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Abstract The proteins of the mouse major urinary protein
complex (MUP), members of the lipocalin family, bind volatile
pheromones and interact with the vomeronasal neuroepithelium
of the olfactory system. We report the expression of a MUP
protein using its native signal sequence for secretion in the
methylotrophic yeast, Pichia pastoris. Mature recombinant
MUP (rMUP) is secreted at a concentration of 270 mg/l in
minimal medium and it is isolated from the culture supernatant
by one step ion-exchange chromatography in a nearly pure form.
Binding activity, tested with an odorant molecule which displays
high affinity for native MUP, indicates that rMUP has a
behavior similar to the native one. This finding suggests that the
protein, and in particular its hydrophobic binding pocket, is
properly folded.
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1. Introduction

An important component of adult male mouse urine is the
major urinary protein complex (MUP), whose biological func-
tion relates to olfaction and sexual communication. MUP is
the expression product of a large gene family located on chro-
mosome 4 [1]. Transcription of this gene family takes place in
liver cells under a complex endocrine control, dependent on
androgens, so that only sexually mature male mice excrete
MUP in amounts in the order of 1-5 mg/ml [2]. MUP belongs
to the lipocalin superfamily [3,4], of which many members
bind hydrophobic ligands with high affinity and selectivity
forming long-lasting complexes [5]; the family is typified by
the retinol binding protein of serum [6-9]. The MUP binding
process takes place in the blood plasma; subsequently, MUP
is concentrated in the urine and, once excreted, it slowly re-
leases into the air volatile molecules, most of which have been
isolated, identified [10,11] and characterized by their hormo-
nal and behavioral activities. In addition, in vivo experiments
point to a pheromonal role of the protein free of ligands [12].
It consists in the ability to stimulate the vomeronasal section
of the female mouse olfactory system [13,14], thus priming
hormonal responses.
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Here we report the use of the methylotrophic veast Pichia
pastoris as host for the expression of homogeneous and func-
tional recombinant MUP (rtMUP). A unique feature of this
expression system is the promoter employed to drive hetero-
logous gene expression, which is derived from the methanol-
regulated alcohol oxidase 1 gene (40X1) of P. pastoris [15—
17]. AOXI regulation is achieved at the transcriptional level:
the gene is efficiently transcribed in cells exposed to methanol
as sole carbon source and repressed in alternative carbon
sources such as glucose and glycerol. Therefore, under the
control of the 40X1 promoter, the MUP coding gene was
maintained in an ‘expression-off’ mode on glycerol (cell
growth phase) and switched on by shifting to methanol (ex-
pression phase). To maximize the stability of the production
strains, an expression cassette, assembled in pHIL-D2 vector
and containing the MUP cDNA under the promoter, was
integrated into the host genome. To this purpose, the cassette
was opportunely flanked by 40XI terminal sequences that
are known to favor gene replacement at the AOXI locus.
Following transformation, strains slowly metabolizing metha-
nol turned out to be the ones deleted at 4OXI, relying only
on the expression of a second but transcriptionally weak al-
cohol oxidase gene, 40X2. This phenotype, ‘methanol utiliza-
tion slow’ (Mut®), was successfully used to characterize,
among all the transformants, the clones harboring a func-
tional expression cassette at the 40XI locus. All the selected
Mut® clones were shown to secrete rMUP in minimal salt
medium.

2. Materials and methods

2.1. Strains and transformations

E. coli strain XL-1 Blue (Stratagene) was used for transformation
and propagation of the recombinant plasmids. P. pastoris strain
GS115 (his4) was used in the expression study. Yeast transformation
was performed according to the electroporation method described in
the Manual Version 3.0 of the Pichia Expression Kit (Invitrogen, San
Diego, CA).

2.2. ¢cDNA clone isolation and construction of the expression plasmid

MUP cDNA clones were isolated from total mRNA obtained from
adult male mouse liver by RT-PCR, using the following primers:
oligol: 5'-CCTCCATGGATGAAGATGCTGCTGCTG-3', and oli-
go2: 5'-TCAAACACACTGCAGGCTCAGGCC-3'. The selected
MUP cDNA was ligated into the pHIL-D2 vector (Invitrogen) at
the EcoRI site to yield the vector pHIL-D2MUP.

Plasmid construction was performed using established techniques
[18] and cloning steps were ensured by both strand DNA sequencing
(Sequenase version 2.0, USB).

MUP cDNA integration in P. pastoris recombinant genomes was
confirmed by genomic PCR carried out with the two primers: 5'-
GACTGGTTCCAATTGACAAGC-3" and 5'-GCAAATGGCATT-
CTGACATCC-3’, referred to as 5 AOXI and 3’ AOXI primers,
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respectively. Total DNA isolation from P. pastoris was performed as
described by Ausubel [19].

2.3. Yeast cultures

Cultures were grown in an inorganic salt-based medium (mineral
minimal medium) consisting of the following components: 1 g/l
KH,PO,, 0.5 g/l MgSO4, 3.5 g/l (NH4)2S04, 0.1 g/l NaCl, 0.1 g/l
CaCly, 0.5 mg/l H3BO3, 0.1 mg/l KI, 0.2 mg/l FeCl;, 0.4 mg/l MnSO4,
0.4 mg/l FeSO4, 0.2 mg/l (NH4)sMo07024H,0, 10 mg/l biotin
and either 1% glycerol or 0.5% methanol. Potassium phosphate
buffer pH 7.2 was added at a final concentration of 100 mM to
maintain the neutral pH during the whole expression time. Trans-
formants were scored for their methanol utilization phenotype:
Mut® strains were distinguished from the other ones by patching
on minimal dextrose versus minimal methanol (without dextrose)
plates.

2.4. Screening for rMUP expression

His™ Mut® transformants were inoculated in 25 ml of buffered
mineral minimal medium with glycerol and grown in a flask agitator
at 28°C for about 24 h. At a density of about 2.5 X108 cells/ml (5 OD
600 Unit) cells were collected and resuspended at a density of about
7.5% 108 cells/ml in the same medium, this time containing methanol
as the sole carbon source. The induction period was 6 days, with
regular pulses of methanol to keep the inducer concentration at
0.5%. The supernatants were collected by centrifugation (4000Xg,
10 min) and the amounts of secreted protein were quantitated by
the Bio-Rad protein assay (Bio-Rad) with natural MUP as a stand-
ard.

2.5. Purification and characterization of rMUP

The culture supernatant was chilled and clarified by centrifugation
(12000X g, 15 min). The solution was equilibrated with 10 mM Tris-
HCI buffer at pH 7.2, by dialysis at 4°C, using a dialysis tube with
15000 Da cut off (Servapor). Purification was achieved using FPLC
with a SourceQ column (Pharmacia) and an NaCl gradient in 10 mM
Tris-HCI buffer at pH 7.2. Fractions with rMUP were identified spec-
trophotometrically (270" =6.3, as reported by Cavaggioni [20]) and
pooled. SDS-PAGE electrophoresis was carried out on 15% acryl-
amide gel and Coomassie blue or silver staining was used. N-terminal
sequencing was performed on an automated protein sequencer (Ap-
plied Biolab) with a standard protocol of Edman degradation. Molec-
ular mass was determined by time of flight mass spectrometry in a
MALDI equipment, using sinapinic acid as the light absorbing ma-
trix.

Immunological competence was tested by dot blot on nitrocellulose
filters using the Vectastain ABC Kit (Vector Labs, Burlingame, CA)
and polyclonal antibodies raised in rabbit against natural MUP pur-
ified from male mouse urine.

2.6. Ligand binding test

This test takes advantage of the volatility of the ligand [*H]2-iso-
butyl-3-methoxypyrazine (PH]IBMP) allowing it to diffuse from a
solution placed at the bottom of a Petri dish into drops of buffer
solution, with and without rMUP, hanging down from the cover.
The binding reaction P+L & B, where P=rMUP, L =[*HJIBMP and
B is the ligand (L) bound to the protein, was studied at equilibrium.
The tritiated radioligand [PHJIBMP with a specific activity of 40 Ci/
mmol was obtained by tritiating the dehydroisobutyl precursor (cour-
tesy of Dr. P. Pelosi, Pisa University). Nine Petri dishes (9 cm in
diameter) were half filled with 20 ml of a 10 mM phosphate buffer,
10 mM NaCl, pH 7.2, an increasing concentration of cold IBMP and
a fixed concentration of [PH]IBMP (10* cpm/ml). Five 50 ul drops of
26 UM rMUP solution in 10 mM phosphate buffer pH 7.2, 10 mM
NaCl and three control drops without the protein were placed near
the center of each cover. To avoid spreading of the hanging drops the
glass of the cover was made hydrophobic by silanization. The covers
were then placed on top of the dishes to complete the diffusion cham-
ber (Fig. 1) and equilibration of [PHJIBMP was obtained in 40 h.
Radioactivity of each drop was counted individually with 3 ml of
liquid scintillator. The total concentrations of the ligand [B+L] in
the drops containing tMUP and of the free ligand [L] in the drops
without rMUP were calculated from their mean radioactivity on the
basis of [PHJIBMP specific activity. Assuming that, at equilibrium, the
free ligand concentration [L] is identical in the drops with and without
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rMUP, the concentration of the bound ligand, [B], was then deter-
mined as:

[B] = [B+L]—[L]

From the Scatchard equation:
B/L = —1/Kyn(B—Buax)

the dissociation constant K, and the maximum concentration of
bound ligand By,.x were obtained with a S.D./mean =0.2.

3. Results and discussion

3.1. Isolation of MUP ¢DNA and pHIL-D2MUP vector
assembling

Total mRNA was obtained from the liver of an adult male
mouse where MUP mRNAs are known to account for 5-10%
of total mRNA [21,22]. Various MUP cDNA clones were
amplified in agreement with the notion that several MUP
genes are transcribed at the same time [23]. The cDNA se-
lected for expression reported in Fig. 2A corresponds to MUP
type Tla cDNA [21,24] and MUP BL1 gene [25].

rMUP secretion from P. pastoris (GS115 strain) was per-
formed using pHIL-D2 vector specifically designed for intra-
cellular heterologous expression, as it does not contain a yeast
secretion signal. The ¢cDNA sequence, including the native
signal peptide and a Kozak sequence, introduced by PCR,
was ligated into pHIL-D2 vector giving rise to pHIL-
D2MUP. The AAG consensus sequence for proper transla-
tion initiation [26] was based on the trinucleotide biases ob-
served in yeast at the —3, —2 and —1 positions upstream of
the start codon. pHIL-D2MUP plasmid was then linearized
with Notl in order to give an integrative fragment containing
the MUP ¢cDNA and the HIS4 seclectable marker. The plas-
mid was then used to transform P. pastoris by electropora-
tion. This segment, opportunely flanked by sequences origi-
nating from regions 5’ and 3’ of the AOXI gene, directed the
MUP cDNA to P. pastoris genome by means of a recombina-
tion event at the 40XI locus. When this integration replaced
the AOXI gene, transformant strains metabolizing methanol
at a reduced rate (Mut® phenotype) were generated (Fig. 2B).
His™ transformants were selected on mineral minimal medium
and tested for methanol utilization. Nine Mut® clones were
analyzed by PCR amplification of the genomic region encom-
passed by 5’ and 3’ TT (transcription termination) 4A0XI
sequences, with primers annealing to 5’ and 3’ TT AO0X!
regions; the reaction confirmed that the MUP expression cas-
sette substituted the wild-type 40X1 gene (Fig. 3A).

equilibration solution

Fig. 1. Diffusion chamber used for rMUP binding studies. The
equilibration solution, placed at the bottom of a Petri dish, is the
reservoir of the ligand [PH]IBMP; several drops of buffer solution
with and without rMUP are hanging down from the cover. The
volatile ligand diffuses in the space above the solution until equilib-
rium is reached, i.e. the free ligand dissolves in all drops to the
same concentration as the reservoir.
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3.2. Methanol-regulated expression and secretion of rMUP

The selected Mut® recombinants were screened for expres-
sion levels by determining the amount of rMUP secreted in
the extracellular medium, as described in Section 2. Samples
of the expression medium supernatants, taken at various time
intervals, were analyzed by SDS-PAGE to determine the op-
timal induction time. The recombinant protein only, migrat-
ing with native MUP at about 20 kDa, was detectable by
Coomassie blue staining. The electrophoretic profile (Fig.
3B) reveals the protein regularly accumulating up to about
0.2 mg/ml over an expression period of 6 days. Clone MN6
secreted rMUP in the largest amount, reaching the concentra-
tion 0.27 mg/ml at the end of the induction period. Cell con-
centration in the expression phase was stable at 7.5X 10% cells/
ml (14 g dry cells/l). The expression volume has been scaled up
to 100 ml per flask revealing a comparable accumulation of
rMUP. There was no proteolysis of rMUP, hence it was not
necessary to supplement the medium with casamino acid or
peptone as excess substrate for proteases.

3.3. Characterization of rMUP and ligand binding test
FPLC of the expression supernatants showed the protein to

75

be eluted as a single peak at relatively high ionic strength (Fig.
4A), in agreement with its acidic nature (pl =4.55).

N-terminal sequence analysis of the first 14 residues gave
the correct sequence HyN-EEASSTGRNPNVEK-, indicating
that the pre-protein was properly recognized and processed by
P. pastoris secretion machinery.

rMUP reacted with polyclonal antibodies raised in rabbit
against purified natural MUP; controls without primary anti-
body and with preimmune serum were negative.

The molecular weight of rMUP was defined by mass spec-
trometry and was 18749 instead of 18710 as expected [27].
Such a mass difference may be due to a covalent modification
of some residues, e.g. methylation or oxidation.

A functional characterization of rMUP was carried out by
testing its ability to bind the ligand [PHJIBMP, which is
known to interact with the native MUP [10,20]. The binding
isotherm (18°C) of rMUP is reported in Fig. 4B. The results
indicate that the total ligand concentration in the equilibra-
tion solution did not limit the protein binding. rMUP was
found to bind [PH]JIBMP with a dissociation constant (Ky)
of 0.94 uM, in agreement with the value reported by Bacchini
et al. [10], and a By, =0.88. The latter binding parameter
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Fig. 2. A: Nucleotide sequence of MUP ¢cDNA together with the deduced amino acid sequence. B: Gene replacement at AOXI. The linearized
pHIL-D2MUP vector is composed of a plasmid-borne version of the AOXI promoter (5° AOXI), the MUP cDNA, the transcription termina-
tion fragment (TT), the HIS4 gene for selection of transformants and the 3" A0XI sequence from AOXI gene. Cleavage of the vector within
5" AOXI and 3' AOXI sequences, shared by the host genome, stimulated homologous recombination events which efficiently integrated the
MUP expression cassette into the P. pastoris host genome, removing the AOX! coding region. The resulting Hist integrants metabolized

methanol at a reduced rate (phenotype Mut®).
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differs from the one of the native MUP, B, =0.3 [20]. This
discrepancy could be due to the presence of isoforms in the
native MUP [28] that might be inactive or preferentially inter-
acting with others ligands [11] thus reducing the binding ca-
pacity of the native MUP complex toward [*H]JIBMP. Studies
are under way to verify these last two points.

Finally, preliminary data from the deconvolution of CD
spectra (in preparation) show that the structural elements of
rMUP and of native MUP are quite similar.

4. Conclusion

The major urinary protein complex of mice is involved in
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Fig. 3. A: PCR amplifications of the genomic region between 5’
and 3’ TT AOXI sequences in six representative transformants,
MNI1, MN2, MN3, MN4, MN5, MN6. Lane 6 shows the amplifica-
tion positive control, i.e. the 744 bp PCR product (including the
MUP coding segment) of the region limited by the same 40X! se-
quences in the pHIL-D2MUP vector. The MUP cDNA is integrated
in all tested Mut® recombinants. The wild-type 40X gene (2.2 kb)
is absent because replaced by the MUP expression cassette. B:
SDS-PAGE analysis indicating that rtMUP is accumulated in the ex-
pression culture of clone MN2 during an induction cycle: 15 pl of
medium, collected at the indicated induction times, was loaded on
the gel. Staining with Coomassie blue detected rMUP only.
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Fig. 4. A: Chromatogram of rMUP separation from the superna-
tant by ion exhange chromatography. The expression supernatant
was chromatographed on a Source Q column and rMUP was eluted
with a NaCl gradient (dashed line) in Tris-HCl 10 mM pH 7.2. The
arrow indicates the rMUP elution peak. B: Binding isotherm (18°C)
of the odorant IBMP for rMUP. X-axis: free IBMP concentration.
Y-axis: bound IBMP concentration. Scatchard analysis (inset) indi-
cates a single set of binding sites of K,=094 uM and a
Bax =0.88.

pheromonal communication among conspecifics and the un-
derstanding of its structure-function relationship can be quite
relevant to describe the complex physiological processes asso-
ciated with its activity.

Unfortunately, though it is present in large amounts in the
urine of mature mice, it is expressed in several isoforms diffi-
cult to separate [28].

The main result of this work is that a protein of the male
mouse MUP complex has been expressed in the P. pastoris
yeast host system with proper folding and with binding prop-
erties comparable to the native one. To our knowledge, this is
the first report of a protein of the lipocalin family being ex-
pressed in quantitative yields, with proper fold and activity.

As a consequence of the low levels of secretion of P. pas-
toris endogenous proteins, rMUP appeared to be the only
protein in the culture broth, an advantage in processing and
purification. Simple growth medium and small-scale cultures
were the only requirements to obtain functional rMUP.

Protein secretion was achieved using the native signal pep-
tide, confirming that the yeast secretion machinery is compe-
tent to process mammalian secretory proteins [16]. This result
makes it conceivable to express, with a similar strategy, other
members of the lipocalin superfamily to the advantage of
physiological and structural investigations.

Finally, as the expression in minimal medium is suited to
enrich protein in 13C as well as in N with [**C]methanol and
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["*N]ammonium sulfate, respectively, we are now in the proc-
ess of obtaining a uniformly labelled protein for NMR struc-
ture determination studies. Structural studies of the protein in
solution by means of multinuclear NMR spectroscopy, com-
bined with site-directed mutagenesis techniques, will help in
interpreting the relationship between structure and biological
function of this protein.
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