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a Brichos Domain-Containing Protein with Homology to SP-C
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ABSTRACT. TFF1 is a gastric tumor suppressor that protects gastric epithelial cells from damage but can
promote invasive properties of tumor cells. Antibodies were raised against correctly folded TFF1 protein.
These showed that the 6.67 kDa secreted trefoil protein is present a@mkDa complex in normal
human gastric mucosa. The TFF1 complex was immunopurified from human gastric mucosa and shown
to comprise two proteins joined by a disulfide bond. Both were identified by amino-terminal sequencing
and MALDI TOF mass spectrometry. The TFF1 protein partner is a previously unknown protein that we
have called TFIZ1 fotrefoil factorinteractionsf) 1. TFIZ1 is expressed and secreted in normal gastric
mucosa. TFIZ1 mRNA was cloned from gastric mucosa and sequenced. TFIZ1 is an 18.31 kDa protein
and contains an-100 amino acid brichos domain and homology with smart00019.10, SF_P. This is the
first demonstration that a member of the trefoil factor family of proteins is bound covalently to a brichos
domain-containing protein. The apparent molecular mass of the TFF1:TFIZ1 heterodimer is remarkably
close to the theoretical molecular mass of 24.98 kDa. In conclusion, the heterodimer comprises one molecule
each of TFF1 and TFIZ1, and the disulfide bond between TFF1 and TFIZ1 is the most important factor
stabilizing the heterodimer.

Gastric cancer has a propensity to metastasize and kills Work with TFF1-null mice shows that TFF1 is a tumor
640000 people worldwide each year. TEFRd a 6.67 kDa suppressor. The gastric mucosa is thickened at 3 wdeks (
secreted protein originally identified as an estrogen-regulatedand by 5 months exhibits severe hyperplasia and dysplasia
MRNA in breast cancer cellsl(2). The main site of  and absence of mucin. All TFF1-null mice then develop
expression of TFF1 in normal tissues is the stoma&gH). antropyloric adenomas and 30% develop adenocarcinomas
TFF1 is a member of the trefoil factor family of proteins (12). TFF1 expression is lost frequently in human gastric
(5—7). Trefoil proteins are synthesized by mucin secreting cancer 13, 14), and missense mutations have been identified
epithelia and are important in mucosal protection and repair.in 16% of carcinomasi). It has been reported thaFF1
TFF1 interacts with the soluble human gastric mucin gene inactivation can occur by loss of heterozygosi),(
MUCS5AC (8) and has been proposed as a receptor for theand hypermethylation of thdFF1 promoter has been
class | carcinogemelicobacter pyloriwhich colonizes the reported in 19% of gastric cancerk7j.
adherent mucus laye); Studies with transgenic mice, and |y gpparent contradiction, TFF1 is frequently overex-
administration of recombmgnt protein, show Fhat TFF1 pressed or expressed ectopically by carcinoma c8)lsly
protects from experimentally induced gastrointestinal damagegtimulates migration and invasion of tumor cells3( 19)
(10,11). TFF1 is thought to promote restitutiobl), during  apq js thought to be involved in tumor dissemination. TFF1
which epithelial cells adjacent to a damaged area flatten, 55 antiapoptotic activity20) and promotes angiogenesis
extend lamellipodia, and migrate to re-form an intact (1) |t s not known why TFF1 expression is beneficial in
epithelial barrier. normal gastric cells and prevents the development of gastric

tumors but promotes carcinogenesis and invasion in other
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homodimers 23), two monomer units are connected by a purified on protein A-Sepharose and conjugated to protein
flexible linker comprising the carboxy-terminal regions with G—Sepharose using disuccinimidyl suberate. Incubations
an intermolecular disulfide bond between the Cys58 residueswere as above, and the antibody-conjugated protein G beads
(25). The TFF1 dimer is more potent than the monomer in were washed in buffer and the immunoprecipitated proteins
vitro and in animal modelsid, 18). eluted.

The majority of human gastric TFF1 is present in a  Protein SequencinglFF1 immunoprecipitate was elec-
complex or heterodimer of 25 kDa @6). This has profound  trophoresed on a polyacrylamide gel and transferred to PVDF
implications for TFF1 function. The protein partner in the membrane, and the protein bands were stained with 0.2%
heterodimer may confer specificity or affinity to the binding Coomassie blue R and destained in 40% methanol:10% acetic
of TFF1 to a receptor or other proteins or affect the ability acid. The filter was dried, the appropriate bands were excised,
of TFF1 to stimulate restitution. It is likely to influence the and the amino-terminal sequences were obtained by gas-
tumor suppressor activity of TFF1. We report the purification phase sequencing.
and identification of the TFF1 protein partner as a previously —Matrix-Assisted Laser Desorption Time-of-Flight (MALDI
unknown secreted protein. TFF1 is present in the heterodimerTOF) Mass SpectrometrylFF1 immunoprecipitates were
as a monomer unit that is linked to its protein partner by a electrophoresed and the proteins stained with Coomassie

disulfide bond. blue. Protein-containing gel slices were destained in 50%
acetonitrile and 100 mM ammonium bicarbonate, dried,
EXPERIMENTAL PROCEDURES rehydrated in NEHHCO; and 10% acetonitrile containing 0.5

ug of Trypsin Gold (Promega), and incubated overnight at
37 °C. The tryptic digests were then recovered from the gel
slices using 50% acetonitrile and 5% trifluoroacetic acid. In
some experiments, proteins were reduced and alkylated using
dithiothereitol and iodoacetic acid prior to electrophoresis
! o ; . ... to avoid interaction of free cysteine residues with acrylamide
Dubecco's modified Eagle’s medium supplemented with during electrophoresis. Mass spectra were obtained from

10% fetal qalf serum. o . untreated samples or following further purification with Zip
Preparation of TFF; AntlpodlesTFFl pep_tldeS of_be- Tip pipet tips (Millipore) using an Applied Biosystems
tween 10 and 30 amino acids corresponding to different \yal D] TOF system.
regions of TFF1 that were predicted to be immunogenic were  pT pCR.Total RNA was extracted from the precipitate
synthesized. The peptides were conjugated to KLH, and miceypained after homogenization of tissue or cells in LiCl and
were immunized using established protocols. Recombinant ;a5 ag describe®( RNA was reprecipitated twice with
TFF1 was produced as described previoug§).(Correctly 150 mm KCl and 75% ethanol and dissolved in water at 1
folded TFF1 was purified, and the TFF1 homodimer was mg/mL. For reverse transcription, 04y of RNA was
allowed to form and then purified. Mice were immunized ,cubated with 0.5(g of random primers in 5.2L for 10
with TFF1 dimer. Hybridoma cell lines were produced by in at 70°C, cooled on ice, and then incubated in 50 mM
fusion of mouse spleen cells to NS-1 cells. Screening for Tris-HCI, pH 8.3, 79 mM KCI, 3 mM MgGJ, 10 mM DTT,
production of monoclonal antibodies was by ELISA. 5004M dNTPs, and 0.5 unit of RNAsin (Amersham) with
Protein Gel Electrophoresis and Western Transfer Analy- 10 units of Moloney murine leukemia virus reverse tran-
sis. Acrylamide gels were prepared and proteins electro- sciptase (Amersham) in 1L for 1 h at 37-42 °C. PCR
phoresed and transferred to PVDF membranes or stained withteactions contained 0.LL of the reverse transcription
Coomassie blue essentially as described previou8B). (  reaction in a final volume of 12.5L with Red Hot
Proteins were boiled for 5 min in the absence or presencepolymerase or Amplitag Gold (Applied Biosystems) as
of S-mercaptoethanol prior to electrophoresis. Filters were recommended by the manufacturer. The primets 5
incubated with TFF1 monoclonal antibodies diluted in 5% ATAAGGGTGCTGTTTCGAC-3and 5-GTCAGAGCAGT-
milk, followed by incubation with alkaline phosphatase CAATCTGTG-3 amplified the 248 bp sequence of TFF1
conjugated secondary antibodies, and the immunoreactionc.DNA from exon 2 to exon 328). The primers 5
was developed with nitro blue tetrazolium and 5-bromo-4- TGCAGGATCATGCTCTTCTACC-3 and 5-CTCCA-
chloro-3-indolyl phosphate as described previougly) ( GAGGGTTGTACTTGACC-3 amplified the 211 bp se-
Immunoprecipitation and Purification of the TFF1 Het- quence of TFIZ1 cDNA from exon 3 to exon 5. The primers
erodimer.Cytosols were preabsorbed with proteir-Gepha- 5'-TCAATCCCTTGATGCACTGG-3 and 3-TCCATAG-
rose and incubated with TFF1 monoclonal antibodies for 4 TACACTGGTCG-3 amplified the 236 bp sequence of
h and subsequently with colloidal magnetic protein G beads TFIZ2 (CA11/AMP-18) cDNA from exon 4 to exon @9).
in 300 mM NaCl, 100 mM Tris-HCI, pH 8.0, and 0.2% PCR products were analyzed on 3% agarose gels.
Nonidet-P40 at #C overnight. The magnetic beads were ~ DNA SequencindRT PCR was performed as above with
retained in a MACS column (Miltenyi Biotec) in a magnetic  oligonucleotides STTACTCCAGCACCTTCCTCTCC-3
field and washed with buffer, and the immunoprecipitated and 3-ATAAATACAGCATTTATATTTTCTGAC-3' to am-
proteins were eluted with 62.5 mM Tris-HCI, pH 6.8, 12.5 plify the 718 bp sequence of TFIZ1 cDNA from exon 1 to
mM EDTA, 10% (v/v) glycerol, 0.005% Bromophenol blue, exon 6 and with oligonucleotide$-BTAACACCTAGTTT-
and 1% SDS at 90C. GAGTCAACC-3 and B-TGAATTCAATGCTAAAT-
For preparative scale immunoprecipitations, hybridoma GATTTTATTG-3' to amplify the 820 bp sequence of TFIZ2
cells were cultured in protein-free medium, and then TFF1 (CA11/AMP-18) cDNA from exon 1 to exon 63(). The
monoclonal antibodies secreted into the medium were PCR products were extracted with chloroform and cloned

Cell Culture.AGS cells were maintained in Ham’s F12/
Dubecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. Kato-1lI cells were maintained in RPMI
medium supplemented with 20% fetal calf serum. HGT-1
cells, HT29 cells, and NS-1 cells were maintained in
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Ficure 1: Production of monoclonal antibodies against correctly folded TFF1. (A) Amino acid sequence for human TFF1 showing the
extent of the trefoil domain (residues-87). The conserved cysteine residues in the trefoil domain and the extra trefoil domain cysteine
residue of TFF1 are shown in blue and are highlighted in yellow. In the TFF1 homodimer, an intermolecular disulfide bond connects the
Cys58 residues (underlined). The positions of the secondary structural elefsisefs, helix, and loops) present in TFF1 are indicated
above the sequence. Tffesheet formed between residues@and 48-50 is shown in gray because it was only present in a proportion

of the NMR structures24). (B) Location and orientation of the conserved cysteine residues that form intramolecular disulfide bonds in the
TFF1 trefoil domain and of cysteine 58 in the carboxy terminus that forms intermolecular disulfide bonds. The cysteine residues are shown
in blue apart from the sulfur atoms, which are shown in yellow. (C, D) Immunodetection of recombinant TFF1 and of TFF1 in human
gastric mucosa cytosol. Samples were electrophoresed on polyacrylamide gels without or after prior incubafiemevitaptoethanol.
Separated proteins were transferred to PVDF membrane and incubated with a monoclonal antibody raised against a TFF1 peptide (C) or
against recombinant TFF1 protein (D). Recombinant TFF1 monomer (m), recombinant TFF1 dimer (d), or denatured recombinant TFF1
(rec.) was included in the gels as indicated. The positions of the molecular mass markers are shown on the left and of the different forms
of TFF1 on the right of the appropriate panels.

into the vector pCR2.1 by TOPO cloning. Cloned cDNA (Figure 1C). The inability of the anti-TFF1 peptide antibodies
was sequenced by Big Dye termination cycle sequencingto recognize folded TFF1 renders them ineffective for

(Applied Biosystems). immunopurification of the TFF1 heterodimer.
Antibodies raised against correctly folded TFF1 protein
RESULTS react with the recombinant TFF1 monomer and dimer and

with the TFF1 heterodimer and dimer in gastric cytosol after
the proteins have been electrophoresed under nonreducing
Production of Monoclonal Antibodies against Nai conditions but do not react with TFFL1 if it is reduced prior
TFF1. Monoclonal antibodies were raised against TFF1 to electrophoresis (Figure 1D). The TFF1 heterodimer is the
peptides and subsequently against recombinant protein thapredominant form of TFF1 detected in all five samples of
had been used to solve the structure of TFEA-25). The gastric mucosa. Antibodies that react with native forms of
ability of the antibodies to recognize linear TFF1 and TFF1 were used to immunopurify the TFF1 heterodimer from
different forms of correctly folded TFF1 was tested. Rep- gastric mucosa.
resentative results obtained are shown in Figure 1. After Immunoprecipitation and Purification of the TFF1 Het-
electrophoresis under nonreducing conditions the antipeptideerodimer. The TFF1 heterodimer was detected in TFF1
antibody reacts weakly with the TFF1 monomer but not with immunoprecipitates, and after reduction of the immuno-
the TFF1 dimer or TFF1 from gastric mucosa. The antibody precipitates, the TFF1 immunoreactivity migrated in the same
does react strongly with recombinant TFF1 and gastric TFF1 position as the 6.65 kDa recombinant TFF1. The TFF1
after pretreatment of the proteins wiflimercaptoethanol  antibody does not react with recombinant TFF2 and TFF3

Purification of the TFF1 Heterodimer
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A Identification of the TFF1 Protein Partner
Coornassie blue Anti TFF1 Protein Sequencing.he TFF1 heterodimer was immuno-
08) - precipitated from gastric cytosol, treated wjthmercapto-
4 ethanol, electrophoresed on a polyacrylamide gel, and
":_ il — il transferred to PVDF membrane. The proteins on the filter
e were stained with Coomassie blue, and the prominent band
] of ~18 kDa was excised and sequenced (Figure 3). An

3.5 =

amino-terminal sequence of 13 amino acids, YEVFNI-
ISPSNNG, was obtained. Searching the protein data-
bases identified a 184 amino acid protein, XP114236, that
bl il had been predicted from the sequence of the human
genome. The 13 amino acids correspond to residues 21
B 33, which shows that the first 20 residues comprise a signal
sequence that is removed during synthesis of the protein
partner.

Confirmation that XP114236 is the protein partner in the
e il TFF1 heterodimer was sought by amino-terminal sequencing
e of the proteins present in the nonreduced TFF1 heterodimer.

o o e TFF1 was immunoprecipitated from a different gastric
cytosol, electrophoresed on a nonreducing gel, and transferred

to PVDF membrane. Amino-terminal sequencing of the
proteins present in the nonreduced TFF1 heterodimer showed

oy TR Cyt. Depl. TFF) that XP114236 is the protein partner in the TFF1 hetero-

" feaiing dimer. Both XP114236 and TFF1 were present in 5
FIGURE 2: Purification of the TFF1 heterodimer by immuno- KDa protein band. Sequencing of théd8 and~7 kDa bands
precipitation. Aliquots of gastric cytosol and of TFF1 immuno- obtained after reduction of the TFF1 immunoprecipitate from

precipitated from cytosol using purified antibody cross-linked t0 {he second gastric cytosol (Figure 3B) identified XP114236
Sepharose beads were electrophoresed on polyacrylamide gels

without (A) or after prior incubation witf-mercaptoethanol (B). as the larger and TFF1 as the smaller protein.
The proteins were stained with Coomassie blue or transferred to  Mass Spectrometrylhe protein sequencing results were
PVDF membrane and incubated with anti-TFF1 antibodies. Aliquots ~qrroborated by mass spectrometry of tryptic digests. Figure

of immunodepleted cytosol were included in the gels for immuno- 4 sh th dicted t in cl ites | ted
detection with anti-TFF1. The positions of the molecular mass “ SNOWS 1he predicted trypsin cleavage Siies In secrete

markers are shown on the left and of the stained protein bands andXP114236 and TFF1 and the masses of the tryptic peptides
different forms of TFF1 detected on the right of the appropriate that would be generated. Immunoprecipitated TFF1 hetero-

panels. dimer was excised from a nonreducing polyacrylamide gel

. .. and digested with trypsin. Four of the predicted trypsin
that were included on the gels nor do TFF2 and TFF3 specific cleavage products of secreted XP114236 were identified

antibodies react with the TFF1 immunoprecipitate (data not (Figure 4). This result was confirmed with a second gastric
shown). The absence of a reaction confirms the specificity sample.

of the TFF1 antibody and that TFF2 and TFF3 are not present . . . o . .
in the TEF1 heterodimer. None of the tryptic peptides identified contain cysteine

residues. Disulfide bonds could restrict trypsin access, or
fragments could be joined. We therefore repeated the
%xperiment with the TFF1 heterodimer that had been reduced
“and alkylated prior to electrophoresis. Five tryptic fragments
of XP114236 were identified in the 18 kDa protein band,
one of which was identified also in the negative ion mode.
One peptide resulted from incomplete trypsin digestion. The
four amino-terminal tryptic peptides of TFF1 were identified
in the~7 kDa protein in the positive ion mode. Two peptides
resulted from incomplete trypsin digestion. The carboxy-

pote.
Mon-reducing

Coomassie blue Anfi TFF1

MW e
(kDa) &5
43

30

Identification of the TFF1 protein partner in the het-
erodimer by amino acid sequencing and mass spectroscop
necessitated larger scale immunoprecipitation. TFF1 mono
clonal antibody was purified and conjugated to immobilized
protein G. The TFF1 heterodimer was purified from gastric
cytosol, electrophoresed under nonreducing conditions, and
stained with Coomassie blue (Figure 2A). The immunopre-
cipitate comprised a major protein band 25 kDa that
coelectrophoresed with TFF1 heterodimer and which was
not discernible among the proteins in complete cytosol

(Figure 2A). Treatment witl-mercaptoethanol converted ;eerg;ne:'[i]\?le tigr?ti;o%eepti'?'ﬁeOIn;—stF%sp\levgsro:g]gtnryizip?rir;heents
the majority of the~25 kDa protein into two proteins of . o .
~18 aan~7ykDa. Anti-TEE1 aFr)niserum reactedpwith tha identified ~50% (49%) of the XP114236 sequence and the

kDa protein band only (Figure 2B). Analysis of the proteins €Nntiré TFF1 sequence in tryptic digests of TFF1 immuno-
that remained in gastric cytosol following TFF1 immuno- Precipitates.

precipitation showed that essentially all the TFF1 heterodimer The amino-terminal sequencing and MALDI TOF mass
and TFF1 were removed by the immunoprecipitation (Depl. spectrometry show that the TFF1 complex comprises a
Cyt. in Figure 2A,B). The results show that the TFF1 heterodimer between XP114236 and TFF1. We have called
complex is a heterodimer between a8 kDa protein and  the TFF1 protein partner TFIZ1 fortrefoil factor
TFF1 and that the proteins are linked by a disulfide bond. interactionsf) 1.
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Ficure 3: Identification of the protein partner in the TFF1 heterodimer by amino-terminal sequencing. (A) The amino acid sequences of
XP114236 (TFIZ1) and of TFF1 are shown. The amino-terminal peptide sequence used to search the databases is shown in bold aligned
above the corresponding XP114236 sequence. The sequences obtained fr@%5 kixa protein band are indicated below the corresponding
XP114236 and TFF1 sequences (NR). The sequences derived froni&ieDa protein band are indicated below the XP114236 sequence

(Red) and the sequence from th@ kDa protein is indicated below the TFF1 sequence (Red). The positions of the signal sequence splice
sites are indicated by downward-pointing arrows, and the cysteine residues are shown in bold and are boxed. (B) Aliquots of TFF1
immunoprecipitated from cytosol using purified antibody cross-linked to Sepharose beads were electrophoresed on polyacrylamide gels
without (Non-Red.) or after prior incubation wiflrmercaptoethanol (Red.). The proteins were transferred to PVDF membrane and stained
with Coomassie blue.

XP 114236 (TFIZ1)
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Ficure 4: Identification of the protein partner in the TFF1 heterodimer by mass spectrometry of tryptic digests. The amino acid sequences

of mature XP114236 (TFIZ1) (a) and TFF1 (b) are shown with the positions of predicted tryptic cleavage sites indicated by downward-
pointing arrows. The masses of the cleavage fragments that would be generated are shown above the sequence. The fragments identified
by MALDI TOF of tryptic digests of the~25 kDa protein band are indicated by a solid line below the sequences. The fragments identified

by MALDI TOF of tryptic digests of the~18 or~7 kDa bands are indicated below the sequences by an unfilled line for the positive ion

mode and a hatch-filled line for the negative ion mode. The cysteine residues are shown in bold and are boxed.

Coexpression of TFF1 and TFIZ1 in Human Gastric 18 gene that encodes a gastric-specific protelf, 30).
Mucosa Sequence comparison indicates that the two genes are related,

Expression of TFIZ1The TFIZ1 gene is located on and the possibility therefore exists that CA11/Amp-18
chromosome 2p13, 23.7 kb upstream from @&11/Amp- interacts with trefoil proteins and should be designated
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TFIZ1 TFF1 TFIZ2 [CAT1/AMD-18) Exon 1
TFIZZ2 ATAARCACCTAGTTTGAGTCAACCTGGTTARGTACARATATGAGAAGGCTTCTCATTCAGS
_ _ - . ?TRCT‘CCAGCACCTTCCTCTCCCRGGCW-WTACTT
| | I [ [HARN I
TFIZ2 TCCATGCTTGCCTACTCCTCTGTCCACTGCTTT CG‘I‘G;‘-\AGF\C}U-\G-AAG'T TCACA
-] 2 3 AGS KoboHGT HT -] 2 3 AGS KatoHGT HT -] 2 3 AGS Kato HGT HI
Homaeh 1129 Homah w129 Tomach mo1o Exon 2
FlGURE 5: EXpreSSiOn Of gaStl’iC TFIZ]. and TF|22 RNA was TFIZl GTGECATTTCTGETGETGCTGACCATCTTTGGGATACAATCTCATGGATACGAG
[ 111 | [ (NN | 1| | 1
prepared from samples of normal stomach 8} and from AGS, TFIZ2 ATTGICTTTGCTGGACTTICTTGGAGTCTTTCTAGCTCCTGCCCTAGCTARCTAT
Kato-Ill, HGT-1, and HT29 cells. The RNA was reverse transcribed *

and ampllfled by PCR Wlth prlmer palrs for TFIZl! TFFl! a'nd TFIEL z:?:"]‘3F\ACAT‘CATCF\C—CCCF\AGCMCF\ATC—GTSGCF\ATGT‘T‘CRGGAGP\CF\C—T‘GF\C:‘-\ATT‘
TFIZ2 (CA11/AMP-18). The products were separated by electro- I RN
phores's on a 3% agarose gel and Stalned Wlth ethldlum brom|de TFIZZ AATATCARCGTCAATGATGACAACAACAATGCTGGAAGTGGGUAGCAGTCAGTGAGTGTC
TFIZ1 GATAATGAAARRRATACCGCCATCATTAACATCCATGECAG GATCATGCTCTTCTACCACA
: B A e Ak e
TFIZ2. The pl’edICted TFIZ1 sequence, TFF1, and TFIZ2 1riz2 AacAATGAACACAATGTGECCAATGTTGACAATAACAACGGATGEEACTCCTGGRATTCS
(CA11/AMP-18) mRNAs were amplified by RT PCR from ., crercacraranacar
human gastric RNA and from three gastric type and HT29 111 11 111 | 11
intestinal cell line RNAs (Figure 5). PCR products were =~
Exon 4
detected from normal stomach for TFIZ1, TFF1, and TFIZ2 ;,;, ::gf;aca-r-rccmcc.qc.cc1-cc-rc-rcccc.a_a_ca:c-:E-r1--:;,-:-@:-1-cmc_a\-rc:s:cm-
- i Il LEEE T LTI 1
(CA::'I:L/ AMP 18'[) r?Rl\'ll'Al\:SF.lpngtz pr??’gfésjl_wetl?F?Ze;e(%eA(ill;] TFIZZ GGCTTTGCTGCAACCAGACTCTTTCARAAGAAGACATGCATTGTGCACARAATGRACALG
smaller amounts, tor utno or
AM P-18) MRNASs after amplification of AGS, Kato lll, and T CQGMTATCTCTCCTCTGATCPATCTCCTMGGTMATCTAT%GATACTG
) ) I IR I I [
HT29 Ce” RNA ThIS Suggested that TFFl may be eXpreSSed TFIZZ GRAGTCATGCCCTCCATTCAATCCCTTGATGCACTGET CARGGARRAGARASG
in the absence of its normal protein partner TFIZ1 in gastric Exon 5
TFIZl GUTCTGGACAACATGTTCTCCAGCARATACACT TEEETCAAGTACARCCCTCTGGAS
tumor cells. i IRT g bl | Lo
TFlZl SequenCeHuman gastrlc TFIZl mRNA was TFIZ2 CTTCAGGGTARGGGACCAGGAGGACCACCTCCCARGEECCTGATGTACTCAGTCARACCCA
sequenced and compared to the sequence predicted from thiffF2t TeTCTEATIAMASACEISGATIGETIECTECTTEACTCACCAIT SAGAAACTCTOCRAR
human genome and the sequence of human TFIZ2. Full- rF1z2 AACAARGTCGATGACCTGAGCARGTTC GGRAARAACATTGCAAACATGTGTCGT
Iength TFIZ1 and TFIZ2 (CAll/AMP-lS) MRNAS WEre  rrrzl CcatarcccrTreraTARGEGECARGTGETTCAARACACAC
amplified from gastric mucosal RNA and inserted into the ..., cechtrbiamcammenr ot e
vector pCR2.1 by TOPO cloning and sequenced (Figure 6). svon 6
The TFIZ1 sequence obtained from several individuals is rriz1 ATAATGTCGG — TGCTGGAGGCTETGCAMAGGCTGGGCTCCTGEGCATCTTGE
identical to the XP114236 mRNA sequence deduced from qyrz; AGGCA,IQGCC'lrIs'}'TTT':'TTACTI::Aé-G;I\AcGﬁfrAc,IncéﬁécnéTG'i"AcI:'}'ATés;l\ll"TGTéG
the human genome. There qre two dlfferencgs between the’mm GAATTTCRATCTGTGCAGACATTCATGTT  [EEBGATGATTAGCCCTCTTGTTTTATCT
TFIZ2 sequence that we obtained and the published sequenct L T T | L I
. . IZ2 ACATTTCCTTCTGTGGAGACACGGTGGAGAACHMMRCARTTTTTTARAGCCACTATGGAT
(29). In exon 2, the codon for leucine that is located two =
amino acids terminal to the signal peptide cleavage site is O T O I CCRITEC
CTA, and there is an A in placefa G at position 695 in TREZ. GO0 TG AR ED e TR TN GO CE RS e ST RETOR
exon 6. These two differences were identified in TFIZ2 1riz1 cocancraar T IeaGATTCAGTCAGAARATATAAATGCTGTATTTAT
; TR e I L Il o I
isolated from several individuals. Both genes CoNtaiN SIX pprzp rocrGaarITTTCTCTACTAGT TATGTTTGATTTCT T AAGT T TCARTAARATCATT TA

exons. Exon 1 of TFIZ2 is 75 nucleotides longer than that , .. .

of TFIZ1, and exons 2, 3, and 4 are the same Iength§ N EGuRe 6: Comparison of the TFIZ1 and TFIZ2 cDNA sequences.
both genes whereas the lengths of exons 5 and 6 differThe sequences of TFIZ1 and TFIZ2 cDNAs are shown aligned.
slightly. Overall nucleotide similarity between the genes is The nucleotides in TFIZ2 that differ from the published sequences
42% but varies throughout the sequences and is most similarof CA1l are indicated by an asterisk and shown in bold. The

between the third exons (57%) nucleotides of the initiation methionine (pale gray) and stop (gray)
. : . codons are highlighted. The nucleotides that encode the cysteine
Characteristics of the TFIZ1 Proteifhe TFIZ1 mRNA residues are underlined and shown in bold, and the transcription

sequence contains an open reading frame that encodes &rmination signals are underlined.

protein of 184 amino acids. We have sequenced the amino

terminus of TFIZ1, and this demonstrates that mature TFIZ1 The brichos domain is about 100 amino acids long and is of
is a 164 amino acid secreted protein with a theoretical unknown function. TFIZ1 shares homology with the entire

molecular mass of 18.31 kDa and an isoelectric point of 6.59. brichos domain with a bit score of 87.3. Three of the five

The TFF1 heterodimer has a predicted molecular mass of TFIZ1 cysteine residues occur within the brichos domain,

24.98 kDa, which is remarkably close to the apparent and of these Cys38 is found only in TFIZ1 whereas Cys61
molecular mass of-25 kDa. The theoretical isoelectric point and Cys123 are conserved between all brichos domain-
of the heterodimer is 5.16. TFIZ1 has five cysteine residues containing proteins. This suggests that the intermolecular
and will have therefore a free cysteine available to interact disulfide bond in the TFF1 heterodimer may be between
with TFF1 Cys58 (Figure 6). Cys38 of TFIZ1 and Cys58 of TFF1 (Figure 8).

The protein database was searched with TFIZ1, which The sequences of the TFIZ1 and TFIZ2 proteins are shown
showed that TFIZ1 contains two recognized conserved aligned in Figure 7B. TFIZ1 lacks amino acids Lys97 and
homology domains (Figure 7A). The first is smart00019, Tyrl4l of TFIZ2 (CA11/AMP-18), and the protein is
SF_P, which is found in the pulmonary surfactant-associatedterminated one residue earlier. TFI1Z2 (CA11/AMP-18) does
protein C precursor. TFIZ1 shares homology with the not contain Leul14 and Leull5 of TFIZ1. Four of the five
carboxy-terminal end of smart00019, SF_P, with a bit score TFIZ1 cysteine residues are conserved between the two
of 41.2. The second homology is with the brichos domain. proteins, but Cys38 is unique to TFIZ1. This reinforces the
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between a TFF1 homodimer and another protein. The
demonstration that the TFF1:TFIZ1 heterodimer is resistant
to treatment with ionic detergents and boiling but is destroyed

by incubation in the presence of a thiol agent argues against
this possibility (Figure 2). We have shown previously that
‘ the heterodimer is resistant to treatment with guanidine

TFIZ1 MEILVAFLVV LTIFGIQSHG . L R
M e A TE = hydrochloride and have demonstrated that it is resistant to
TFIZ2 MLAY SSVHCFREDK MKFTIVFAGL LGVFLAPALA treatment with urea and nonionic detergents and to proteoly-

sis (unpublished data). This indicates that the most important
bond stabilizing the interaction between TFF1 and its protein

partner is the covalent disulfide bond between the two

molecules.

The apparent molecular masses of TFF1 and TFIZ1 and
of the TFF1:TFIZ1 heterodimer (Figure 2) are also consistent
with the proposition that one molecule of TFF1 interacts
directly via a disulfide bond with one molecule of TFIZ1 to
form the heterodimer. TFIZ1 Cys38, which is the cysteine
residue most likely to form the disulfide bond with Cys58
of TFF1, is located within the brichos domain (Figure 8).
This indicates that the brichos domain is involved in the
interaction between TFF1 and TFIZ1. In contrast, Cys58 lies
outside the trefoil domain of TFF1. The concentration of
acidic residues that surround Cys58 at the carboxy terminus
of TFF1 has been noted previously (Figure 167, 22).
Interestingly, TFIZ1 Cys38 is embedded within a stretch of
polar amino acid residues: three serines and two threonines.

N+ + NN G+ Q++V +++NE N A ++ G 5 +I+DY +G+

YEVFNITSPS NNGGNVQETV TIDNEKNTAT INTHAGSCSS TTIFDYKHGY
NYNINVNDDN NNAGSGQQSV SVNNEHNVAN VDNENGWDSW NSIWDYGNGFE

IASRVLSRRA CFILKMDHQN IPPLNNLOWY IYEKQALDNM FSSKYT-WVK
A+R+ ++ C + KM+ + +P + +L + EK+ +
BATRLFQKKT CIVHKMNKEV MPSIQSLDAL VKEKKLQGKG PGGPPPKGLM

YNPLESLIKD VDWFLLGSPI EKLCKHIPLY EGEVVENTHN VG-AGGCREA
Y+ ++D+ F G I +C+ IP-X E + +G C
YSVNEFNKVDD LSKF--GKNI ANMCRGIPTY MAEEMQEASL FFYSGTCYTT

GLLGILGISI CADIHV
+L I+ IS C D
SVLWIVDISF CGDTVEN

SP-C Position of homology with pulmonary surfactant protein C

Approximate position of the Brichos domain. This varies between proteins

L

Signal peptide cleavage site

[

Distribution of conservation between TFIZ1 and TFIZ2 (CA11/AMP-18) DISCUSSION

Identification of the TFF1:TFIZ1 HeterodimeWe have
purified the most abundant molecular form of TFF1 in human

Semi-conserved
49 % (90/184)

Identical

Preprotein 26 % (48/184)

Mature protein 26 % (43/164) 49 % (81/164) - e )

N-terminal domain 30 % (10/33) 61 % (20/33) gastric mucosa and shown that it is a heterodimer between
Brichos domain 24 % (24/99) 48 % (48/99) . .

i e 26% (934) 38% (1334) TFF1 and a previously unknown protein that we have called

FiGure 7: The TFIZ family of proteins. (A) Positions of homology TFiz1. We have sequenced TFIZL mRNA from human
with smart00019, SF_P (SF_P), and the brichos (BRICHOS) 9astric mucosa and have shown that TFIZ1 is a secreted
domain in the TFIZ1 preprotein. (B) Amino acid sequences for Protein and that the TFIZ1 monomer has a theoretical
TFIZ1 and TFIZ2 are shown aligned. Conserved residues are listed,molecular mass of 18.3 kDA. TFIZ1 and TFF1 are coex-
and semiconserved residues are indicated byJasign between  pressed in the normal human stomach. TFIZ1 expression was

the two sequences. The region of homology between TFIZ1 and ot getected in gastric cancer cells, but TFF1 expression was
smart00019, SF_P, is shown in bold and underlined. The brichos detected in some gastric cancer cells.

domain is boxed. A downward-pointing arrow indicates the
positions of the signal sequence cleavage sites. The cysteine residues Role of the Heterodimer in TFF1 BiologyThe
are highlighted (gray). (C) The conservation between TFIZ1 and TFF1:TFIZ1 heterodimer is the major form of TFF1 in
TFIZZ is listed. normal human gastric mucosa, which indicates that its
notion that the intermolecular disulfide bond in the formationis critical to TFF1 function. The heterodimer could
TFF1:TFIZ1 heterodimer involves Cys38 of TFIZ1. have enhanced activity relative to TFF1 or have biologically
Amino acid residues that are identical or conserved distinct functions from TFF1. Alternatively, formation of the
between TFIZ1 and TFIZ2 are distributed relatively evenly Nheterodimer could prolong the half-life of TFF1, which might
throughout the sequences (Figure 7C). Conservation is highe® important in the harsh environment of the stomach.
at the amino termini encoded by the third exons. These Another possibility is that TFIZ1 sequesters free TFF1 and
regions of the proteins may have important functional roles. thereby regulates or reduces its action.
There is a compositionally biased, low complexity sequence  Dissociation of TFF1 and TFIZ1 expression in gastric
surrounding Cys145 in TFIZ1 which comprises 6 glycine, 3 carcinoma cells could provide an explanation for the apparent
alanine, 3 leucine, and 3 isoleucine residues within a stretchcontradiction that TFF1 expression is beneficial in normal
of 18 amino acid residues (Figure 7B). None of the alanine tissue but detrimental in cancerous tisség (t may also
residues and only one each of the glycine, leucine, andreconcile the observation that a gastric tumor suppressor is
isoleucine residues are conserved in TFIZ2, which indicates expressed ectopically by other tumors and at high levels by
that the function of this region of the protein is unique to alarge proportion of breast tumors including interval cancers
TFIZ1. (31—34). TFIZ1 may itself be a tumor suppressor, and the
Interaction between TFF1 and TFIZRecombinant TEF1  reduced expression of TFIZ1 in human gastric tumor cells
forms homodimers, and TFF1 dimers have been detected inis supportive of this possibility.
gastric mucosa and shown to interact with MUCS5Ag]. ( Homology between TFIZ1 and Other Proteifbe TFIZ1
The TFF1 heterodimer could result from an interaction gene is located on chromosome 2p13.3 and is transcribed
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TFF1 REFERENCES
1 20 40 50 1. Masiakowski, P., Breathnach, R., Bloch, J., Gannon, F., Krust,
——— A., and Chambon, P. (1982) Cloning of cDNA sequences of
S 164 hormone-regulated genes from the MCF-7 human breast cancer
1 20 Sa0 &0 80 100 120 140 160 cell line, Nucleic Acids Res. 17895-7905.
. 2. May, F. E. B., and Westley, B. R. (1986) Cloning of estrogen-
regulated messenger RNA sequences from human breast cancer
cells, Cancer Res. 465034-6040.
TFIZ1 3. Rio, M. C., Bellocq, J. P., Daniel, J. Y., Tomasetto, C., Lathe, R.,

Ficure 8: Schematic representation of the interaction between
TFF1 and TFIZ1 in the heterodimer. The positions of the conserved
domains present in the proteins are indicated as gray bars. These
are the trefoil domain (TREFOIL) in TFF1 and the brichos domain
(BRICHOS) and smart00019, SF_P domain (SF_P) of pulmonary
surfactant-associated protein C precursor in TFIZ1. The disulfide
bond between TFF1 Cys58 and TFIZ1 Cys38 is shown.

from the centromere to the telomere. THelZ2 (CA11/AMP-

18) gene R9, 30) is 23.7 kb upstream and is transcribed in 6.

the opposite direction to th€FIZ1 gene.

TFIZ1 shares homology with the pulmonary surfactant-
associated protein C precursor domain, smart00019, SF_P
(Figure 7A). This region of homology is not identified in
TFIZ2. Pulmonary surfactant protein C helps to maintain

cellular function at the interface between the alveoli surface 9.

and the airways3b). The expression of TFIZ1 in the gastric
mucosa indicates that it functions at the interface between

the gastrointestinal mucosa and lumen. It seems probable 19,

that the shared homology between pulmonary surfactant-
associated protein C precursor and TFIZ1 is indicative of
some shared functional attributes. The region of homology
is within the proprotein of surfactant protein C which is
thought to be involved in vesicular trafficking.

TFIZ1 contains one copy of the conserved brichos domain

(Figure 7) 86). The brichos domain is about 100 amino acids  12.

long and therefore comprises over 50% of the TFIZ1 protein
sequence. The brichos domain is present in proteins associ-

ated with dementia, respiratory distress, and cancer. Our 13

demonstration that the mucosal protective trefoil protein
TFF1 is covalently bound to TFIZ1 links these two protein
families. This is the first demonstration that a member of
the trefoil factor family of proteins is bound to a brichos

domain-containing protein. It will be interesting to determine
if TFIZ2 interacts with TFF1 and if either of the two proteins

interacts with TFF2 or TFF3.

Interaction between TFF1 and TFIZTFF1 is a very
acidic protein with a pof 3.94 @2), whereas TFIZ1 is neutral
with a pl of 6.59. The p of the TFF1:TFIZ1 heterodimer is
still relatively acidic at 5.16. The theoretical molecular mass
of the TFF1:TFIZ1 heterodimer is 24.98 kDa, which agrees
very well with the molecular mass determined empirically.
Our data show therefore that a single monomer unit of TFF1
binds directly to TFIZ1 most probably via a disulfide bond
between Cys58 of TFF1 and Cys38 of TFIZ1 to form a stable
heterodimer (Figure 8). Cys38 is located within the brichos
domain, and this shows that the region of direct contact
between the surfaces of TFIZ1 and TFF1 includes a portion
of the brichos domain.
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