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Lysosomal storage diseases (LSDs), that collectively represent over 50 disorders, are amenable to enzyme
replacement therapies. However, the current methods used to commercially produce recombinant
lysosomal enzymes for this purpose, most commonly Chinese Hamster Ovary cells and human
ﬁbroblasts, are prohibitively costly. Plant bioreactors hold great promise for economic production of
functional human a-L-iduronidase (hIDUA; glycosaminoglycan a-L-iduronohydrolase; EC 3.2.1.76), the
enzyme deﬁcient in the human LSD, Mucopolysaccharidosis I. We have developed and tested an
expression system using transgenic tobacco BY-2 cells to produce high amounts of active hIDUA. A plant
signal peptide was essential for proper expression and secretion of the 78 kDa glycosylated hIDUA into
the cultured media of transgenic BY-2 cells. The yield and activity of the secreted hIDUA from long-term
cultures of transgenic BY-2 cell lines were as high as 10 mg/mL media and 53,000 pmol/min/mg proteins,
respectively. Thus, this transgenic BY-2 cell line presents an attractive platform for economic production
and easy downstream puriﬁcation of hIDUA for enzyme replacement therapy. Furthermore, this system
can be used for the production and puriﬁcation of other human lysosomal enzymes or pharmaceuticals.
ß 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Recombinant proteins for use as pharmaceuticals have been
produced via bacteria, yeasts, mammalian cell cultures, and plantbased expression systems [1,2]. Mucopolysaccharidosis I (MPS I)
is a human lysosomal storage disease (LSD) caused by a deﬁciency
of the lysosomal enzyme a-L-iduronidase; in severely affected
humans this genetic disease leads to death in early childhood
because of profound skeletal, cardiac and neurological distur-
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bances that result from a chronic inability to sequentially degrade
the glycosaminoglycans, heparan sulphate and dermatan sulphate
[3–6]. Aldurazyme1, recombinant human a-L-iduronidase
(hIDUA; glycosaminoglycan a-L-iduronohydrolase; EC 3.2.1.76)
derived from cultured Chinese Hamster Ovary (CHO) cells,
has been used in enzyme replacement therapy for treating MPS
I. However, the cost of CHO cell-culture-derived enzyme
(Aldurazyme1) is prohibitively high for general application that
requires 260,000 USD per patient per year [7], or more depending
on the weight of the individual and the speciﬁc dose. Thus, plantderived hIDUA may represent an alternative for economic
production of the enzyme to be used for replacement therapy [8].
The feasibility and commercial viability of plant-based production of
human recombinant lysosomal enzymes are currently being tested;
glucocerebrosidase derived from carrot suspension cultured cells [9]
is in a phase III clinical trial for the treatment of the lysosomal
storage disorder Gaucher disease [10].
The general use of transgenic plants or cultured cells as
bioreactors for economic production of pharmaceuticals holds
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great promise [1,2,11] and several plant-based systems have
been developed for producing soluble recombinant proteins,
including seed oil-bodies [12], root exudates [13], phyllosecretion [4], suspension cultured cells [14] and whole transgenic
plants [15]. All of these systems have their own advantages and
disadvantages in terms of cost, timescale, and production and
storage capacity [2]. However, the majority of the total cost for
the production of recombinant proteins such as human insulin in
plant bioreactors is expected to be associated with downstream
in vitro processing [2,16]. Recombinant proteins, when synthesized with a signal peptide, can be transported to subcellular
organelles or secreted to the extracellular space via the default
pathway in plant suspension cells [17–19]. Therefore, soluble
recombinant proteins secreted into the cultured media of
transgenic plant cell suspension cultures will facilitate downstream processing steps, i.e. easy and economical puriﬁcation of
recombinant proteins, and subsequent in vitro processing, if
necessary.
In this study, we have tested and used transgenic tobacco BY-2
cells as bioreactors for the production of active human a-Liduronidase (hIDUA). The expression of human a-lactalbumin, a
major milk protein, in transgenic tobacco plants is successful with
the use of the native (i.e. human) signal peptide [20]; however in
this study, we found that a plant signal peptide (but not the human
IDUA signal peptide) led to high levels of hIDUA protein in the
cultured media of transgenic tobacco BY-2 cells. The yield and
activity of the secreted 78 kDa glycosylated hIDUA from long-term
cultures of transgenic BY-2 cell lines were as high as 10 mg/mL
media and 53,000 pmol/min/mg proteins, respectively. Furthermore, the cost of culture and subsequent collection of 1 L medium
(equivalent to approximately 10 mg accumulated IDUA) from BY-2
cell lines expressing IDUA is estimated to be less than 10 USD. Thus,
this transgenic BY-2 cell line presents an attractive platform for
economic production and easy downstream puriﬁcation of hIDUA.
Further, the general system can be used to generate other
recombinant human lysosomal enzymes for enzyme replacement
therapy.
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2. Materials and methods
2.1. Antibody generation
Human IDUA synthetic peptides CSASGHFTDFEDKQQVFE
(peptide 1) and CSPDGEWRRLGRPVFPTAE (peptide 2; Fig. 1A)
were conjugated with keyhole limpet haemocyanin (KLH) and
used as antigens to inject rabbits for antibody production at the
animal house of the Chinese University of Hong Kong. The
generated antibodies were further afﬁnity-puriﬁed with a CNBractivated Sepharose (Sigma–Aldrich; catalog No. C9142-15G)
column conjugated with synthetic peptides or puriﬁed recombinant hIDUA proteins as described in [21–23]. Afﬁnity-puriﬁed
hIDUA antibodies were used at 4 mg/mL in various applications
[23]. Two truncated hIDUA proteins, N-terminal (N-IDUA) and
C-terminal (C-IDUA), were also (separately) expressed in E. coli
strain BL21 using pGEX-4T-1 vector (Amersham Biosciences) and
veriﬁed by tandem mass spectrometry analysis.
2.2. Recombinant DNA constructs
For the construction of SPp-IDUA and Spi-IDUA, the sequences
encoding the mature hIDUA protein plus sequences encoding the
signal peptide of proaleurain [23,24] or encoding the native human
IDUA signal peptide, respectively [8], were subcloned into the
binary vector pBI121. The resulting construct SPp-IDUA or SpiIDUA thus contains the CaMV 35S promoter, followed by the
proaleurain or the human IDUA signal peptide sequences, the IDUA
(mature protein) sequences, and the NOS terminator and 30
ﬂanking region. The constructs were checked by both restriction
mapping and sequencing.
2.3. Transformation of BY-2 cells
For Agrobacterium-mediated transformation, plasmids SPiIDUA and SPp-IDUA were ﬁrst introduced into Agrobacterium
(strain LBA4404) by electroporation before they were used to

Fig. 1. Generation and characterization of antibodies generated against human IDUA. (A) Human IDUA antigens and antibodies. The human IDUA cDNA with the signal
peptide (SP) was used as a template to amplify two truncated IDUA fragments corresponding to the N-terminus and C-terminus of hIDUA as indicated for expression in E. coli.
Synthetic peptides of IDUA were used as antigens to inject rabbits for antibodies production. The generated antibodies 1B and 2B were used in this study as indicated. (B)
Characterization of hIDUA antibodies. Total protein extracts of E. coli expressing the N-terminus (N) and C-terminus (C) of IDUA or gel-puriﬁed recombinant N- and C-IDUA
were separated by SDS-PAGE, followed by western blot analysis using antibodies as indicated. Both CHO cell-derived recombinant hIDUA and its antibody were used as
positive controls. Single and double asterisks indicate the positions of E.coli-derived recombinant hIDUA and CHO-derived recombinant hIDUA, respectively.

670

L.H. Fu et al. / Plant Science 177 (2009) 668–675

transfect wild type tobacco BY-2 cells as described previously [23].
BY-2 cells were maintained in Murashige and Skoog (MS) liquid
medium at room temperature in a shaker set at 125 rpm.
Transfected BY-2 cells were transferred onto MS medium
(Sigma–Aldrich) containing kanamycin (50 mg/mL) and cefotaxime (250 mg/mL) and incubated at room temperature for 3–4
weeks until transformed colonies were visible. Transgenic cell
lines with antibiotic resistance (5–10 per construct) were further
transferred into MS liquid medium containing kanamycin to
initiate suspension cultures and used for subsequent analysis.
Transgenic BY-2 cell lines were maintained in both liquid and solid
culture via subculturing (twice per week for suspension cultures
and twice per month for calli on agar plates) as previously
described [23,25].
2.4. Precipitation of secreted IDUA and western blot analysis
For protein precipitation from the cultured media of transgenic
BY-2 cells, culture medium was mixed with four volumes
methanol, one volume chloroform and three volumes water,
followed by centrifugation at 14,000 rpm for 10 min. The resulting
precipitates were resuspended in four volumes methanol and
centrifuged once more. The protein pellet was then resuspended in
SDS loading buffer for protein separation via SDS-PAGE, followed
by western blot analysis using the newly generated IDUA
antibodies at 4 mg/mL.

described [2,21,24,26]. The settings for collecting confocal images
within the linear range were as described [23]. All images were
collected using a Bio-Rad Radiance 2100 system (Hemel Hempstead, UK) and processed using Adobe Photoshop software
(San Jose, CA). The general procedures for transmission electron
microscopy sample preparation and thin sectioning of samples of
BY-2 cells were performed essentially as described previously [21–
23]. For high-pressure freezing, BY-2 cells were harvested by
ﬁltering and then immediately frozen in a high-pressure freezing
apparatus (Leica EM PACT2; Vienna, Austria). For subsequent
freeze substitution, the frozen samples were ﬁrst kept at 85 8C for
60 h, then gradually warmed up to 0 8C over 18 h. Substitution
was performed in an AFS freeze-substitution unit (Leica). The
substitution medium (dry acetone) was supplemented with 0.1%
(w/v) uranyl acetate. When the samples reached 0 8C, the medium
was replaced with 100% ethanol, which was again changed to fresh
100% ethanol 10 min later. The cells were then inﬁltrated stepwise
with HM20 at 20 8C, embedded, and polymerized under UV
light. Immunolabeling of HM20 sections was done using standard
procedures [23,27]; IDUA antibodies were used at a ﬁnal
concentration of 40 mg/mL and gold-coupled secondary antibodies
were used at a 1:50 dilution. Aqueous uranyl acetate/lead citrate
post-stained sections were examined in a Hitachi H-7650
transmission electron microscope equipped with a CCD camera
(Hitachi, Tokyo, Japan) operating at 80 kV.
2.8. Determination of hIDUA activities

2.5. Endoglycosidase digestion of secreted IDUA
Typical Endoglycosidase H (Endo H, New England BioLabs)
digestion of precipitated IDUA proteins from the cultured media of
transgenic BY-2 cells was carried out according to the manufacturer’s recommendations. The protein pellet was dissolved in
water before mixing with 10 glycoprotein denaturing buffer to
ﬁnal volume of 10 mL. Subsequent denaturation was achieved by
heating the reaction at 100 8C for 10 min. Two microliter of 10 G5
reaction buffer, 4 mL H2O and 4 mL Endo H were then added to
reach a ﬁnal volume of 20 mL and the reaction mixture was
incubated at 37 8C for 1 h. For chemical deglycosylation analysis of
secreted hIDUA, 1.5 mL media from 4-day-old cultures was freezedried after overnight dialysis (Spectra/Por1 Dialysis membrane
12–14,000, Spectrum Laboratories, Inc., CA) in double-distilled
water. Chemical deglycosylation was carried out using the
chemical deglycosylation kit GlycoProﬁleTM IV and according to
the manual’s instructions (PP0510, Sigma–Aldrich, USA). The
deglycosylated proteins were then dialyzed with double-distilled
water and freeze-dried, followed by protein separation (for all
deglycosylated and untreated protein samples) via SDS-PAGE.
Subsequent western blot analysis using IDUA antibodies was as
previously described.
2.6. Genomic DNA PCR
The genomic DNA of transgenic BY-2 cell lines was extracted
using CTAB buffer (2%, w/v) CTAB, 1.4 M NaCl, 20 mM Na2EDTA,
100 mM Tris–HCl, 0.2% (v/v) 2-mercaptoethanol, pH 8.0) as
described before [23]. The corresponding hIDUA fragment for
PCR veriﬁcation was ampliﬁed using hIDUA-speciﬁc primers
50 -GGGGGATCCGAGGCCCCGCACCTGGTGCAG-30 and 50 -GGGCTCGAGTCACAGTAGCAGGTTCTGATGCTGCGC-30 .
2.7. Subcellular localization
Fixation, preparation and immunolabeling of WT and transgenic tobacco BY-2 cells expressing SPp-IDUA for confocal
immunoﬂuorescence microscopy were carried out as previously

The culture media of transgenic tobacco BY-2 cell lines was
used directly in assays to determine IDUA activities using the
ﬂuorogenic substrate sodium 4-methylumbelliferyl-a-L-iduronide
(4MUI) (Toronto Research Chemicals Inc., Toronto, ON, Canada)
[8,28]. Ten microliter of substrate solution (0.1 M sodium
dimethylglutarate buffer pH 4.5, 1 mM sodium metabisulphite,
3.5 mg/mL BSA and 0.75 mM 4MUI) were added to 5 mL of protein
extract and incubated at 37 8C. Mixtures were incubated for 0, 30
and 60 min to ensure a linear rate of 4MUI production over the
reaction period. Samples were wrapped in foil to minimize
destruction of the light-sensitive substrate. Parallel substrate
and extraction buffer blank samples were used as controls. The
reaction was terminated by the addition of 1.4 mL stop buffer
(0.2 M glycine, 0.125 M sodium carbonate, pH 10.7). Fluorescence
of the reaction product, 4MU, was determined by using a
ﬂuorometer (ex = 365 nm, em = 460 nm).
3. Results and discussion
3.1. Human IDUA antibody generation
To generate speciﬁc and sufﬁcient amounts of hIDUA antibodies
to facilitate hIDUA detection and subsequent afﬁnity-based
puriﬁcation, we used KLH-conjugated synthetic peptides (peptide
1 and peptide 2) and E. coli-derived recombinant truncated hIDUA
(either the N-terminal portion of hIDUA: N-IDUA, or the C-terminal
portion of hIDUA: C-IDUA) as antigens for antibody generation
(Fig. 1A). Only the antibodies raised against the synthetic peptides
showed speciﬁcity for IDUA proteins (i.e. antibodies 1A, 1B and 2B)
(Fig. 1B). The corresponding afﬁnity-puriﬁed antibodies were then
tested for their speciﬁcity and cross-reactivity. As shown in Fig. 1B,
both 1A and 1B antibodies speciﬁcally detected the CHO-cellderived hIDUA and the E. coli-derived N-hIDUA, but not the E. coliderived C-hIDUA. In contrast, 2B antibodies detected both
CHO-cell-derived hIDUA and E. coli-derived C-hIDUA, but not
the E. coli-derived N-hIDUA. The positive control hIDUA antibodies
(i.e. those directed against CHO-cell-derived hIDUA) [29] detected
all three recombinant proteins: the CHO-derived hIDUA, the E. coli-
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Fig. 2. Transgenic tobacco BY-2 cells expressing the human a-L-iduronidase (IDUA). (A) Constructs. Two constructs specifying the human IDUA protein containing a signal
peptide from the barley cysteine protease proaleurain (SPp-IDUA) or containing its native (original) signal peptide (Spi-IDUA), were stably transformed into tobacco BY-2
cells. Both proteins are expected to be secreted into the cultured media of transgenic BY-2 cells. (B) Detection of human IDUA protein. Culture media from wild type (WT) and
transgenic BY-2 cell lines expressing either SPp-IDUA or SPi-IDUA were collected for protein precipitation, followed by protein separation via SDS-PAGE and western blot
analysis using IDUA 1B antibodies. Asterisks indicate the position of the secreted IDUA. The numbers on top of the gels (e.g. 96–150 under SPp-IDUA and 1–12 under SpiIDUA) represent the original number of individual transgenic IDUA cell lines from the primary screening experiments. WT, wild type; M, molecular mass in kDa.

derived C-hIDUA, and the E. coli-derived N-hIDUA. Therefore, three
speciﬁc anti-hIDUA antibodies (1A, 1B and 2B) were generated, and
these were used in the present study.
3.2. Synthesis and secretion of hIDUA in transgenic BY-2 cell
cultured lines
We next tested if transgenic tobacco BY-2 cells yield high
production of the recombinant human lysosomal enzyme, hIDUA.
Transgenic tobacco BY-2 cell lines were generated to stably express
hIDUA via Agrobacterium-mediated transformation [21–23].
The nature of the signal peptide inﬂuences the effectiveness of
secretion of recombinant proteins in plants [30,31]. Therefore, we
used two constructs under the control of the constitutive
cauliﬂower mosaic virus (CaMV) 35S promoter: one containing
the signal peptide (SP) of the barley cysteine protease proaleurain

[23] (SPp-IDUA), and the other containing the native hIDUA signal
peptide (SPi-IDUA) [8]. Both recombinant hIDUA proteins are
predicted to be secreted into, and stably accumulate in the cultured
media of transgenic BY-2 cells via the default secretory pathway
[4,19] (Fig. 2A).
To determine whether hIDUA was synthesized and secreted
into the cultured media of transgenic BY-2 cell lines, we carried out
western blot analysis using 1B hIDUA antibodies on proteins
precipitated from cultured media of more than 100 individual
transgenic BY-2 cell lines. A single protein of 78 kDa was detected
in the cultured media of various transgenic BY-2 cell lines
expressing SPp-IDUA containing the plant signal peptide
(Fig. 2B). However, no protein was detected by western blot
analysis of the cultured media of either wild type (WT) BY-2 cells
or transgenic BY-2 cell lines expressing SPi-IDUA containing
its original signal peptide (Fig. 2B). Genomic PCR and

Fig. 3. Glycosylation analysis of human IDUA secreted from transgenic tobacco BY-2 cell lines expressing SPp-IDUA. Lanes 1–4, western blot analysis of IDUA from medium
(M), total intracellular protein (TP), cell soluble (CS) and cell membrane (CM) proteins using hIDUA antibodies. Lanes 5–12, Cultured media of wild type (WT) BY-2 and two
transgenic BY-2 cell lines (89 and 96) expressing SPp-IDUA were collected for protein precipitation, followed by incubation in buffer with (+) and without () the Endo H
(lanes 7–10) or subjected to chemical deglycosylation (lanes 11–12) as indicated. The treated samples were then separated by SDS-PAGE and subjected to western blot
analysis with IDUA 1B antibody. Asterisks indicate the full-length secreted hIDUA protein (78 kDa) and the hIDUA protein after deglycosylation via Endo-H (70–75 kDa) or
chemical deglycosylation (67–72 kDa). WT, wild type; M, molecular mass in kDa.
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semi-quantitative real-time PCR analysis on selected transgenic BY2 cell lines expressing either SPp-IDUA or SPi-IDUA demonstrated
that both cell lines contained stably integrated hIDUA DNA, and
correctly transcribed the hIDUA mRNA (Supplementary Fig. 1). The
failure to detect the hIDUA protein in the cultured media of
transgenic BY-2 cell lines expressing the SPi-IDUA gene is most likely
due to the presence of the native (i.e. human) signal peptide.
Therefore, the inclusion of a plant signal peptide is necessary for the
proper expression and secretion of human IDUA in transgenic
tobacco BY-2 cells in this study; this may be related to efﬁcient
cleavage of the signal peptide during translocation of the
recombinant protein into the ER lumen [3,8,13]. In addition, it
seems that the BY-2 cells efﬁciently secrete the high molecular
weight 78 kDa IDUA protein into the media in soluble form with
relatively little IDUA protein remaining inside cells in the soluble
protein (CS) fraction (Fig. 3, lanes 1–4). However, the IDUA protein
that remained inside BY-2 cells had a smaller molecular weight than
that of the secreted form, which could be due to the different extent
of, or microvariation in, glycosylation of intracellular IDUA vs.
secreted IDUA.
The plant cell wall was previously considered to be a barrier to
the secretion of high molecular weight proteins, and was
presumed to allow the effective secretion of only those proteins
smaller than 30 kDa [32,33]. Thus, our successful secretion of
protein with molecular weight higher than 70 kDa into the culture
media of transgenic suspension cultured cells will provide a
feasible system for a plant bioreactor.
3.3. Post-translational modiﬁcation of secreted hIDUA
Recombinant hIDUA, secreted into the cultured media of
transgenic BY-2 cells, is expected to be subject to N-glycosylation
due to its transit through the plant ER and Golgi complex. This
post-translational modiﬁcation is essential for the biological
activity of many therapeutic proteins [34]. Thus, we performed
endoglycosidase H (Endo H) digestion analyses ﬁrst to detect the
type N-glycosylation. The secreted hIDUA of the cultured media of
three selected transgenic BY-2 cell lines expressing SPp-IDUA was
found to be glycosylated; in all cases, the molecular weight of the
protein was reduced from 78 kDa (upper asterisks) to about 70–
75 kDa (lower asterisks) in response to Endo H digestion (Fig. 3,
lanes 5–10). This indicates that hIDUA is subject to N-linked
glycosylation, and that at least one of the potential six N-linked
glycans on the recombinant protein [35] remains in a highmannose form, and thus is susceptible to cleavage by Endo H.
To further determine if the secreted hIUDA is modiﬁed by
O-glycosylation, we carried out a chemical deglycosylation of
the secreted IDUA, comparing this to the Endo-H digested IDUA.
Notably, chemical deglycosylation removes both N-linked and
O-linked glycans from glycoproteins [36–38]. In this instance we
used triﬂuoromethanesulfonic acid (GlycoProﬁle IV; Sigman–
Aldrich), along with the scavenger species anisole, allowing for
deglycosylation of high molecular weight, or complex nonmammalian glycoproteins. The results show that the chemical
deglycosylation treatment (as compared to Endo H treatment),
further reduced the size of the secreted IDUA to 67–72 kDa (Fig. 3,
lanes 11–12). This likely indicates the presence of some complexN-glycans, which are cleaved by the triﬂuoromethanesulfonic acid,
but are resistant to cleavage by Endo-H. For CHO-cell-produced
recombinant IDUA, N-linked glycans at least two sites on the
protein are modiﬁed to complex forms (Asn 110 and Asn 190) [35].
3.4. Activity of secreted hIDUA
To determine if the human enzyme secreted from transgenic
BY-2 cell lines expressing the SPp-IDUA was active, we also carried

Fig. 4. Speciﬁc activities of human IDUA and IDUA protein levels in cultured media
of transgenic BY-2 cell lines expressing SPp-IDUA. (A) IDUA speciﬁc activity.
Cultured media of 7-day-old cultures of wild type (WT) BY-2 and six selected
transgenic BY-2 cell lines (as indicated by numbers of 57, 59, 89, 96, 96-6, 103)
expressing SPp-IDUA were collected and used immediately for IDUA activity assays.
IDUA activity was measured in triplicate and expressed as pmol/min/mg total
medium protein. 1st batch of assays were for the screening of multiple transgenic
BY-2 cell lines, 2nd batch assays were carried out using two individual cell lines (96
and 96-2), both with high IDUA activity from the primary screening in which these
cells had been maintained for six months on MS (Murashige and Skoog) solid media.
Lines 96-6 and 96-2 were two re-screened cell lines derived from the original 96 cell
line after further plating and screening of colonies for higher IDUA activity in
cultured media. (B) Human IDUA protein levels. Western blot analysis using IDUA
1B antibody on precipitated proteins derived from the identical media of the six
individual cell lines (57, 59, 89, 96, 96-6, 103) used for the IDUA activity assays in A
as indicated. WT, wild type; M, molecular mass in kDa.

out enzymatic assays on the cultured media using the ﬂuorogenic
substrate sodium 4-methylumbelliferyl-a-L-iduronide [28]. The
ﬁrst assay using the same amount of fresh media showed that
variable hIDUA activities occurred in the media from six transgenic

Fig. 5. Yield of human IDUA protein. Known amounts of cultured media from 7-dayold transgenic tobacco BY-2 cells expressing SPp-IDUA or CHO-derived hIDUA
(IDUA +ve) were separated by SDS-PAGE, followed by western blot analysis using
IDUA 1B antibodies. The concentration of CHO-derived hIDUA was ﬁrst estimated
by comparing to known amounts of BSA proteins in the same silver-stained SDSPAGE gel, which was subsequently used to estimate the concentration of SPp-IDUA
in the cultured media. The yield of hIDUA in the media of transgenic BY-2 cells was
thus estimated to be 10 mg hIDUA per mL of cultured media. Asterisks indicate the
full-length secreted hIDUA protein at 78 kDa. M, molecular mass in kDa.
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BY-2 cell lines, ranging from less than 3000 (line 57), to more than
30,000 (line 96-6) pmol/min/mg total medium protein (Fig. 4A).
Western blot analysis was conducted in parallel using proteins
precipitated from an equal amount of media of the six transgenic
BY-2 cell lines; the detectable levels of hIDUA protein correlated
well with the hIDUA activities (Fig. 4B). For example, line 96-6
showed the highest levels of hIDUA speciﬁc activity of total
medium protein (Fig. 4A) and hIDUA protein (Fig. 4B). No hIDUA
activity or hIDUA protein was detected in wild type (WT) BY-2 cells
(Fig. 4A and B). Such positive correlation of the IDUA protein
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accumulation levels and enzymatic activity indicates that the
speciﬁc enzymatic activities were truly derived from the secreted
IDUA proteins. Six transgenic BY-2 cell lines with high hIDUA
speciﬁc activity of total medium protein (e.g. 96 and 96-6) were
selected for long-term maintenance and subjected to further
plating and screening for cell lines with higher hIDUA activity. To
test if transgenic BY-2 cell lines will maintain their hIDUA
properties after long-term culture, we assessed the IDUA activities
of two transgenic BY-2 cell lines that had been maintained for more
than six months. Similar hIDUA activity (20,000 pmol/min/mg

Fig. 6. Subcellular localization of human IDUA in transgenic tobacco BY-2 cell lines expressing SPp-IDUA. (A) and (B) Confocal immunoﬂuorescence microscopy of hIDUA
localization with 2B antibody in transgenic BY-2 cells expressing SPp-IDUA. No hIDUA protein signals were detected in wild type (WT) cells. DIC, differential interference
contrast microscopy. Scale bar = 50 mm. (C)–(H) Immunogold electron microscopy localization of hIDUA with 2B antibody in ultra-thin sections prepared from high-pressure
freeze/frozen substitution of transgenic BY-2 cells expressing SPp-IDUA. Arrowheads indicate examples of vesicles or organelles that were found close to the plasma
membrane (PM) and speciﬁcally labeled with the antibodies. (I) and (J) Control immunogold labeling with IDUA 2B antibody in ultra-thin sections prepared from highpressure freeze/frozen substitution of WT BY-2 cells. CW, cell wall; G, Golgi apparatus; MVB, multivesicular body; Mt, mitochondrion. Scale bar = 500 nm.
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total medium protein) was obtained from the same cell line 96,
while a much higher IDUA activity (53,000 pmol/min/mg
total medium protein) was detected from a newly screened cell
line 96-2 (Fig. 4A). These results clearly demonstrate that the
transgenic BY-2 cell lines are still capable of producing similar
amounts of active IDUA even after being maintained for 6 months.
In addition, using the CHO cell-derived IDUA with known
concentration as a positive control for comparison, the yield of
IDUA protein for transgenic BY-2 cell line 96-6 (a cell line with
moderate IDUA activity and protein) was estimated to be 10 mg
IDUA per mL of 7-day-old cultured media (Fig. 5).
3.5. Subcellular localization of hIDUA
To further study the fate and subcellular localization of the
expressed hIDUA proteins in transgenic tobacco BY-2 cells, we next
carried out both confocal immunoﬂuorescence and immunogold
electron microscopy (EM) studies using IDUA antibodies [21,23].
Confocal immunoﬂuorescence microscopy using hIDUA antibody
speciﬁcally detected punctate structures adjacent to the plasma
membrane (PM) of transgenic BY-2 cells expressing the SPp-IDUA
gene, but these were absent from the wild type (WT) BY-2 cells
(Fig. 6A vs. B). These punctate organelles may be responsible for the
secretion of hIDUA into the cultured media of transgenic BY-2 cells.
Further, immunogold EM studies with hIDUA antibodies using
ultra-thin sections prepared from high-pressure freezing/frozen
substitution transgenic BY-2 cells expressing SPp-IDUA identiﬁed
various putative hIDUA-positive transport vesicles (as indicated by
arrowheads) that were typically found close to the PM and cell wall
(CW) (Fig. 6C–H). No such labeling was found in the WT BY-2 cells
(Fig. 6I and J). Therefore, these organelles likely mediate the
secretion of hIDUA from transgenic tobacco BY-2 cells.
4. Conclusions
Overall, we have established that a plant signal peptide
sequence was more efﬁcient for proper expression and secretion
of recombinant human IDUA in transgenic tobacco BY-2 cells. The
yield and activity of hIDUA were estimated to be about 10 mg
hIDUA per mL of cultured media and 53,000 pmol/min/mg protein,
respectively from long-term cultures of transgenic tobacco BY-2
cells, which is comparable to, or higher than those in transgenic
Arabidopsis cgl seeds (maximum 18 mg mg1 total seed soluble
protein) [8] or transgenic CHO cells [7]. The high activity of BY-2
cell-derived recombinant hIDUA indicates that this human enzyme
with a plant signal peptide is properly processed, folded and
targeted for secretion. The presence of secreted hIDUA in cultured
media of transgenic BY-2 cells will allow for more convenient and
economical downstream puriﬁcation of this enzyme, and thus has
the potential to generate more affordable recombinant hIDUA to be
used in enzyme replacement therapy. In addition, the current
expression and secretion system using tobacco BY-2 cells
constitutes a useful platform for the production and puriﬁcation
of other human lysosomal enzymes for enzyme replacement
therapy and even other pharmaceuticals.
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