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Secretory human interleukin 4 (hIL4) is an N-glycosylated pleiotropic cytokine. It is unknown if these
N-linked glycans are required and essential for hIL4 protein stability, expression, secretion, and activity
in vivo, and hIL4 expressed from Pichia pastoris yeast has not been tested to date. In this study, we suc-
cessfully expressed human hIL4 in P. pastoris, the methylotrophic yeast, with a yield of 15.0 mg/L. Using
the site-directed mutagenesis technique, we made two mutant hiL4 cDNA clones (N38A and N105L) and
subsequently expressed them in P. pastoris to analyze the relevant function of each N-glycosylation site
on hiL4. Our results demonstrate that the glycosylation only occurs at position Asn38, but not Asn105.
The glycosylated form of hIL4 unexpectedly has lower biological activity and lower stability when com-
pared to its non-glycosylated form. The implications of this are discussed.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Glycosylation is ubiquitous and essential protein post/co-trans-
lational modifications in eukaryotic cells [1]. Glycan structures
play biological roles in protein folding, protein stability, enzymatic
function, inflammation, cancer, and immunity [2]. Glycosylation
increases the heterogeneity and functional diversity of proteins [3].

There are three major types of glycosylation: (1) the carbohy-
drate is added to a carbon on a tryptophan side chain; (2) the
formation of a glycosylphosphatidylinositol (GPI)! anchors (glypia-
tion); and (3) phospho-linked, where the sugar is attached via the
phosphate of a phospho-serine. Another classification system for
protein-bound glycans is to describe them as N- or O-linked depend-
ing on the specific site of attachment. Great interest has been
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directed to N-glycosylation due to its essential role in proper protein
folding. N-linked glycosylation, in eukaryotes, is catalyzed by a
membrane associated enzyme oligosaccharyl transferase (OT) [4], a
protein complex localized in the lumen of the endoplasmic reticu-
lum (ER). N-linked glycosylation occurs at the Asn-Xaa-Ser/Thr se-
quon and is a co-translational process [5]. After OT-catalyzed
glycosylation, GIc3MAN9GIcNAc?2 is transferred to the polypeptide
chain, glycosidase I and II trim the two terminal glucose residues,
and the protein folding cycle begins. This pathway in eukaryotes
has been described in detail [6-8]. For many higher eukaryotes, such
as in mammalian systems, protein N-glycosylation is a highly coor-
dinated and complex process. A plethora of diverse monosaccharide
units are added to glycoproteins, such as GalNAc, GIcNAc, galactose,
fructose, and N-acetylneuraminic acid [6,9].

It has been relatively difficult to study glycoproteins because
the glycan moieties usually have a heterogeneous chemical struc-
ture and conformation. Pichia pastoris, as a cellular host for the
expression of recombinant protein, has become increasingly popu-
lar to use in recent times. Subsequent processing of newly glycos-
ylated proteins occurs differently in P. pastoris compared with
higher eukaryotic cells [ 10], however, P. pastoris is also a eukaryote,
and thereby, provides the potential for producing soluble, correctly
folded recombinant proteins [11] that have undergone the
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post-translational modifications required for functionality [12].
Additionally, P. pastoris is easier to genetically manipulate and cul-
ture than mammalian cells and this system is more efficient for
production of recombinant proteins [13].

Human IL-4 (hIL4) consists of 153 amino acids that is synthe-
sized as a precursor containing a hydrophobic secretory signal se-
quence of 24 amino acids and contains six cysteine residues, with
the potential to form three disulfide bonds [14,15]. The mature
hIL4 contains 129 amino acids, including two potential N-glycosyl-
ation sites at Asn38 and Asn105 [16]. hIL4 is a 17 kDa monomeric
glycoprotein secreted by T helper 2 (Th2) cells, NK T cells, mast
cells, and basophils [17-20] as an immunoregulatory cytokine
[21]. hIL4 is involved in various physiological and pathological con-
ditions, especially atopic diseases such as allergic hypersensitivity
and asthma [22-24], bone loss [25,26], and tumor immunology
[27]. Blocking the activity of hIL4 might provide new therapeutic
approaches to control allergies and inflammation [20].

Materials and methods
Construction of an expression plasmid

The human IL4 cDNA (129 amino acids) was amplified by PCR
on a plasmid encoding full-length human IL4 cDNA using the prim-
ers 5TCTCTCGAGAAAAGACACAAGTGCGATATCAC3' and 5'GAT-
TCTAGATCAGCTCGAACACTTTGAA3'. PCR products were purified
using a PCR purification kit (Invitrogen USA). The amplified PCR
DNA was analyzed and confirmed by DNA sequencing. After clon-
ing the PCR DNA into Xho1/Xbal site of pPICZaA (Invitrogen,USA),
the resulting plasmid pPICZa-1L4 was transformed into Escherichia
coli (TOP10F) for plasmid preparation (Fig. S1).

Expression and purification of rIL4

The recombinant plasmid was linearized by digestion with Sacl
and transformed into P. pastoris X-33 cells. The transformation was
performed using the lithium chloride method following the kit
manual (Pichia Easycomp Transformation Kit, Invitrogen, USA).
The transformed P. pastoris X-33 cells were selected on YPD (1%
Yeast extract, 2% Peptone, 2% Dextrose, and 2% Agar) plates
containing 100 pg/ml of Zeocin after incubation for 2-3 days at
30 °C. The Zeocin-resistant colonies were replated on an YPD plate
supplemented with 500 pg/ml of Zeocin, and after incubation for
2-3 days at 30°C, several colonies appeared on the YPD plate
and the larger colonies were selected for protein expression. The
pre-culture growth step was performed for 48 h with shaking
(220 rpm, 30°C) in a 50 ml centrifuge tube containing 5 ml YPD
medium. The cells were then pelleted by centrifugation at
1000 rpm for 10 min at 4°C and resuspended in 5 ml BMMH
(100 mM potassium phosphate, pH 6.0, 1.34% YNB, 4 x 107°% bio-
tin, and 0.5% methanol) in a 50 ml centrifuge tube for induction of
AOX1 expression. The culture was incubated at 30 °C with shaking
(220 rpm). Every 24 h methanol (100%) was added to a final con-
centration of 0.5% to maintain induction and at different time
intervals the supernatants were collected by centrifugation
(1000 rpm, 25 min, at 4 °C). Then the most efficient rhiL4 secreting
clone was selected by SDS-PAGE and Western blot analysis. The
single colony with high yield was selected for large scale cell
culture (Fig. S2).

The purification of rhlL-4 began with 100 ml of yeast culture.
100 ml supernatant was collected and dialyzed against 2 L buffer
A (20 mM sodium acetate, pH 5.5) at 4 °C overnight. After centrifu-
gation, the dialyzed supernatants were loaded onto a CM Sephar-
ose column (1.5 x 18 cm) equilibrated with buffer A. After
washing with buffer A, the protein was eluted with NaCl in a linear

gradient (0.0-1.0 M) in buffer A. Fractions were analyzed by SDS-
PAGE and concentrated (Amicon Ultra 3 K device). Protein concen-
tration was determined using the Bradford method with bovine
serum albumin as a standard.

Glycosylation assay

The rhiL4 were digested with recombinant N-glycanase (PNG-
ase F, New England BiolLabs) according to the manufacturer’s
instructions. Deglycosylated rhiL4 and control were analyzed by
SDS-PAGE and Western blotting.

Site-directed mutagenesis

Asparagine (Asn) at glycosylation site was mutated to alanine or
leucine by using a site-directed mutagenesis kit according to the
manufacturer’s protocol (Stratgene USA). Oligonucleotide primers
were used for mutagenesis as follows: N38A forward: TTTGCTGCCT
CCAAGGCCACAACTGAGAAGGAAACCTTC, reverse: TTCCTTCTCAG
TTGTGGCCTTGGAGGCAGCAAAGATGTC, N105L forward: CCTGTGA
AGGAAGCCCTGCAGAGTACGTTGGAAAACTTC, reverse: TCCAACG-
TACTCTGCAGGGCTTCCTTCACAGGACAGGA. The restriction enzyme
Dpn I was used to treat the samples according to the manufac-
turer’s protocol. Plasmids were analyzed and confirmed by DNA
sequencing.

SDS-PAGE and Western blotting

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed using a 12% gel according to stan-
dard protocol. After electrophoresis the gels were either stained
with Coomassie Brilliant Blue R-250 (Sigma) or the protein was
transferred to a polyvinylidene fluoride (PVDF, Millipore) mem-
brane. Rabbit polyclonal anti-human IL4 primary antibody was
used (1:2500 abcam USA). Blots were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:30,000) and
bands were detected using Amersham ECLTM Western Blotting
Analysis System.

Determination of glycosylation sites

Identification of rhIL4 post-translational modifications was per-
formed by mass spectrometry. The wild type rhiL4 protein band
was excised from the gel following SDS-PAGE and Coomassie Blue
staining. Tryptic digestion of samples was carried out as described
previously [34,35]. The tryptic digests were injected into a NanoLC
plus HPLC system, and analyzed by an LTQ-FT (linear ion trap, FT
ICR; Thermo Fisher Scientific, San Jose, CA). All MS/MS spectra were
searched and analyzed using Protein Prospector v4.25.4 [36] and
Mascot Distiller v2.1.

Biological activity of rhIL4 in vitro

Spleen cell suspensions were obtained from C57BL/6 mice as
previously described [37], with minor modification. CD19" B cells
were isolated through positive selection with microbeads (Miltenyi
Biotec) coated with anti-CD19 antibody and Midi-Macs separation
columns. Purity was checked by cytometry with mAb and was
>97%. CD19" cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin-strepto-
mycin, at a concentration of 3 x 10° cells/wells in 96-well plates
at 37 °C in a 5% CO, atmosphere. Deglycosylated IL-4 (PNGase F
treated) and glycosylated IL-4 were added at different concentra-
tion. The cells were harvested after 16 h incubation for cell flow
cytometry analysis. Cells were incubated with the following mAbs:
APC-conjugated anti-CD19 antibody (eBioscience), PE-conjugated
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Fig. 1. Time-course dependent rhiL4 expression in P. pastoris. (A) Coomassie
brilliant blue R-250 stained SDS-PAGE (10%) analysis of rhIL4 expression. Culture
supernatants (40 pl) were collected at 0, 24, 48, 72, 96 and 120 h, respectively. (B)
Western blot assay time-course of rhIL4 expression. (C) The relative quantifications
of data from Western blotting (B).

anti-CD23 antibody (eBioscience). Analysis was performed with an
accuri® C6 Flow Cytometer and CellQuest software.

Protein stability

After 96 h methanol induction, the cell culture was divided into
several parts and incubated at different temperatures (4 °C, RT and
37 °C) for 3, 7, and 10 days. Cells were pelleted by centrifugation at
3000g at 4 °C for 5 min and then we harvested supernatant and
cells respectively. Intracellular protein was extracted according
to the manufacturer’s instructions of CelLtic Y (C 4482 sigma).
The stability of rhiL4 in the medium and intracellular cell was
determined by Western blotting analysis.

Results
Expression of recombinant hiL4 from P. pastoris

The time-course expression of hiL4 in yeast is shown in Fig. 1.
After induction with 0.5% methanol, supernatants were collected
at indicated time points by centrifugation. The harvested superna-
tants were subjected to SDS-PAGE and Western blotting assays
(Fig. 1A, B). Recombinant hIL4 (rhIL4) was successfully expressed
in our optimized culture conditions in a time-dependent manner.
The rhlL4 produced in P. pastoris appeared as a broad smear band
following SDS-PAGE and Western blot analysis (Fig. 1A, B). The
molecular mass of rhiL4 ranged from 34 to 50 kDa. The highest
expression of hIL4 occurred at 96 h after induction (Fig. 1C).

N-linked glycosylation of the rhIL4

To examine whether the secreted rhiL4 protein was post-trans-
lationally glycosylated, rhIL4 isolated from supernatant was trea-
ted with or without the enzyme N-glycosidase F (PNGase F) for
2h and subjected to SDS-PAGE and Western blotting analysis.
After treatment, the molecular mass of rhIL4 was reduced to its ex-
pected molecular mass of 15 kDa (Fig. 2A, B), and the molecular
mass of untreated rhiL4 was still 34-50 kDa (Fig. 2B). This indi-
cates that the 34-50 kDa of rhIL4 from P. pastoris was the result
of N-glycosylation.

Purification of rhiL-4

The isoelectric point of human IL-4 was 9.2. Extracellular rhIL-4
secreted by P. pastoris into the medium was purified to homogene-
ity by a single cation exchange chromatography method. The result
revealed that about 1.5 mg of 97% pure protein was obtained from
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Fig. 2. rhiL4 is glycosylated when it expressed in P. pastoris. SDS-PAGE (A) or Western blot (B) of rhIL4 secreted fraction after incubation at 37 °C for 24 h with or without

PNGase F treated as indicated.
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Fig. 3. Chromatographic profiles (A) and SDS-PAGE (B) analysis of the purified rhiL-4. Samples were run on CM-Sepharose columns (1.5 x 18 cm) under the following
conditions: the loading and washing buffer (A) were 20 mM sodium acetate, pH 5.5; the flow rate was 1 ml/min; and the gradient elution (red line) was from 0.0 M NaCl to
1.0 M NaCl in buffer A. Fractions collected during the elution peak were separated by SDS-PAGE. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Table 1

Purification of rIL4.
Purification step Total volume Total protein Purity Yield®

(ml) (mg) (%) (%)
Supernatant after 100 30 ND 100
dialysis

CM-sepharose CL-6B 7 1.6 97 55
Ultrafiltration 1.1 1.51 97 53

2 Estimated by SDS-PAGE and Western blotting.

a 100 ml culture after the single step purification (Fig. 3 and
Table 1).

Identification of N-glycosylation site(s) of rhiL4

To determine if rhiL4 is glycosylated at two putative N-glycosyl-
ation sites at amino acid position 38 and/or 105 (Asn38, Asn105),
we generated two hIL4 mutant clones N38A and N105L, respec-
tively. Sequence analysis of the hIL4 mutant plasmids confirmed
success of the mutagenesis (Fig. 4A, B). hIL4 with N38A mutation
produced a protein completely lacking glycosylation with an ex-
pected molecular mass of 15 kDa (Fig. 4C). In contrast, hiL4 with
Asn105 mutant (N105L) did not affect the glycosylation of the
hIL4 protein. The apparent molecular mass for the Asn105 mutant
was the same as for wild type hiL4 (Fig. 4D). Therefore, the Asn38 is
the single N-glycosylation site on the hIL4 protein.

The study using variant N105L indicated that Asn105 has no
contribution to glycosylation. LC-MS/MS was used to further
examine whether Asn105 receives any post-translational modifica-
tion. As expected, a non-modified asparagine (128 Da) between the
y9 and y10 ions in the fragmentation spectrum was clearly identi-
fied. The LC-MS/MS spectrum indicated that there is not any
change or modification at the Asn105 position in hIL4 (Fig. 5).

rhiL4 induces CD23 expression in B cells

Human IL4 can induce CD23 up-regulation in B cells. To deter-
mine whether glycosylation influences the biological activity of
rhiL4, mice spleen B cells were incubated with either glycosylated
rhiL4 or deglycosylated rhiL4. The expression level of CD23 in B
cells was significantly increased after stimulation with both types
of rhiL4 (Fig. 6). We compared the capacity of glycosylated rhiL4
and deglycosylated rhlL4 to upregulate cell surface CD23 expres-
sion. Our results demonstrated that the rhiL4 exhibited biological
activity. Deglycosylated rhiIL4, however, has higher biological
activity (1-1.5 fold) when compared to glycosylated rhiL4 (0.5
fold) (Fig. 6B).

Protein stability

To determine if N-linked glycans were important for stability of
the protein, we have compared the protein stability of glycosylated
rhiL4 and non-glycosylated rhIL4 in cells or in culture medium at
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Fig. 4. Expression of variant N38A and N105L. Nucleotide sequences of variants N38A (A) and N105L (B) were analyzed and confirmed. Western blot analysis of hIL4
expression of variant N38A (C) and N105L (D). Supernatant (10 pl) was collected from 8 individual clones at 96 h. The blots were probed with anti-hIL4 antibodies (1:2500).
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Fig. 5. Identification of non-modified asparagine (Asn105) in a peptide by MS. The peptide containing Asn105 was subjected to sequence analysis using LTQ-FT MS. The mass
difference between either the y9 and y10 ions is 128 Da, which corresponds to the asparagines residue at the amino acid 105 position. This confirms that asparagine 105 of

hIL4 was not glycosylation site.
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Fig. 6. CD23 expression induced by glycosylated rhiL4 and deglycosylated rhiL4. CD23 expression level on B cells isolated from C57BL/6 mice and stimulated for 16 h with
different concentrations of glycosylated rhiL4 or deglycosylated rhiL4. Quantifications of CD23" cells in total B cell population (A), and CD23 expression level in CD23" B cell
(B). The number is mean of fluorescence intensity followed by Student’s t test *p < 0.05, **p < 0.001.
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Fig. 7. Stability of glycosylated rhIL4 and non-glycosylated rhiL4 (N38A). Western blotting analysis of the supernatant (20 pl) or cell lysate (40 pl) from wild-type rhiL4
expression yeast (A, B) and 20 pl of supernatant or 40 pl of cell lysate from mutant rhIL4 (N38A) expression yeast (C, D).

different temperatures and days. As shown in Fig. 7, the non-gly-
cosylated rhIL4 is very stable, both in the cell and in the culture
medium. There is only a small percentage of protein that was de-
graded at 37 °C for 10 days. The glycosylated rhiL4 is quite stable
in the medium, but is unstable in cells as demonstrated by the high
level of degradation when compared to the non-glycosylated form.

Discussion

Biologically active rhIL4 protein was successfully expressed in P.
pastoris yeast with a yield of 15.0 mg/L. The P. pastoris yeast
expression system is a useful experimental tool for heterogeneous
protein production. In previous studies, soluble hIL4 was produced
constitutively in E. coli [28,29]. However, human IL4 is a

glycoprotein that participates in physiological and pathological
processes in the body, and to our knowledge, the fully glycosylated
hIL4 had not been produced so far. It is well known that the P. pas-
toris yeast expression system has the ability to secrete glycosylated
and biologically active protein into culture medium. Our laboratory
used this expression system to produce soluble hIL4 and obtained a
high yield, providing the ability to study the relationship between
the glycosylation and biological function of hIL4 protein.

Detailed examination of the effect of N-glycosylation and spe-
cifically which glycosylation site plays the major role in human
IL4 biologically activity was studied. Treatment of the rhiL4 glyco-
protein with PNGase F, caused a decrease in the molecular mass to
approximately 15 kDa. Based on this result, we generated two
rhiL4 with N-glycosylation point mutations to study the functional
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role of each potential N-glycosylation site. Mutants (N38A and
N105L) were cultured and induced for rhiL4 secretion. Our study
confirmed that Asn38 is the single glycosylation site of hiL4, while
Asn105 is not involved.

It was demonstrated that IL4 up-regulated CD23 expression
which plays an important role in the differentiation and activation
of B lymphocytes [30,31]. To determine whether glycosylation
influences biological activity of hiL4, we analyzed the level of
CD23 in B cells treated with the rhIL4. Our results demonstrated
that glycosylated rhiL4 has lower biological activity than non-gly-
cosylated rhiL4.

The lower biological activity of glycosylated rhiL4 may be
caused by degradation following cellular uptake. Previous studies
have shown that N-glycans of some growth factors (i.e. human
LIF) bear mannose 6-phosphate (Man-6-P) residues. Man-6-P resi-
dues are required for efficient uptake in cultured cells, thereby
reducing extracellular levels and shortening the protein’s half-live.
Failure to modify the N-glycans leads to protein stabilization and
accumulation in the extracellular space which may have implica-
tions for disease pathogenesis [32]. P. pastoris produces core
N-glycans which contains larger phospho-mannans than from
Saccharomyces cerevisiae, and both the elongated and the core oli-
gosaccharides are known to contain phosphate [33]. These studies
may help explain why the glycosylated rhiL4 expressed from P.
pastoris has lower biological function when compared to it’s degly-
cosylated form. The glycosylated IL4 may have a shorter half-life
due to rapid internalization and degradation by cells in culture.
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