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Summary
Chromosomal rearrangements apparently account for the presence of a primate-speciﬁc gene (protease serine 3) in chromosome 9. This gene encodes,
as the result of alternative splicing, both mesotrypsinogen and trypsinogen 4. Whereas mesotrypsinogen is known to be a pancreatic protease,
neither the chemical nature nor biological function of trypsinogen 4 has
been explored previously. The trypsinogen 4 sequence contains two predicted translation initiation sites: an AUG site that codes for a 72-residue leader peptide on Isoform A, and a CUG site that codes for a 28-residue
leader peptide on Isoform B. We report studies that provide evidence for
the N-terminal amino acid sequence of trypsinogen 4 and the possible
mechanism of expression of this protein in human brain and transiently
transfected cells. We raised mAbs against a 28-amino acid synthetic peptide
representing the leader sequence of Isoform B and against recombinant
trypsin 4. By using these antibodies, we isolated and chemically identiﬁed
trypsinogen 4 from extracts of both post mortem human brain and transiently transfected HeLa cells. Our results show that Isoform B, with a leucine N terminus, is the predominant (if not exclusive) form of the enzyme
in post mortem human brain, but that both isoforms are expressed in transiently transfected cells. On the basis of our studies on the expression of a
series of trypsinogen 4 constructs in two different cell lines, we propose
that unconventional translation initiation at a CUG with a leucine, rather
than a methionine, N terminus may serve as a means to regulate protein
expression.

Recent genome programmes have explored an increasing number of new genes with unknown function. The
estimated 35 000 human genes encode more than 105
expressed proteins as the result of various mechanisms,

such as alternative promotion of transcription, alternative splicing of the transcripts and alternative translational initiation. Chromosome rearrangement can
also serve as a source for evolutionary heterogeneity.

Abbreviations
GFP, green fluorescent protein; PRSS3, protease serine 3.
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An interesting example of such a mechanism is the
occurrence of a trypsinogen gene in a chromosome different from the original locus for the major forms of
pancreatic trypsinogens in chromosome 7. Uniquely in
primates, a series of chromosome translocations
between chromosome 7, 11 and 9 led to the formation
of the protease serine 3 (PRSS3) gene that encodes, as
a result of alternative splicing, both mesotrypsinogen
and trypsinogen 4 [1,2]. Structurally, human mesotrypsinogen and human trypsinogen 4 differ only in their
N-terminal sequences. Whereas mesotrypsinogen has a
typical signal sequence (splice Isoform C in the SwissProt database), the two isoforms of human trypsinogen 4 have highly charged N-terminal leader
sequences. The predicted longer form (splice Isoform A
in the Swiss-Prot database) contains a 72-residue
N-terminal leader peptide, whereas the shorter form
(splice Isoform B in the Swiss-Prot database) contains

a 28-residue N-terminal leader peptide (Fig. 1A). The
translation initiation site for splice Isoform A is an
AUG codon, whereas the deduced initiation site for
splice Isoform B is a CUG codon, as ﬁrst proposed by
Wiegand and coworkers [3].
During translational initiation in eukaryotes, the
complex consisting of the small (40S) ribosomal subunit, Met-tRNAi and eIF2-GTP, usually enters at the
5¢ end of the mRNA and scans the 5¢ untranslated
region until reaching the ﬁrst AUG codon. Approximately 10% of eukaryotic mRNAs are not translated
from the ﬁrst AUG codon if it is in an unfavorable
sequence context; instead, translation starts from the
second or another downstream AUG codon. Furthermore, there are several well-demonstrated cases, ﬁrst
discovered among viral genes, of translation starting
from a non-AUG codon [4]. Initiation from nonAUG codons in eukaryotes now includes eukaryotic
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Fig. 1. (A) The partial nucleotide sequence of exon 1 (upper case), the 5¢ end of exon 2 (lower case) and the deduced amino acid sequences
of human trypsinogen 4. The numbering of the sequence is according to a previous publication [3]. (B) The 5¢ end of the human trypsinogen 4 cDNA, as determined by 5¢ rapid amplification of cDNA ends (5¢-RACE) PCR. (C) N-terminal amino acid sequence of human trypsinogen 4 isolated from a 71.0 g occipital cortex sample by a mAb 1 ⁄ B1 column. (D) N-terminal sequences of human trypsinogen 4 (isolated
from a 71.5 g frontal cortex sample by a mAb 1 ⁄ B1 column) after enterokinase digestion. The amount of N-terminal amino acids detected is
indicated below the sequences. (E) Western blot (with mAb 1 ⁄ B1) of human trypsinogen 4 isolated from an occipital cortex sample of
human brain by a mAb p28 column. Protein molecular weight markers are indicated on the left side. Lane 1, trypsinogen 4, isolated from
human brain, by mAb p28 immunoaffinity chromatography. Lane 2, recombinant tag-p72-trypsinogen 4. Lane 3, recombinant tag-p28-trypsinogen 4. Lane 4, recombinant trypsin 4. (F) Searching for proteolytic activity in human brain samples. Protein molecular weight markers are
indicated on the left side. Lane 1, recombinant tag-p72 trypsinogen 4 incubated for 2 h at 37 C with total brain extract. Lane 2, recombinant
tag-p72 trypsinogen 4, incubated for 2 h at 37 C with brain extract previously passed through a mAb 1 ⁄ B1 immunoaffinity column. In both
cases, trypsinogen 4 was recovered by mAb 1 ⁄ B1 immunoaffinity chromatography. The blot was developed with mAb 1 ⁄ B1. Lane 3, recombinant tag-p72-trypsinogen 4. Lane 4, recombinant tag-p28-trypsinogen 4. Lane 5, recombinant trypsin 4.

FEBS Journal 274 (2007) 1610–1620 ª 2007 The Authors Journal compilation ª 2007 FEBS

1611

Translation initiation of trypsinogen 4

A. L. Németh et al.

genes, such as proto-oncogenes, genes for transcription factor kinases and growth factors [5–10]. Originally, it was thought that regardless of the initiation
codon used, methionine should be the initiating residue, and those few cases in which the reported initiator amino acid was not a methionine were limited to
viral genes containing an internal ribosome entry site
upstream of the nonconventional start codon [11,12].
Recently, however, Schwab and coworkers [13,14]
have shown that leucine can also be translated as an
initiator amino acid by using a CUG codon in short
cryptic peptides in antigen-presenting cells. In this
case, the leucine start does not depend on an internal
ribosome entry site-like mRNA structure, and its
translational efﬁciency is enhanced by a nucleotide
context slightly different from the consensus Kozak
sequence [15].
As a biochemical approach to determine the exact
N-terminal sequence of trypsinogen 4, mAbs were
raised against human trypsin 4 (obtained by enterokinase activation of recombinant human trypsinogen 4)
and a synthetic fragment of the N-terminal 28-amino
acid leader peptide of trypsinogen 4. We used these
mAbs to purify and chemically identify trypsinogen 4
from human brain and from transiently transfected
human cell lines. Our results show that Isoform B of
trypsinogen 4, with a leucine N terminus, is the predominant (if not the exclusive) form of the enzyme in
human brain, whereas both Isoform B and Isoform A
can be extracted from transfected cells. Here we report,
from amino acid sequencing, that although the N-terminal residue of the longer Isoform A isolated from
the transiently transfected cells is methionine, as expected, the N-terminal amino acid of Isoform B, isolated
from human brain and transiently transfected cells, is
leucine.

Results
Determination of the 5¢-terminal sequence of
human trypsinogen 4 mRNA
In the original publication reporting the cloning of
trypsinogen 4 cDNA, no ATG codon was found, even
in the longest cDNA [3]. We repeated this experiment,
with several brain samples, under slightly different
conditions. We used C-tailing and an inosine containing abridged anchor primer, according to the 5¢-rapid
ampliﬁcation of cDNA ends (5¢-RACE System; GibcoBRL), whereas in the original publication, G-tailing
was used. Nevertheless, we obtained practically the
same result, because the 5¢ end of the cDNA was only
four bases upstream from the putative CTG transla1612

tion start codon (Fig. 1B) of Isoform B. Several
attempts to isolate a cDNA containing the ﬁrst
upstream in-frame ATG codon were unsuccessful. It is
interesting to note that the longest transcript deposited
in the GenBank database (accession no. BI823946)
also lacks the ATG ()44) start codon and starts from
the third (G) nucleotide of the above-mentioned ATG
codon.
Isolation and chemical identification of
trypsinogen 4 from human brain
Different antihuman trypsinogen 4 mAbs were raised
separately against recombinant human trypsin 4
(mAb 1 ⁄ B1, mAb 6 ⁄ B7) and the 28-amino acid leader
peptide (mAb p28). Although all of these antibodies
react with the leader peptide containing forms of trypsinogen, activated trypsin is only recognized by antibodies 1 ⁄ B1 and 6 ⁄ B7. Two antibodies – mAb 1 ⁄ B1
and mAb p28 – were immobilized separately on cyanogen bromide activated Sepharose 4B. Pilot studies on
the isolation of trypsinogen 4 from extracts of four different regions of human brain (see the Experimental
procedures) showed that from all samples, and by both
immunoafﬁnity columns, proteins of the same molecular size were isolated. The size and immunoreactivity
of this protein corresponded to those of recombinant
tag-p28 trypsinogen 4. This is illustrated in lane 1 of
Fig. 1E, which shows a western blot (detected by
mAb 1 ⁄ B1) of trypsinogen 4, which was isolated via a
mAb p28 column from a sample of human occipital
cortex.
Afﬁnity-puriﬁed proteins from three different brain
regions were sequenced. In each case, we identiﬁed leucine as the only N-terminal amino acid of the isolated
protein, irrespective of the speciﬁcity of the immobilized antibody (Fig. 1C). In order to prove the integrity of the isolated protein, human trypsinogen 4,
isolated from a sample of the frontal cortex, was subjected to enterokinase digestion; N-terminal sequencing
revealed the presence of both trypsin 4 with the N-terminal isoleucine and intact Isoform B starting with
leucine (Fig. 1D).
Searching for a protease with potential
processing activity in brain extract
To demonstrate the absence of protease activity
capable of cleaving the trypsinogen leader sequence
during the isolation process, we added recombinant
Isoform A (tag-p72-trypsinogen 4) (Fig. 1F) to homogenized human brain samples and incubated them,
without inhibitors, at 37 C for 2 h. Then, the sam-
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ples were centrifuged at 100 000 g for 20 min and the
supernatants were subjected to immunoafﬁnity chromatography using immobilized mAb 1 ⁄ B1. Western
blotting of the eluted material clearly showed that the
isolated protein was mostly intact (Fig. 1F, lane 1).
Although faint bands indicated some proteolytic
breakdown, no traces of a fragment, corresponding to
Isoform B of trypsinogen 4, was found. Similar results
were obtained when tag-p72-trypsinogen 4 was added
to a brain homogenate that had been previously
passed through an immunosorbent column (Fig. 1F,
lane 2).
Isolation and chemical identification of
trypsinogen 4 from transiently transfected HeLa
cells
Transfection experiments, using several constructs
(Fig. 2A,3A), were used in different cell lines. We transiently transfected HeLa cells with p72MT4,

p72Mp28L(TTG)T4 and p28LT4 constructs, and the cells
were stained with antihuman trypsinogen 4 p28
(mAb p28; data not shown). Cell lysates from transfected cells were examined by western blotting
(Fig. 2B) and subjected to immunoafﬁnity chromatography on a mAb 1 ⁄ B1 column. Immunoreactive
proteins, eluted in single fractions from the immunoafﬁnity columns, were analyzed by N-terminal amino
acid sequencing (Fig. 2C,D). Western blots, together
with the N-terminal amino acid sequences of trypsinogens isolated from 6 · 106 cells transfected with the
p72MT4 construct, indicated that both Isoforms A and
B of human trypsinogen 4 were expressed. Cells transfected with the p72Mp28L(TTG) construct, however,
expressed only the longer isoform (Isoform A) and no
traces of the shorter isoform (Isoform B). By contrast,
the expression of only Isoform B was detected in the
cells transfected with the p28LT4 construct (Fig. 2B)
and leucine was identiﬁed as the sole N-terminal amino
acid of this protein (Fig. 2D).
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D

Fig. 2. (A) Schematic representation of the gene constructs used for expression of different isoforms of human trypsinogen 4
(p72Mp28L(TTG)T4, p72MT4, p28LT4) in HeLa cells. The white box indicates nontranslated regions caused by the deletion of the AUG initiation
codon, active trypsin 4 is represented by the blue box. (B) Western blot of human trypsinogen 4, detected by using mAb p28. Protein
molecular weight markers are indicated on the left side. Lane 1, recombinant tag-p28-trypsinogen 4. Lane 2, recombinant tag-p72-trypsinogen 4. Lane 3, nontransfected, control HeLa cells 4. Lane 4, trypsinogen 4 detected from p72Mp28L(TTG)T4 transfected HeLa cells. Lane 5,
trypsinogen 4 detected from p72MT4 transfected HeLa cells. Lane 6, trypsinogen 4 detected from p28LT4 transfected HeLa cells. (C) N-terminal amino acid sequence of human trypsinogen 4 isolated from HeLa cells transiently transfected with p72MT4 plasmid. (D) N-terminal
amino acid sequence of human trypsinogen 4 isolated from HeLa cells transiently transfected with p28LT4 plasmid. The amount of N-terminal amino acids detected is indicated below the sequences.
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Fig. 3. (A) Green fluorescent protein (GFP)-fused plasmid constructs. Amino acid numbering and the indicated sequences are as described in
Fig. 1A. The white box indicates nontranslated regions caused by the deletion of the initiation AUG codon; active trypsin 4 is represented by
a blue box. p72MT4-GFP, p72 form of trypsinogen 4 with a C-terminal GFP fusion protein; GFP-p72MT4, p72 form of trypsinogen 4 with an
N-terminal GFP fusion protein; p28LT4-GFP, p28 form of trypsinogen 4 with a deleted ATG()44) codon, CTG(+1) coding for a leucine initiator
amino acid and a C-terminal GFP fusion protein; p28MT4-GFP, p28 form of trypsinogen 4 with a deleted ATG()44) codon, a mutated
ATG(+1) coding for methionine as the initiator amino acid and a C-terminal GFP fusion protein; p72M-GFP, p72 leader peptide with a C-terminal GFP fusion protein without the trypsinogen 4 catalytic domain; p28L-GFP, p28 leader peptide with a deleted ATG()44) codon, CTG(+1)
coding for a leucine initiator amino acid and a C-terminal GFP fusion protein without the trypsinogen 4 catalytic domain; p28M-GFP, p28 leader peptide with a deleted ATG()44) codon, a mutated ATG(+1) coding for methionine as the initiator amino acid and a C-terminal GFP
fusion protein without the trypsinogen 4 catalytic domain; p28LT4*-GFP, p28 form of trypsinogen 4 with a deleted 5¢-UTR sequence
between ATG()44) and GGG()3), leaving only a 7 bp upstream sequence before CTG(+1) coding for a leucine initiator amino acid and the
C-terminal GFP fusion protein; p28MT4*-GFP, p28 form of trypsinogen 4 with a deleted 5¢-UTR sequence between ATG()44) and GGG()3),
leaving only a 7 bp upstream sequence before a mutated ATG(+1) coding for a methionine initiator amino acid and C-terminal GFP fusion
protein. (B) Representative pictures from U87 human astroglioma cells, transiently transfected with different constructs, as indicated above
the pictures. In each case, single optical sections taken by confocal microscopy are presented. GFP labelling (green) always colocalized with
mAb p28 immunostaining (red). Cell nuclei were stained with Draq5 (blue). Depending on the constructs and the relative trypsinogen 4
expression levels, aggregation of GFP-labelled proteins were occasionally observed. Bars indicate 5 lm.
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Transient transfection of human U87
glioblastoma cells with trypsinogen 4 GFP-fused
constructs
We expressed human trypsinogen 4, fused with GFP
reporter protein, in the U87 human glioblastoma cell
line. Cells were transiently transfected with the constructs depicted in Fig. 3A and were immunostained,
24h post-transfection, with mAbs raised against the
activated protease, mAb 1 ⁄ B1 (data not shown), or
against the 28-residue leader peptide, mAb p28
(Fig. 3B). The GFP reporter protein always colocalized
with the immunostaining, with antibodies recognizing
either the p28 leader sequence (mAb p28) or the protease domain (mAb 1 ⁄ B1), indicating that trypsinogen 4
was localized mainly in an inactive form in the transfected cells. The observed localization of trypsinogen 4
was the same when GFP was fused to the N- or the
C-terminal end of the molecule (data not shown).
We determined the number of cells showing GFP
ﬂuorescence by visual inspection of pictures taken
from several microscopic ﬁelds. We consider the percentage of the GFP-positive cells as a measure of relative expression, because all experimental parameters,
number of cells transfected, amount of plasmid, incubation time, etc., were essentially identical at each
transfection (see the Experimental procedures).
In the case of constructs using an AUG initiation
codon at site )44, the relative expression levels of
Isoform A (expressed together with Isoform B; Fig. 2B,
lane 5) were elevated compared with Isoform B with
an AUG start codon (p72MT4-GFP versus p28M
T4-GFP or p72M-GFP versus p28M-GFP; Table 1).
The expression level of Isoform B with the wild-type
CUG initiation codon was lower than that of
Isoform A (expressed together with Isoform B)
(p72MT4-GFP versus p28LT4-GFP; Table 1) and was
dependent on the length of the wild-type upstream
sequence preceding the CUG codon (p28LT4-GFP versus p28LT4*-GFP; Table 1). Nevertheless, protein
expression was detected in all cases in which the CUG
initiation codon was employed. Analogous constructs
with the AUG initiation codon (p28MT4-GFP versus
p28MT4*-GFP) did not show dependence on the
length of the 5¢-UTR region.

Discussion
The occurrence of human trypsinogen 4 was ﬁrst
revealed in human brain [3], but later it was also found
in human epithelial cells from prostate, colon and airway, and in several different tumors [16]. Trypsinogen 4 has two distinctive features: it contains an

Translation initiation of trypsinogen 4

Table 1. Relative expression levels in U87 cells transiently transfected with green fluorescent protein (GFP)-fusion constructs. Plasmids used for transfections are as depicted in Fig. 3A, with the
exception of pAcGFP-N1, indicating the cloning vector without any
trypsinogen constructs. The percentage of GFP-positive cells was
determined by comparing the number of cells showing GFP fluorescence with the total number of 4’-6-diamidino-2-phenylindole-positive cell nuclei in each microscopic field. Averages were calculated
from three randomly chosen fields, and then the values of at least
three independent transfection experiments were averaged (percentage ± standard deviation). GFP-positive cells were identified by
visual inspection of pictures taken at identical exposure settings
and were verified by inspecting the number of cells immunostained
with mAb p28.

Construct

Percentage of
GFP-positive cells

pAcGFP-N1
p72MT4-GFP
p28LT4-GFP
p28MT4-GFP
p72M-GFP
p28L-GFP
p28M-GFP
p28LT4*-GFP
p28MT4*-GFP

27.8
21.0
7.6
14.6
23.0
13.8
15.1
2.0
17.2

±
±
±
±
±
±
±
±
±

5.0
2.5
1.8
2.9
3.9
2.4
0.9
1.0
3.8

unusual mutation (Gly193 to Arg), responsible for its
unique enzymatic properties [17–19]; and has an
unconventional leader sequence (Fig. 1A).
By sequencing trypsinogen 4 samples isolated from
human brain following only a short (2–5 h) post mortem delay, we found no traces of Isoform A beginning
with Met()44) (Fig. 1A). This result contrasts with the
predictions of two isoforms based on the analysis of
the PRSS3 gene [3]. Instead, in each case we identiﬁed
only the sequence corresponding to Isoform B beginning with leucine (Fig. 1C). We were unable to isolate
Isoform A from any parts of the human brain. However, we cannot exclude the presence of the longer
isoform in certain tissues; in addition, we found that
Isoform A was expressed in cells transfected with the
construct containing the full-length Isoform A gene
(p72MT4) (Fig. 2B). In accordance with previously
published data [3,16], we were unable to detect any
mRNA containing the upstream AUG codon for
Met()44), (Fig. 1B). As we were working with human
brain samples, degradation of RNA owing to the post
mortem delay is a possibility.
In theory, our ﬁnding that the zymogen form of
trypsinogen 4 possesses a leucine N terminus has two
explanations: either a hitherto-unknown proteolytic
processing mechanism is responsible for cleaving the
leader sequence, or leucine is, in fact, the initiator
amino acid. The ﬁrst possibility appeared to be
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unlikely in the light of our in vitro experiments,
according to which extracts from post mortem human
brain samples did not convert the recombinant
Isoform A (tag-p72-trypsinogen 4) to an Isoform B-like
protein (Fig. 1F). Furthermore, expression of
Isoform B with a leucine N terminus was also detected
in HeLa cells transfected with a construct containing
the full-length Isoform A gene (p72MT4) (Fig. 2B,C).
Importantly, we also detected N-terminal leucine in
trypsinogen 4 isolated from cells transfected with a
gene construct that lacks the upstream AUG codon
for Met()44) (p28LT4) (Fig. 2B,D). All results, listed
above, support our proposal that CUG is the initiation
codon directing the incorporation of leucine, rather
than methionine, into Isoform B of trypsinogen 4. The
most convincing experimental evidence in favor of this
hypothesis, however, came from a comparison of the
expressed proteins from HeLa cells transfected with
constructs p72Mp28L(TTG)T4 and p72MT4, respectively
(Fig. 2B, lane 4 versus lane 5). In cells transfected with
the former construct, in which CTG encoding Leu28
was replaced with TTG, another codon for Leu, only
Isoform A was formed, whereas in cells transfected
with the original construct containing the wild-type
DNA sequence for trypsinogen 4, both Isoforms A and
B were detected. The exclusive interpretation of this
experiment is that the generation of Isoform B of trypsinogen 4 occurs at the level of translation and not
post-translationally.
Recently, Schwab and coworkers [13,14] presented a
similar case in eukaryotes: during the antigen presentation by Class I major histocompatibility complex
molecules, the synthesis of a cryptic peptide was initiated with leucine by using CUG as the initiation
codon without an upstream internal ribosomal entry
site. The contextual sequence requirements for nonAUG initiation are not fully understood, and the
critical nature of nucleotides that surround the nonAUG triplet is controversial [6]. The Kozak context
of the PRSS3 Isoform B CUG initiation codon
(GCGGGCcugG) resembles the optimal context of an
AUG codon (GCCRCCaugG) [15]. In the experiment
of Schwab and coworkers, however, the optimal context of CUG initiation was TCCACCcugG, different
from that of PRSS3. In the present study, shortening
of the wild-type 5¢-UTR region upstream of the CUG
initiation codon in the p28LT4*-GFP construct to
only seven nucleotides led to signiﬁcantly decreased,
but not abolished, expression of the GFP-fused
enzyme (Table 1). A decrease in the expression level
was not observed when the 5¢-UTR region was
removed preceding the AUG initiation codon. This
ﬁnding indicates the important, but not exclusive, role
1616

of the 5¢-UTR region beyond the Kozak region in
translation initiation from the CUG initiation codon.
There is an  30-nucleotide-long GC-rich region preceding the CUG start codon that might have a role in
recognition of the suboptimal translational initiation
site. Irrespective of the length of the 5¢-UTR region,
we found that the relative expression levels were lower
in both U87 and HeLa cells when leucine was used as
the initiator amino acid (Table 1); this suggests that
CUG translational initiation may control the expression level. Thus, one is tempted to speculate that
under physiological conditions, the translational initiation of human trypsinogen 4 with a Leu N terminus
may function to keep the expression of the protein at
a relatively low level.
The ﬁrst exon of trypsinogen 4 is derived from the
noncoding ﬁrst exon of LOC120224, a chromosome-11
gene [2]. LOC120224 codes for a widely conserved
transmembrane protein of unknown function. The
missing upstream AUG initiation codon in the
LOC120224 transmembrane protein does not necessarily mean that translation starts from a downstream
AUG, as predicted by genome and mRNA analysis,
but raises the possibility that the translated form may
have used a CUG start codon with an N-terminal leucine amino acid. Our present study indicates that nonAUG translation initiation may be operable more
often than anticipated. This may have a great impact
on the analysis of genes on the basis of genome
sequencing.
It has been suggested that human trypsinogen 4
plays functional roles in human cancer and metastasis
[20–22], amyloid fragment production in aged astrocytes [23], or in epithelial tissues modulating proteaseactivated receptor-2 and -4 activity [16,24]. More
recently, in an in vitro study we have shown that
recombinant human trypsin 4 selectively clips residues
80–97 from human myelin basic protein [25], indicating
a possible link to the development of multiple sclerosis
[26,27]. It is a possibility to consider, that a signiﬁcant
release and activation of trypsinogen 4 would occur
only under pathological conditions when the trypsinogen 4-expressing cells undergo damage in the human
brain. Until clinical experiments support or deny this
hypothesis, the biological function of human trypsinogen 4 remains in doubt.

Experimental procedures
Human brain samples
Tissue samples were obtained from the Human Brain
Tissue Bank, Budapest. Brains were removed from the
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skull, rapidly frozen on dry ice and stored at )70 C until
dissection. Samples from four different human brains were
used for human trypsinogen 4 isolation in separate experiments. These were as follows: 77.3 and 76.9 g samples of
the occipital and temporal cortex, respectively, from an
81-year-old woman, a 71.5 g sample of frontal cortex from
an 83-year-old man and a 71.0 g sample of occipital cortex
from a 85-year-old man with a short (2–5 h) post mortem
delay.

RNA isolation, reverse transcription and 5¢-RACE
Total RNA was isolated from 30 to 100 mg of human frontal
cortex tissue samples, using TRI Reagent (Sigma, Budapest,
Hungary) according to the manufacturer’s instructions.
First-strand cDNA was synthesized by priming with genespeciﬁc primer 1 (5¢- GGCTTTACACTCAGCCTGGG-3¢).
Reverse transcription was performed by the RevertAid H
Minus First Strand cDNA Synthesis Kit (Fermentas, Vilnius,
Lithuania). The synthesized cDNA was subjected to homopolymeric tailing to create a binding site for the abridged
anchor primer on the 3¢ end of the cDNA. PCR ampliﬁcation
of the C-tailed cDNA was performed with the abridged
anchor primer (5¢-GGCCACGCGTCGACTAGTACGGGII
GGGIIGGGIIG-3¢, 5¢-RACE System; Gibco-BRL, Grand
Island, NY, USA) and a nested gene-speciﬁc primer 2
(5¢-GGAGAGTTTGATCAGCATGATGTC-3¢) using Taq
polymerase. The PCR products were cloned into pBluescript
vector, via TA ligation, and then sequenced.

Cloning and expression of the PRSS3 gene
The gene sequence coding for Isoform B of human trypsinogen 4 was cloned from human brain cDNA with the
primers FP1 (5¢-CGCATATGGAGCTGCACCCGCTTC
TG-3¢) and RP1 (5¢-GACTGCAGGGATCCCGGGGG
CTTTAGC-3¢). The PCR product was subcloned into vector pET-15b (Novagen, Madison, WI, USA). This construct
resulted in a fusion protein with a histidine tag at its N terminus (tag-p28-trypsinogen 4). As the mRNA corresponding to the Isoform A of human trypsinogen 4 could not be
found with the 5¢-RACE technique, the DNA sequence
encoding the ﬁrst exon was PCR ampliﬁed from genomic
DNA using the forward and reverse primers FP2 (5¢CTGCATATGTGCGGACCTGACGACAGATGC-3¢) and
RP2 (5¢-CTGCAGCAACTGTGCCCAGCGCCTCGC-3¢),
and then fused with the cloned Isoform B coding sequence
using the naturally occurring AlwNI site. The gene was
subcloned into the expression vector pET-15b (tag-p72trypsinogen 4).
To express the splice Isoforms A and B of human trypsinogen 4 in Escherichia coli, 500 mL cultures of Rosetta
(DE3)pLysS cells (Novagen), transformed with the constructs, were grown at 37 C in Luria–Bertani medium containing ampicillin. Cells were harvested, and the isolation
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and refolding of the inclusion bodies were carried out, as
described previously [17,28], with minor modiﬁcation.
The full-length Isoform A gene was used as template in a
PCR reaction, with Hu4-F1 (5¢-GCGCAAGCTTCCTGGA
GGATGTGCGGACCTGACGAC-3¢) and Hu4-R1 (5¢-GC
CTGGATCCGAGCTGTTGGCAGCGATGG-3¢) primers,
for subcloning the PRSS3 gene into pcDNA3 (Invitrogen,
Carlsbad, CA, USA), pAcGFP1-N1 and pAcGFP1-C1 (BD
Biosciences, Clontech, Mountain View, CA, USA) vectors at
HindIII and BamHI sites, resulting in p72MT4, p72MT4-GFP
and GFP-p72MT4 constructs, respectively. Hu4-F2 (5¢-GCG
CAAGCTTGCGGACCTGACGACAGATGC-3¢) and
Hu4R1 primers were used to amplify the PRSS3 gene
sequence lacking the initial ATG codon, which was subcloned into pcDNA3 and pAcGFP1-N1 vectors, resulting in
p28LT4 and p28LT4-GFP constructs, respectively. The mutation Leu1 to Met was introduced by the megaprimer PCR
reaction in p28LT4-GFP, by using the mutagenic primer
p28ATG (5¢-GAGCTCCATGCCCGCCC-3¢). The resulting
construct (p28MT4-GFP) lacked the initial ATG codon of
Isoform A, and the initial CTG codon of Isoform B was
mutated to ATG. The corresponding constructs were made
lacking the trypsin catalytic domain using p72GFP primer (5¢-GTCGGATCCTTGTCATCATCGTCAAAGG-3¢),
resulting in p72M-GFP, p28L-GFP and p28M-GFP constructs in the pAcGFP-N1 expression vector. The silent
mutation of the CTG initiation codon to TTG was introduced by the mutagenic primer, p28TTG (5¢-GTGCAG
CTCCAAGCCCGCCCC-3¢), by using the megaprimer PCR
method, and the gene harboring the mutation was cloned
into the pcDNA3 vector. This construct is designated as
p72Mp28L(TTG)T4. The p28LT4*-GFP and p28MT4*-GFP
constructs were made by removing the 5¢-UTR region of Isoform B (that is part of the coding region of Isoform A) from
the p28MT4-GFP and p28LT4-GFP constructs, using the
p28Hind primer (5¢-CGCAGCGAAGCTTGGCGGGC-3¢).
Only a seven-nucleotide-long sequence was left before the
putative CUG initiator codon (underlined) to ensure the
wild-type Kozak sequence was maintained.

Antibodies
Recombinant human trypsin 4, and the synthetic 28-amino
acid leader peptide, were used to immunize female BALB ⁄ c
mice (Charles River Laboratories, Raleigh, NC, USA).
Antigen-speciﬁc B lymphocytes, prepared from the spleens
of high-responder animals, were preselected using a method
developed in our laboratory and published previously [29].
The fusion partner was the Sp-2 ⁄ 0 Ag14 (ATCC, Manassas, VA, USA) mouse myeloma cell line, and the hybridoma cells were prepared and cloned as described
previously [30]. The selected clones of hybridomas were cultured in DMEM (Sigma) containing 10% fetal bovine
serum (Gibco-BRL). The mass production of antibodies
was performed by hybridoma fermentation (Harvest
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Mouse; Serotec, Oxford, UK). mAbs were puriﬁed by Protein-G based Sepharose 4B afﬁnity chromatography (Pharmacia, Upsalla, Sweden) and then concentrated by Amicon
ultraﬁltration (Millipore, Billerica, MA, USA). Different
antigens were used to characterize immunoserologically the
mAbs raised against the protease domain (mAb 1 ⁄ B1 and
mAb 6 ⁄ B7) and the 28-amino acid leader peptide
(mAb p28) of human trypsinogen 4 (data not shown).

Immunoaffinity media preparation
mAbs 1 ⁄ B1 and p28 were immobilized separately on cyanogen bromide-activated Sepharose 4B (Pharmacia). Antibodies were dialyzed against the coupling buffer (0.1 m
NaHCO3, pH 8.3, containing 0.5 m NaCl) and mixed with
the resin. Coupling efﬁciency proved to be > 90%. The stability of coupling was tested by washing the resin with the
elution buffer of the chromatography (50 mm HCl). Under
these conditions, the coupled antibody was not eluted from
the column.

Isolation of trypsinogen 4 from human brain
Samples were homogenized in ﬁve volumes of NaCl ⁄ Pi,
pH 7.4 and the homogenate was centrifuged at 100 000 g
for 20 min. The pellet was then rehomogenized in ﬁve volumes of NaCl ⁄ Pi, pH 7.4, containing 1% (v ⁄ v) Tween-20,
1 mm phenylmethanesulfonyl ﬂuoride, 1 mm cystatin,
1 mm leupeptin and 1 mm EDTA as protease inhibitors.
After centrifugation of the homogenate at 100 000 g for
20 min, the supernatant was immediately used for immunoafﬁnity chromatography. The total protein concentration was determined by the bicinchoninic acid method
(Sigma).

Cell lines and transfections
HeLa and U87 were used for transfection assays. HeLa
cells were grown in DMEM ⁄ F-12 medium supplemented
with 10% fetal bovine serum, 1 mm sodium pyruvate,
100 UÆmL)1 of streptomycin and 100 lgÆmL)1 of penicillin,
whereas U87 human glioblastoma cells were cultured in
DMEM containing 10% fetal bovine serum, 4500 mgÆmL)1
of glucose and 40 lgÆmL)1 of gentamycin (all Sigma), in a
humidiﬁed 37 C incubator with 5% CO2. For transfection
assays, 105 HeLa or U87 cells were seeded onto poly
l-lysine (Sigma)-coated 13 mm diameter glass coverslips in
24-well plates, transfected either with Fugene 6 (Roche,
Mannheim, Germany; HeLa cells) or Lipofectamine 2000
(Gibco; U87 cells) transfection reagents, according to
the manufacturers’ instructions, and were processed 24 h
after transfection. For immunoﬂuorescence cell studies in
HeLa or U87 cells, 250 ng or 1 lg of DNA was used,
respectively.
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Isolation of trypsinogen 4 from HeLa cells
A total of 6 · 106 HeLa cells, seeded into 60-mm Petri dishes
and transfected with p72MT4 or p28LT4 plasmid constructs,
were used for trypsinogen isolation in separate parallel
experiments. Cells were homogenized in 5 mL of lysis buffer
(1% Tween-20, 50 mm Tris ⁄ HCl, 150 mm NaCl, pH 8, containing 1 mm phenylmethanesulfonyl ﬂuoride, 1 mm benzamidine, 1 mm cystatine, 1 mm leupeptin and 1 mm EDTA).
Homogenized samples were incubated for 1 h on ice and
then, after centrifugation (14 000 g, 20 min, 4 C) the supernatants were used for immunoafﬁnity chromatography.

Immunoaffinity chromatography
Supernatant fractions of human brain and transfected
HeLa cell homogenates were passed through the 1.5–
0.5 mL immunoafﬁnity column. The columns were washed
three times with 10 mL of NaCl ⁄ Pi, pH 7.4, containing 1%
Tween-20 and 150 mm NaCl. Elution was carried out with
50 mm HCl, and 1–0.5 mL fractions were collected. Fractions were screened for trypsin immunoreactivity by gel
electrophoresis and western blotting.

Western blot analysis
Proteins were separated by SDS–PAGE (15% gel) and were
transferred to nitrocellulose membranes (Pharmacia). Blots
were blocked in NaCl ⁄ Tris-Tween buffer (20 mm Tris,
pH 8.0, 150 mm NaCl, 0.05% Tween-20) at room temperature and then incubated with mAb 1 ⁄ B1 or p28 (1 : 3000)
overnight at 4 C. After being washed for 3 · 5 min with
NaCl ⁄ Tris-Tween, blots were incubated with biotin-conjugated anti-mouse secondary serum (B-7151; Sigma), at a
1 : 5000 dilution, in NaCl ⁄ Tris-Tween, for 1 h at room
temperature. After washing, the blots were incubated with
ExtrAvidin peroxidase conjugate (E-2886; Sigma), at a
1 : 3000 dilution, for 1 h at room temperature followed by a
5 min wash in NaCl ⁄ Tris. The color development reaction
was carried out using diaminobenzidine (Sigma), in NaCl ⁄
Tris, in the presence of 0.4 mm NiCl2 and 1.25% H2O2.

Amino acid sequence determination
Fractions containing human trypsinogen 4 immunoreactivity
were freeze-dried, dissolved in 10 mm NH4HCO3 and subjected to N-terminal amino acid analysis in a Procise sequencer
(ABI 494; Applied Biosystems, Foster City, CA, USA)
employing an edman degradation sequenator program.

Immunostaining
Transfected HeLa cells were ﬁxed with cold methanol for
15 min, or with 4% paraformaldehyde for 20 min, at

FEBS Journal 274 (2007) 1610–1620 ª 2007 The Authors Journal compilation ª 2007 FEBS

A. L. Németh et al.

room temperature. The staining patterns were similar with
the different ﬁxatives used. The cells were washed in
NaCl ⁄ Pi containing 0.1% Triton-X-100, then blocked for
30 min in NaCl ⁄ Pi containing 0.1% Triton-X-100 and 5%
goat serum (Sigma). Subsequently, the cells were stained
with mAb p28 (1 : 1000), followed by ﬂuorescein isothiocyanate or Texas-Red conjugated anti-mouse sera
(Jackson Laboratories, Bar Harbor, ME, USA), all diluted in 0.1% Triton-X-100 containing 5% goat serum.
After washing in NaCl ⁄ Pi, nuclei were counterstained with
4¢,6-diamidino-2-phenylindole, and the coverslips were
mounted on Crystal Mount medium (Biomeda Corp.,
Foster City, CA, USA). Transfected U87 cells were ﬁxed
by 4% paraformaldehyde in NaCl ⁄ Pi (pH 7.4) for 20 min
at room temperature, permeabilized with 0.1% Triton-X100 for 5 min and blocked by 2% BSA-NaCl ⁄ Pi-0.1% Na
azide (blocking solution) for 1 h at room temperature.
Cells were incubated with mAb p28 (1 : 1000), at 4 C
overnight, followed by anti-mouse biotin (1 : 1000; goat
IgG; Jackson Laboratories), for 1.5 h at room temperature, and Extravidin-TRITC (1 : 1000; Sigma) for 1 h at
room temperature. All antibodies were diluted in blocking
solution. Nuclei were labeled by incubation with 4¢,6diamidino-2-phenylindole or DRAQ5 (ﬂuorescent dies) for
10 min at room temperature (1 : 2000; BioStatus Ltd,
Shepshed, UK), then the coverslips were washed and
mounted using Mowiol 4.88 (Polysciences Gmbh, Eppelheim, Germany).

Fluorescence microscopy
Confocal microscopy was carried out by a 488 nm Argon
laser, and by 546 nm and 633 nm Helium-Neon lasers,
using the ·60 oil-immersion objective of an Olympus
IX71 microscope equipped with fluoview500 software
(Olympus, Tokyo, Japan). The sequential scanning mode
was used during recordings to exclude potential cross-talk
completely between different channels. For wide-ﬁeld
observations in HeLa cells, a Leica DMLS microscope
(Leica Microsystems, Wetzlar, Germany), equipped with
appropriate ﬁlter sets and a cooled CCD camera
(spot; Digital Instruments, Buffalo, NY, USA), and a
C-PLAN ·100 immersion objective, was used, and digital
images were recorded with spot 4.0.2. To estimate the
relative expression levels for different GFP-tagged constructs in U87 cells, the number of GFP-positive cells
was compared with the total number of 4¢-6-diamidino-2phenylindole-positive cell nuclei. Digital images from at
least three randomly chosen microscopic ﬁelds from
transfected U87 cells were recorded with a ·20 objective on an Olympus BX-51 microscope ﬁtted with a
fluoview2 camera, and the numbers obtained were averaged. These values were determined in three independent
transfection experiments, and the averages are shown in
Table 1.
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Szilágyi L & Gráf L (2006) Myelin basic protein, an
autoantigen in multiple sclerosis, is selectively processed
by human trypsin 4. FEBS Lett 580, 545–552.
26 O’Connor KC, Bar-Or A & Haﬂer DA (2001) The
neuroimmunology of multiple sclerosis: possible roles of
T and B lymphocytes in immunopathogenesis. J Clin
Immunol 21, 81–92.
27 Steinman L (1996) Multiple sclerosis: a coordinated
immunological attack against myelin in the central
nervous system. Cell 85, 299–302.
28 Szilágyi L, Kénesi E, Katona G, Kaslik G, Juhász G &
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