with SDS

residues (Table 2). In the experiments described below, the(rFigure 4B). The faster migration of TFF1 suggests that there

nondimerizing recombinant TFF3 Séis used to character-

may be a larger difference in charge between the two proteins

ize the physical properties of the TFF3 monomer, and the than suggested by the difference between their theoretical

dimeric form purified away from the monomeric form of
TFF3 Cy$’ is used to characterize TFF3 dimers.

isoelectric points. The TFF1 dimer migrated considerably
faster than the TFF3 dimer (Figure 4B).
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13.7 kDa 6.5kDa M
(kDa) A
100 v v
TFF1 ” A
— — _ TFFI
dimer rmonomer
= B
2 60
8
g
£
Q 40 H
2 e — TFF3 dimer
P — TFF3 monomer
20 7 —— — TFF1 dimer
11‘.0 ‘12]0 ) 13‘.0 I14‘1‘.0 '15.IO " 16].0 - - Trr] monomer
100 v v
TFF3 ﬂ n
80
dimer monomer TFF1 TFF3  TFF1 TFF3.
Ser”  Ser’ Cys® Cys”
% 60 1 Ficure 4: Relative migration of TFF1 and TFF3 during electro-
o phoresis under nondenaturing conditions. Recombinant TFF1 and
8 TFF3 monomers and TFF1 and TFF3 dimers were purified and
g 40 electrophoresed on denaturing (A) or nondenaturing (B) polyacryl-
amide gels, an e gels were stained as described in the
id I d th I tained d ibed in th
Experimental Procedures. The sizes of the molecular mass markers
20 (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.

I'I1I,O I'I2!CJ I'I3I.O I'I4I.O I'IS,IO I'I6|.0 . . . .
interact with the negatively charged Mono S resin (Table
3), but a higher salt concentration was required to elute TFF3.
Ficure 3: Gel filtration of TFF1 and TFF3 monomers and dimers. This suggests that TFF3 is bound more strongly than TFF1,
;';Zrlmggg giFgrgéit‘?gs nere ;;ino?:yégﬁj ”k:% %9'58"%""&0208{[‘] 2 reflecting its greater overall positive charge. At pH 4.0 the
phosphate buf?er, pH 6.5.gAbsorbance was measured at 280 nm'majority of TFF1 bound to the resin, but the interaction is
and the elution volumes are shown on the abscissa. The elutionweaker than at pH 3.5 and much weaker than that of TFF3
volumes of two of the globular protein standards aprotinin (6.5 kDa) at pH 4.0. At pH 4.5 a significant proportion of TFF3 binds
and ribonuclease A (13.7 kDa) are indicated by arrows. to the Mono S resin, albeit weakly, but the majority of TFF1
binds to the positively charged Mono Q resin. This interac-
Differences in the @erall Charge of TFF1 and TFF3.  tion occurs only 0.5 pH unit above the predicted isoelectric
To investigate the possibility that the overall charge of TFF1 point of TFF1 but is consistent with the precipitous drop in
and TFF3 is more dissimilar than their theoretical isoelectric predicted charge of TFF1 immediately above its isoelectric
points suggest, titration curves were computed. There arepoint (Figure 5A). Thereafter, TFF1 binds strongly to the
dramatic differences between the curves computed for theMono Q resin up to pH 6.5. At pH 5.0, TFF3 does not bind
two proteins (Figure 5A,B). At low pH, TFF1 is predicted tg either resin, which is consistent with its theoretical
to have a lower charge than TFF3 because it has fewer basigsoelectric point of 4.75. TFF3 interacted weakly with the
amino acids. At neutral pH, TFF1 is predicted to be much Mono Q resin as the pH was increased until pH 8.0 when it
more negatively charged than TFF3 because it has a highemhound strongly. This shows that the overall charge of TFF3
ratio of acidic to basic groups. At high pH they are predicted s sufficiently low to permit a strong interaction with the
to have a similar overall charge because they contain similaryesin at pH 8.0 when it is predicted to have a charge 2f
numbers of positively charged amino acids. The computed Apove pH 9.0 the interaction of TFF3 with the resin increases
titration curves account for the differences in migration of ith increasing pH, which is consistent with the predicted
TFF1 and TFF3 (Figure 4B), as the buffers used for decrease in overall charge of the protein in this pH range
nondenaturing gel electrophoresis are at pH 6.8 and 8.8 wherqrigure 5B). Thus these empirical data for the overall charge
there is a large difference in the charge of the two proteins. characteristics of TFF1 and TFF3 agree well with the
TFF1 is three times more negatively charged than TFF3 atcomputed theoretical values.
pH 7. This is consistent with the faster migration of TFF1,  The charges of the TFF1 and TFF3 dimers were also
despite its larger Stokes radius, compared to TFF3. considered. Comparison of the interaction of the TFF1 dimer
The difference in overall charge between TFF1 and TFF3 and monomer with Mono S at pH 3.5 shows that the dimer
was tested experimentally by ion-exchange chromatographyinteracts more strongly than the monomer (Table 4). This is
of the two proteins at different pH values using Mono S and in agreement with the predicted overall charge for the dimer
Mono Q ion-exchange resins. At pH 3.5, both proteins of ~+5 compared te-+2 for the monomer. The interaction

Elution volume (ml)
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Ficure 5: Titration curves for TFF1 and TFF3. Theoretical titration curves for TFF1 (A) and TFF3 (B) were computed usihgdheep
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.

of the dimer is also stronger at pH 4.0. Above pH 5.0, the residues. This reinforces the observation that the trefoil
TFF1 dimer interacts very strongly with the anion-exchange domain of TFF3 contributes more significantly to the overall
resin, and NaCl concentrations above 300 mM are requiredcharge characteristics of the TFF3 protein than does the
to elute the protein. This is consistent with a predicted overall trefoil domain of TFF1.
negative charge of-11 at pH 5.0. The structures of both of the TFF1 and TFF3 monomers
Differences in Charge Distribution between TFF1 and are published. The amino and carboxy termini of both
TFF3. The charged residues in the termini of both proteins proteins are relatively unstructured, and all of their acidic
are exclusively acidic, but whereas TFF3 has an equalresidues are exposed to the solvent. In the trefoil domain,
number of acidic residues in the termini and in the trefoil there is a conserved salt bridge formed between Arg14 and
domain, TFF1 has a greater number and a higher proportionAsp35 in TFF1 and the equivalent residues, Argl8 and
in the termini. TFF3 contains more charged residues than Asp39, in TFF3. The side chains of these conserved residues
TFF1 in the trefoil domain, and a greater proportion are basic. are buried and the charges neutralized by the formation of
Thus TFF1 has more acidic residues than TFF3, and all of the salt bond. The remaining charged residues in the trefoil
the excess is outside the trefoil domain. In contrast, TFF3 domains, two acidic and three basic in TFF1 and three acidic
has more basic residues than TFF1, and all of the excess isand six basic in TFF3 have solvent-exposed side chains.
in the trefoil domain. The electrostatic potentials mapped to the surfaces of TFF1
The steeper gradient of the titration curve for the TFF3 and TFF3 are shown in Figure 6B, and comparison reveals
trefoil domain reflects the greater percentage of chargedthe considerable differences between the two molecules.
residues that it contains whereas the relatively flat curve for TFF1 is markedly polarized, with the trefoil domain being
the TFF1 trefoil domain is due to the low number of charged neutral or positively charged while the N- and C-termini are



8256 Biochemistry, Vol. 42, No. 27, 2003 May et al.

Table 3: Interaction of TFF1 and TFF3 with lon-Exchange Resins Arg4lin TF_F3 is tur_nEd through 18 lie along the su_rface

at Different pH Values of the trefoil domain and points toward the termini. Thus
TFFL TFF3 among these four nonstructural residues, the side chains of

two adopt similar orientations and two very different

% [NaCl] % [NaCl] - ; :
matrix pH bound (mM) bound (mM) orientations in TFF1 and TFF3.
Mono S 35 100 160 100 330 The nonponserved Asp36 in TFF1is Iocateq betwee_n loops
4.0 >90 90 >90 220 2 and 3 (Figure 6D). Among the charged residues unique to
4.5 5 90 ~80 130 TFF3, Asp20 is between loops 1 and 2. His25 is located at
" i-% g‘of‘ 180 <5d the tip of loop 2, and the side chain folds back toward the
ono Q g 100 540 < a-helix. Lys29 and Glu30 along with the conserved Arg34
55 100 270 ~5 70 are in the shorti-helix in loop 2, and all of the side chains
6.0 100 250 ~5 90 point in the same direction away from the trefoil domain to
g-g 100 260 <33 iég give a local concentration of charged groups. Finally, Lys50
75 :80 120 lies at the end of loop 3, and its side chain points into the
8.0 100 140 solvent.
8.5 100 140
9.0 100 150 DISCUSSION
9.5 100 170
10.0 100 200 ;
105 100 250 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
Table 4: Comparison of the Interactions of the TFF1 Monomer and by an absence of gastric antral and pyloric mucus and have

and = not determined.

Dimer with lon-Exchange Resins at Different pH Values morphological abnormalities in the antrum leading to forma-
TFF1 tion of adenomas and carcinomas), TFF3-null mice have
monomer dimer a reduced ability to repair damage to the intestinal mucosa
% NaCl] % [NaCl] (16). This indicates tha_t the_ physiological functions of TFI_:;
matrix pH  bound  (MM) bound  (mM) ahno_l TFF3 maz be ?]ug_e different and that they may elicit
o0 S 35 00 160 100 290 their actions through distinct proteiprotein interactions.
4.0 ~90 90 100 190 In the present study we have investigated whether there are
4.5 5 90 >90 90 differences in the hydrodynamic and charge properties of
5.0 nd ~20 90 the two molecules that may reflect their different biological
Mono Q 4.5 90 180 nd profiles
5.0 100 240 nd T ) )
5.5 100 270 100 370 Production of TFF3We have described the preparation
6.0 100 250 100 345 of the pure recombinant TFF3 monomer and dimer using
65 100 260 100 370 an E. coli expression system. Two other groups have
nd = not determined. described the production of recombinant human TFF3. Thim

et al. (11) produced recombinant TFF3 using yeast, and

strongly negatively charged. In contrast, the distribution of Kinoshita et al. £9) produced TFF3 fusion proteins with a
surface charge on TFF3 is more heterogeneous, with the basid4 kDa TRX domain at the N-terminus iB. coli. The

and acidic side chains distributed more evenly over the PEZZ18 system utilized in this study has been used to
surface of the trefoil domain. 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

X . theoretical values, and the traces show less heterogeneity than
domains of the two molecules. Of the conserved or partially g v

conserved residues, Argl2 in TFF1 and Lys16 in TFF3 are those published .prevpusl)ll). .

located in the same positions in loop 1, but their side chains . 1h€ two proteins will be valuable for characterizing the
are orientated differently (Figure 6C and Table 6). The functional roles of TFF3 and for elucidating the signal
positions of Glu13 and Asp17 in loop 1 of TFF1 and TFF3, transduction pathways of trefoil proteins. The proteins have
respectively, are the same, and their side chains are botHfiSO Peen useful for structural studies, and the pEZZ18 vector
bent back toward the termini. Argl4 and Argl8 are the makgs this an ideal system .W'th which to pe”o”.“ structure
structurally important amino acids that form salt bridges with function analyses peca_luse it allows thg production of single-
Asp35 and Asp39 in TFF1 and TFF3, respectively. Lys30 stranded DNA for in vitro mutagenesis.

in TFF1 and Arg34 in TFF3 are conserved basic residues Hydrodynamic Propertiesis the size and shape of the
positioned in the short-helix of loop 2, and the side chains  trefoil domains are almost identical, the differences between
are Simi|ar|y orientated. Arg39 in TFF1 and Arg4_‘]_ in TFF3 the Stokes radii and frictional coefficients of TFF1 and TFF3
do not have the identical location in the primary sequence Monomers may be ascribed to the longer carboxy terminus
but are located in similar positions at the tip of loop 3 and ©f TFF1.

could conceivably perform a similar function in the two The amino and carboxy termini are juxtaposed in the NMR
proteins. But while the side chain of Arg39 points directly structures of both proteins; however, the TFF1 molecule is
out from the front of TFF1 away from the termini, that of longer than the TFF3 molecule because the carboxy-terminal

Finally, we examined the locations and orientations of the
side chains of individual charged residues in the trefoll
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loop‘l loop 2 loop 3 A
TFF1 EAGTE TCTVAPR[—.RQNCGFPGVTPSOCANKGCCF?DTVRGUPWCFYP NTIDVPPEEECEF
TFF3  EEYVGLSAN QCAVPAKDRVDCGYPHVTPKECNNRGCCFDSRIPGVPWCFKP LQEAECTF
S~ _
Trefoil domain B

e

COOH

NH2

NH2

NH2

COOH -

TFF1 COOH TFF3

Ficure 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 (Figure 6B). In addition, the carboxy terminus of TFF1 is

and TFF3 very positively charged, which may be predicted to encourage

N-terminus trefoil domain C-terminus an extended conformation and increase the asymmetry of

residues TEF1 TFF3 TFF1 _ TFF3  TEF1 _ TFr3  the molecule. Although structural and hydrodynamic data

acidic > > 3 2 5 > are difficult to reconcile, estimates of the maximum diameters

basic 0 0 4 7 0 0 from the NMR structures, measurements of the distance
}ﬁtilhg(r)ge i o e 13 5 between Phe60 and Phe19 for TFF1 and between Phe59 and

Pro24 for TFF3, do suggest that the diameter of TFF1 is
domain of TFF1 is four and six amino acids longer than the approximately 20% greater than that of TFF3, which is
amino- and carboxy-terminal domains, respectively, of TFF3 consistent with the hydrodynamic measurements.
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Table 6: Conservation of Individual Residues with Charged Groups of these charged residues to the biological activities of TFF1

in TEF1 and TFE3 and TFF3 is difficult to assess as, apart from the extra-trefoll
orientation of domain cysteine, the surfaces and residues of the trefoil
charged residue conservation of conserved amino domains involved in intermolecular interactions are not
————————— 'sur- amino acids within acid side chains known
domain TFF1 TFF3 face trefoil domain in trefoil domain '
N-terminus Glul ~ Glul yes notapplicable  notapplicable In TFF1, Asp36 (Figure 6D) contributes to an area Of
_ Glu5 Glu2 yes notapplicable not applicable negative charge on the surface of the molecule which is
”ego(;'main Argl2 Lysl6 yes conserved different largely absent on TFF3. Arg39 is located on the end of loop
Glul3 Aspl7 yes conserved similar 3 e}nd creates a positively charged protrgsion into the so_lv_ent
Argl4 Argl8 no  conserved buried adjacent to the conserved hydrophobic patch comprising
Asp20 yes  unique notapplicable  phe19, Pro20, Pro42, and Trp43. These residues may
His25 yes unique not applicable ib ianifi diff h £ | d
Lys29 yes  unique not applicable contribute significant differences to the surface topology an
Glu30 yes unique not applicable potential of the two proteins. In TFF3, Lys29 and Glu30
"&YS?é% ﬁfg?é‘g yes Consefve‘é E'm!'ag together with the conserved Arg34 are all located in the short
Sp Sp no conserve urie . . . . . .
Asp36 yes  unigue not applicable six-residuen-helix which extends from residue 29 to residue
Arg39 Argdl yes conserved? opposite 34.
Lys50 yes unique not applicable ; ;
C-terminus Asp51 yes  not applicable not applicable Interest has focused previously on the hydrophobic

Glu55 Glu54 yes notapplicable not applicable residues inClUding Tyr23, Pro24, Val45, Pro46, Trp47, and
Glu56 yes  notapplicable not applicable Phe49. They form a cluster of conserved residues on the
g:ﬂg; Glus7 ;’gss :gtt:&?l'i'g;‘gf Q&f&’i'ﬁf&f surface in the region of the ends of loops 2 and 3, and it has
been suggested that they are involved in protgirotein
) o ) interactions. Interestingly, the conformation of the tip of loop
The TFF1 dimer is significantly more asymmetric than  is significantly different in the three human trefoil proteins,
the TFF3 dimer; the frictional ratios are 1.33 and 1.14, \yhich may contribute to the specific biological effects of
respectively § < 0.001). Indeed, the difference in symmetry jnqjvidual trefoil proteins. It is noteworthy that all of the
is more marked for the dimers than for the monomers. The charged residues in this region in TFF1 and TFF3 are unigue.

longer carboxy terminus of TFF1 may also explain the ¢ .oy be envisaged that these residues might be involved
increase in asymmetry of the TFF1 dimer compared to the j, ingividualizing the proteirprotein interactions and
TFF3 dimer. If the two trefoil domains are separated by their biological activities of the trefoil family of proteins.

extended carboxy termini, then the shorter carboxy terminus ) ) . o
in TFF3 would cause the two trefoil domains to be in closer _ Physiological Releance The data described in this study
proximity. 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

opposite ends of a flexible linker. The observation that the TFF1 and TFF3 reflect adaptation to the different environ-

TFF3 dimer is less asymmetric and has a markedly smaller MeNts in which they function. TFF3 is expressed predomi-

Stokes radius than the TFF1 dimer suggests that the TFF3nantIy in the goblgt cells of the small and large intestine
dimer forms a more compact structure than that of the TFF1 @nd would be predicted to be exposed to pHs of between 6

dimer, and it will be interesting to determine whether it more @nd 8 €0, 21). TFF1 is synthesized by the mucus secretory
closely resembles the TFF1 dimer or TFF2. cells of the gastric epitheliun2@, 23) and is found in the
- ; ; . adherent mucous gel lay&t4) and in the gastric lumer2p).
The TFF1 dimer interacts with human gastric mu@8.( ) .
There is no published evidence for an interaction between TFF1 is therefore exposed to pHs between 7 and 1 at various

TFF3 and mucus. It is possible that greater separation ofStages in the transition from inside the cells across the pH
the trefoil domains in the TEF1 dimer facilitates this gradient that is maintained in the adherent mucus layer and
interaction. The different frictional coefficients of the two NtC the gastric lumen. During this transition there will be a

proteins would also be consistent with their interaction with Iarge shift in the _overall _char_ge of the protein, partiCl_JIarIy
distinct binding proteins and receptors. outside the trefoil domain (Figure 5A,C). Decrease in pH

Differences in ChargeThere are marked differences in g%s Bizntih?gg;gt?éﬁng?tscﬁglig";? dgfn:ahcz:\(ijrllz dI(:rinsaﬁo&ss(ible
the overall charges of TFF1 and TFF3. The experimental thaiasimiIaLD rocess occurs in the carbox ter.minuspof TFF1
data obtained over a wide pH range agree well with the Thi Id b P £ onal sianifi dy . f.
computed p values for both molecules. The significant Is could be of functional significance during exposure o

difference in the charge of the two proteins necessitated the |/ 1-Pound secreted mucins to low pH following the release
development of different purification protocols for recom- ©f SECrétory granules.

binant TFF1 and TFF3 and accounts for the large differences In conclusion, we have shown experimentally that TFF1
in their mobility in nondenaturing polyacrylamide gels. The and TFF3 have markedly different hydrodynamic properties
residues outside the trefoil domains of both TFF1 and TFF3 and differences in the overall and topological location of their
are acidic and contain no basic amino acids. This is in markedsurface charge. The experimental observations agree with
contrast to the trefoil domains which, particularly in TFF3, known structural features of the two proteins. This strength-
contain an excess of basic residues. In addition, the differentens the supposition that differences in conformational and
orientations of the side chains of the charged amino acidscharge characteristics of the two molecules account for their
exacerbate the greater polarization of TFF1. The relevancedifferent biological activities.

The structure of the TFF1 dimer has been published
recently (3) and shows that the two trefoil domains are at
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